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Abstract 

Background: The cerebral cortex is exceptionally complex. Computational capacities enabled by 

cytoarchitectural diversity are established during neurodevelopment which, if dysfunctional, 

can lead to neurological and psychiatric disorders. Neurons in deep cortical layers 5-6 (L5-6) are 

of particular interest, presenting as substrates where prenatal insults may provoke postnatal 

deficits. Studies using mouse-models show that L6b cells—which resemble human white-

matter-interstitial-neurons (WMINs)—are remnants of the neurodevelopmentally-critical 

subplate; subplate axons pioneer corticofugal pathways which L5 axons later descend and 

dominate. Through adulthood, subplate-remnant abnormalities are associated with diseases of 

cortical hyperexcitability, yet anatomical and morphometric ramifications are incompletely 

characterised. Dysfunctional L5-projections can lead to neuromotor degeneration, however 

pathophysiological trajectories remain unknown. Hypotheses: Genetically-targeting mouse L5-

6b cells elicits widespread neuroanatomical and functional changes. Particularly, L6-

‘augmentation’ may yield neuron hypertrophy resembling that of WMINs in postmortem tissues 

from human autism and epilepsy patients, while L5-‘silencing’ may spur progressive neuromotor 

decline supporting top-down theories of motor neuron degeneration. Investigations across 

functional, histological, and neuroimaging methods may derive complimentary network insights 

exceeding those which any technique would provide in isolation. Methods: I developed and 

validated a novel mouse home-cage-monitoring system (SnackerTracker-TracKIT) and 

computational enhancements for a whole-brain cell analysis pipeline (r-QUINT) to enhance 

behavioural and anatomical outputs, respectively. r-QUINT described ramifications of genetic 

L6-‘silencing’/‘augmentation’, and a longitudinal study featuring behavioural, anatomical, and 

multimodal MRI experiments characterised consequences of L5-‘silencing’. Results: Chapter-3 

introduces the SnackerTracker device and TracKIT analysis platform. Chapter-4 describes r-

QUINT refinements, which reveal changes following L6b perturbations, while morphometric 

comparisons support L6b-WMIN analogy. Chapter-5 presents convergent evidence of 

neuromotor deterioration upon L5-silencing, where pathological trajectories resemble those of 

upper-motor-neuron diseases. Neuroimaging predicts—and histology validates—where and 

when deficits emerge. Conclusions: This thesis presents methodological developments and 

multimodal analyses which characterise effects of silencing deep-layer cortical neurons, thereby 

enhancing knowledge surrounding associated disease-relevant networks. 
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Preface  

Shortly after moving to the UK and beginning Oxford’s MSc in Neuroscience programme, 

I applied to the DPhil in Physiology, Anatomy, and Genetics. I proposed extending my Trinity 

term MSc project with the Molnár lab—3D printing the cerebral cortex—for another three years. 

It had been my goal to apply to this project for over a year and a half, wherein I changed my 

undergraduate biomedical engineering elective focus area from musculoskeletal biomechanics 

to stem cells and regenerative medicine. I was interviewed, accepted, and elated. 

On the first day of my Trinity term rotation, we decided to pursue to a different project—

the transition to sleep research was intimidating yet proved wholly stimulating and enjoyable. I 

studied whether chronic manipulations to cortical layer 6b influenced the effects of orexin (a 

wake-promoting neurohormone). This employed the dopamine receptor 1a (Drd1a-Cre) mouse 

line, which possesses Snap25 mutations such that Cre-expressing cells throughout cortical layer 

6 are functionally ‘silenced’. We predicted that, if Drd1a cells influence orexin networks, Drd1a-

silenced mice should not exhibit increased wakefulness upon orexin injection.  

After finishing the MSc and beginning the DPhil, I was to expand upon the work 

completed by 1) considering cortex-mediated orexigenic effects on feeding behaviour (as orexin 

is known to promote both wakefulness and feeding), and 2) characterising whole-brain 

neuroanatomical changes due to L6-silencing. I began developing a device to monitor mouse 

home-cage feeding and activity called the SnackerTracker. However, just as it began functioning 

reliably, breeding complications and maternal cannibalism devastated the Drd1a-Cre line. 

A colony reset was initiated. With hopes that mice may be available within two years’ 

time, I decided to continue developing neuroanatomical analysis software (for use on tissues 

from a different Drd1a-augmented line in the meantime from collaborators in Berlin) and the 

SnackerTracker (for use once Drd1a-silenced mice again became available). As work progressed, 

I sought to acquire in vivo pilot data to test SnackerTracker efficacy using surplus wild-type mice 
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and others with known circadian disturbances (cryptochrome 1/2 double-knockouts). As pilots 

began, I learned that other surplus mice from the Vyazovskiy lab resembled those of the Drd1a-

Cre line; retinol binding protein 4 (Rbp4-Cre) mice featured genetically manipulated cells 

expressed in cortical layer 5, as opposed to 6b, with the same Snap25 ‘silencing’ mutation. Rbp4-

Cre-silencing had been shown to elicit sleep disturbances; thus, the SnackerTracker should be 

able to detect increased activity as a proxy for increased wakefulness in L5-silenced animals. I 

acquired these mice and initiated another small pilot experiment. 

Unexpectedly, I observed similar activity patterns in layer 5-silenced mice compared to 

controls, however layer 5-silenced mice appeared to eat constantly throughout their subjective 

day and night. I initially suspected SnackerTracker malfunction, however I observed the same 

patterns in every mouse tested. With time, I noticed that some began to develop signs of motor 

deficits including an odd-looking ‘hindlimb clasp’. All layer 5-silenced animals acquired this 

phenotype with age, which I learned had been noted previously but never fully characterised. 

Could progressive fine motor deterioration be impeding these animals’ ability to feed, explaining 

the odd SnackerTracker patterns? This precipitated the final chapter of my thesis, which 

evaluates the effects of cortical layer 5-silencing on neuromotor degeneration. I initiated a 

comprehensive multimodal investigation integrating behavioural assays, in vivo and ex vivo MRI, 

and immunohistology to characterise anatomical and physiological trajectories of motor decline.  

My DPhil has been one of calibration and recalibration. Through topical pivots, I 

acquired a wide range of skills driven by necessity and fostered by colleagues, supervisors, 

friends, and family. Through pragmatic pivots, both personally and in practice, I decided to 

forego medical school (which I had deferred to study at Oxford) and fully pursue science. I find 

profound fulfilment in generating and chasing ideas, developing new methods, and teaching 

others. What a privilege it is to have pursued through a DPhil—and to now choose in a career—

this endless pursuit and dissemination of knowledge.  
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Introduction 

1.1 Development of the brain and cortical layers 

1.1.1  Modelling the cortex  

The human brain is infinitely complex. The cerebral cortex is particularly esoteric as the 

seat of basic and higher functions including movement and attention. Many neurological and 

psychiatric conditions have neurodevelopmental origins whether symptoms manifest prenatally 

or later in adulthood. Studying the relevance of cortical development to diseased states requires 

the use of animal models as in silico and in situ alternatives cannot yet recapitulate the hallmark 

cytoarchitecture of cortical layers 1-6 (L1-6). Significant bioengineering advances have enabled 

human induced pluripotent neural stem cell-derived systems to exhibit upper- and lower-layer 

neurons in sliced neocortical organoids1 and cell-seeded droplet-based scaffolds compatible 

with in vivo xenotransplantation2. However, culture methods fail to integrate combinations of 

endogenous hormonal signalling, vascular networks, endothelial cell scaffolding, adaptive 

immune function, and bidirectional long-range connections with intra- and sub-cerebral 

structures during early tissue development which are critical for protracted cortical lamination 

and maturation. The mouse is one of the phylogenetically lowest-order species which possesses 

a six-layered cortex (Figure 1A), and has thus been extensively employed in scientific research. 

Vast libraries of mouse-specific genetic engineering tools are available which enable researchers 

to characterise consequences of targeted cell manipulations. This notion underpins my thesis, 

which studies the effects of genetically manipulating deep-layer cortical projection neurons—

namely, L5-6b—to explore their relevance to developmentally-linked neuropathologies.  

1.1.2  Organogenesis and lamination 

Brain morphogenesis follows an integrated series of steps, many of which rely on deep-

layer cortical projection neurons in mice and humans3. Following neural induction, neurulation, 
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and proliferation, dorsoventral and anteroposterior (AP) chemical gradients establish primary 

brain divisions. The forebrain divides into diencephalic and telencephalic vesicles which enlarge 

to caudally envelop the early brainstem. This establishes the longitudinal fissure and primordial 

cortical hemispheres. Asymmetric proliferation proceeds perpendicular to lateral ventricular 

surfaces in the germinal ventricular zone; inner daughter cells retain progenitor characteristics 

while outer daughter cells migrate and further differentiate. These immature earliest-generated 

cortical neurons form the preplate, which is separated from the prolific ventricular zone below 

by tangentially oriented fibres of the intermediate zone. As preplate maturation proceeds, 

laminar subdivisions emerge in germinal and postmitotic compartments. The ventricular zone 

divides to yield the subventricular zone between intermediate and ventricular zones, with the 

intermediate zone above forming early white matter tracts. The preplate splits into the marginal 

zone, which predates L1, and the innermost subplate which gives rise to the cortical plate 

predating L2-6. Subplate neurons themselves undergo continued maturation and eventually 

precipitate white matter interstitial neurons (WMINs) in humans and L6b in mice (Figure 1A)4, 5. 

Cortical neurons settle in an inside-first-outside-last manner such that earlier-born cells reside 

in deep layers and later-born cells progressively reside in outer layers6. 

1.1.3  Establishment of projections and their refinement 

During preplate establishment, the cortex both projects subcortically and receives area-

specific thalamic innervation7. These projections are refined by intrinsic and extrinsic factors 

during later stages. Intrinsic signals include graded molecular and gene expression patterns 

which establish coordinates for cortical arealisation and connectivity8-10. Differences across the 

pallial-subpallial boundary guide axon pathfinding from extrinsic subcortical structures such that 

afferents influence developing circuitry7, 11. Projections from thalamic axons initially transmit 

spontaneous activity to the cortex but later convey sensory information from the environment 

which impacts the size and identity of cortical areas12, 13. All cortical areas are connected to the 
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thalamus, yet specific thalamic nuclei project to specific cortical areas. Sensory first-order 

thalamic nuclei (FOTN) include the dorsolateral geniculate and ventral posteromedial nucleus, 

which project to primary visual and somatosensory areas, respectively. Thalamocortical axons 

form the primordial internal capsule, which facilitates reciprocal innervation between cortical 

regions and higher-order thalamic nuclei (HOTN)7, 11. L5 extratelencephalic axons are the first to 

innervate subcortical targets via the internal capsule, thereby pioneering corticothalamic and 

corticospinal tracts (CST). Thalamocortical-corticothalamic connectivity is facilitated via thalamic 

projections to the subplate, which is the largest cortical structure during early development5, 14, 

15. Subplate neurons transiently innervate L4—the primary target of sensory thalamic afferents 

in the adult brain—establishing an indirect thalamocortical pathway while fostering thalamus-

L4 pathway maturation16-19. Shortly before birth in both mice and humans, thalamic axons begin 

to detach from the subplate which in turn rewires to form intratelencephalic branches and 

cortical plate synapses12, 20. Apoptotic processes result in up to ~80% subplate neuron loss during 

the first postnatal week in carnivores and primates; superfluous connections are pruned, 

including most to L4, lending to dramatic activity-dependent pathway refinement5, 14, 15, 21-23. 

Plasticity continues through adolescence, and to a lesser extent through adulthood24, resulting 

in profound complexity across the mature cortex (Figure 1B-C). 

1.1.4  Cell diversity 

Newly generated cells migrate from sites of origin to generate diverse neuronal and glial 

subtypes across the cortex6, 25-28. Mature neurons are classified as excitatory or inhibitory, which 

typically feature glutamatergic or γ-aminobutyric acid (GABA) neurotransmitters, respectively. 

Excitatory neurons are generally pyramidal, though some can be nonpyramidal, while inhibitory 

cells (including most interneurons) are usually nonpyramidal29. Fated pyramidal neurons migrate 

from the ventricular zone into the preplate along guiding radial glia cells30 such that cells proceed 

past those born earlier to reach final cortical positions. This establishes “cortical columns” where 
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cells derived from the same progenitor settle above their sites of origin with slight horizontal 

dispersion to accommodate increasing cortical surface area6, 31. Mature pyramidal cells feature 

intracortical and extracortical projections, while nonpyramidal cells predominantly project 

locally and have distinct origins—mouse interneurons arise from lateral and medial ganglionic 

eminences and migrate laterally into the preplate25. Microglia are derived from mesodermal 

progenitors, migrate into neuroepithelial tissue, and adopt roles from immune surveillance to 

synaptic pruning and phagocytosis. Macroglia, including astrocytes and oligodendrocytes, are 

derived from later-stage neuroectodermal radial glia. Oligodendrocytes are typically associated 

with axon myelination, and glial fibrillary acidic protein (GFAP)-expressing astrocytes with 

synaptic regulation and reactive gliosis, yet both adopt diverse roles in metabolism, immunity, 

and neural plasticity. Glial cells are heterogeneous and dynamic with maturation, adopting their 

form and function according to homeostatic demands.  

1.1.5  Regional heterogeneity 

Mature neuron subtypes and projections differ with cortical depth and topography to 

enable diverse functions26. Most layers feature a ~4:1 pyramidal to nonpyramidal cell ratio, save 

L1 which lacks excitatory soma. However, laminar patterns and relative cell proportions are not 

uniform: the primary motor cortex (M1), prefrontal cortex (PFC), and retrosplenial areas (RSAs) 

feature indistinguishable L2-3 and lack L4; the entorhinal cortex features a clear L2/3 boundary 

but still lacks L4; the primary somatosensory cortex (S1) features L4 barrel fields corresponding 

to whisker inputs yet obscures L2-3; and cortical thickness generally decreases posteriorly. 

Figure 1B highlights cytoarchitectural diversity in the mature cortex, while Figure 1C summarises 

key thalamocortical-corticothalamic, intratelencephalic, and extratelencephalic L5-6b networks 

of present interest (1.2-1.3). This complexity, compounded by topology and depth, establishes 

different cell proportions and populations contributing to distinct cortical circuits capable of 

performing wide-ranging computational functions.  
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Figure 1. Cortical development and deep-layer projections in mice and humans. Developmental 
trajectories of critical structures in the i) human and ii) mouse cortex are traced from primordial 
to mature states. Both mature cortices possess six layers, yet the fate of subplate remnants 
differ: in humans, these become scattered through the white matter as WMINs, while in mice 
these settle as a thin compact band of L6b cells at the base of the cortex. B) The mature cortex 
is highly heterogeneous; M1/PFC are thicker than RSA/S1/entorhinal (Erc) cortical areas, while 
some regions possess unique motifs like the granular barrel field in S1 L4. C) Details cortical 
layers and projections of interest (S1, non-barrel field): yellow=ascending pathways from 
peripheral sensory cells via FOTN to L4 for signal dissemination; brown=L5-6b corticothalamic-
thalamocortical loops; white=interlayer/intralayer processing; and green=descending motor 
pathways which elicit muscle contraction. *Associated tracts are elaborated upon in Figure 2. 
The schematic in A) was inspired by Hoerder-Suabedissen et al. (2015)5, while B-C) were created 
using open-source Allen Brain Atlas images32. MZ=marginal zone; CP=cortical plate; SP=subplate; 
IZ=intermediate zone; (V-) SVZ= (ventricular-) subventricular zone; and VZ=ventricular zone. 
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1.2 Layer 6b: emerging roles of early remnants  

1.2.1  Targeting the subplate 

Subplate cell remnants have been historically deemed “functionally insignificant” 

through adulthood33, yet a growing body of evidence indicates otherwise5, 15, 27, 33-37. Roles of L6b 

have been studied using dopamine receptor 1a (Drd1a) genetic targeting in mice4, 35, 38, 39; while 

over 30 Drd1a-Cre lines have been produced, the MMRRC variant (Table 9)40 is unique as Cre+ 

soma are localised to L6a-b with little subcortical expression4. Diversity within L6 is well-

established in this line41-43, where T-box brain 1 (TBR1, L6)44, 45 and complexin-3 (CPLX3, L6b)35, 

44, 46, 47 antibodies can be used to immunohistochemically target subtypes. Critically, Drd1a-Cre 

neurons exhibit intertelencephalic and corticothalamic-thalamocortical projections, presenting 

as a developmentally persistent node capable of integrating and refining local and long-range 

communications4, 48-50. This is relevant to human disease as both mouse and human subplate 

cells exhibit enriched gene expression patterns associated with susceptibility to autism and 

schizophrenia33. It is possible that, in cases of environmental or genetic insult during critical 

periods, abnormal apoptotic processes may yield increased or decreased remnant cell 

prevalence, activity, and widespread network connectivity35, 51. Whether this underlies or 

exacerbates neurodevelopmentally-linked neurological or psychiatric conditions of cortical 

hyperexcitability (e.g., autism and epilepsy, see 1.2.2), hypoexcitability (e.g., narcolepsy, see 

1.2.3-1.2.5), or aspects of both (e.g., schizophrenia, see 1.2.2-1.2.3)35, 51 warrants investigation.  

1.2.2  Cell augmentation 

Abnormal WMIN distributions have been described in several neurological and 

psychiatric diseases. While both increased and decreased densities have been reported in 

postmortem samples from schizophrenia patients34, 52, increased WMIN prevalence, 

hypertrophy, and activity have been documented in the brains of patients diagnosed with drug-
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resistant epilepsy and autism53-55. <1% of individuals suffer from epileptic seizures, yet this 

proportion rises to ≥46% in autistic individuals, suggesting that comorbid disease presentations 

may share underlying features like cortical hyperexcitability56-60. Pathological subplate growth 

(or decreased senescence) has been linked to the dysregulation of phosphatase and tensin 

homolog (PTEN) whose transcribing gene exhibits missense mutations in autistic and epileptic 

WMINs61, 62. PTEN negatively regulates the mechanistic target of rapamycin (mTOR) pathway35, 

36 whose overactivation in subplate cells may underly increased cell proliferation and decreased 

postnatal apoptosis (A.1.1)33-35, 53, 63, 64. I reason that mTOR disinhibition in L6b neurons may 

promote cell longevity or hypertrophy (including of thalamocortical signals to L4), radial 

migration65, and pathological cortical excitability or sensory sensitivity35, 56, 66. Interestingly, 

genetically modified mouse lines which exploited PTEN conditional knockout (cKO) strategies to 

model autism-associated phenotypes simultaneously yielded mice prone to seizures and neuron 

hyperexcitability relative to controls (CTRLs)67-71. Both autism- and epilepsy-associated PTEN 

mutations have been identified, are expressed in subplate neurons, and are linked to increased 

white matter density and hypertrophy55, 69, 72, 73. Therefore, in this thesis, I selected a mouse 

model featuring Drd1a-Cre-dependent ‘augmentation’ via PTEN truncation (2.1.3) to study the 

effects of what I predict will be increased subplate neuron persistence and hypertrophy. 

1.2.3  Cell silencing 

In contrast, decreased L6b driving or modulatory influences over corticothalamic-

thalamocortical networks may be relevant to other neurological conditions including but not 

limited to schizophrenia and narcolepsy (see 1.2.4-1.2.5)41, 48, 49, 74-76. To study this, I employed 

mice featuring Drd1a-Cre-driven synaptosomal-associated protein 25kDa (Snap25) cKO and 

stop-floxed Ai14 red fluorescent protein (RFP) reporter expression4, 75, 77-79. SNAP25 is a member 

of the soluble N-ethylmaleimide-sensitive fusion attachment protein receptor (SNARE) complex 

which facilitates presynaptic vesicle fusion and Ca2+-dependent neurotransmission (A.1.2)40, 80-
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82. Cre-expression initiates at birth without altering axon targeting or cortical layering, resulting 

in cells which postnatally appear normal yet cannot communicate with downstream targets via 

regulated synaptic vesicle release80, 83, 84. SNAP25 mutations have been independently linked to 

cortical hyposensitivity (including disinhibition) and WMIN hypotrophy in schizophrenia35, 85, 86, 

which contrasts hypersensitivity and WMIN hypertrophy in autism and epilepsy87-90. Functionally 

‘silencing’ L6a-b cell subtypes via Drd1a-Cre-driven Snap25 truncation compliments 

augmentation via PTEN truncation in investigating roles of subplate remnants4, 77.  

1.2.4  Orexin 

L6 neurons have been posited to regulate brain state control48, 78, 91, 92 conceivably due 

to unique responsivity93-95 to the neuropeptide orexin (ORX96, also called hypocretin97). ORX is 

associated with increased feeding96-99 and wakefulness95, 99-105, while decreased ORX levels have 

been linked to anorexia106-108 and remain diagnostic criteria for narcolepsy51, 109-111. ORX-

producing neurons in the lateral hypothalamic area are innervated by cortical and subcortical 

structures112, 113 which signal prepro-ORX generation and cleavage into ORX isoform A (ORXA) or 

B (ORXB)93, 96, 97. ORXA exhibits greater molecular stability and binds preferentially to ORX 

receptor subtype 1 (ORXR1), while ORXA/B bind to ORX receptor subtype 2 (ORXR2) with near-

equal affinity96. ORXR1-2 are expressed throughout cortical and subcortical structures, however 

cortical ORXR2 is localised to L6a-b and ORXR1 to L6b93-95, 100. Single-cell patch-clamp recordings 

show L6b depolarisation upon ORXA and ORXB administration, some L6a depolarisation with 

ORXB, and no response to either isoform in more-pial layers48, 98. Non-Drd1a-Cre+ neurons do 

not respond to ORX, while 79% of Drd1a-Cre+ neurons respond strongly48, 78, supporting Drd1a-

Cre suitability in studying ORX-L6b relations. Interestingly, L6a-b neurons reciprocally innervate 

lateral hypothalamic ORX-producing neurons which also bypass FOTN and project HOTN48, 74. 

This conceivable functional interrelation between L6b cells and ORX networks motivated me to 

investigate how Drd1a-Cre perturbation may alter anatomical networks and feeding behaviour. 
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1.2.5  Sleep and feeding behaviour 

Increasing evidence indicates that the cortex may actively orchestrate sleep and feeding 

behaviour75, 114-116. ORXR-expressing L6b neurons may facilitate feed-forward cortical activation 

which, given vast intratelencephalic-extratelencephalic and corticothalamic-thalamocortical 

connections74, renders L6b a putative substrate for integrating and refining bottom-up sensory 

information with top-down signals. As ORX promotes wakefulness and feeding in mice95, 96, 99, 

Drd1a-silencing should thwart both. However, recent work showed that Drd1a-silenced animals 

counterintuitively exhibited increased and more-fragmented sleep compared to CTRLs upon 

ORXA administration75. This could be explained by ORXR expression in a subset of Drd1a-Cre 

neurons related to network inhibition48 or increased activation of non-Drd1a ORXR-expressing 

neurons by compensatory mechanisms. Irrespectively, more extensive characterisations of Cre+ 

cell densities and distributions are warranted, as is the development of better tools to 

simultaneously measure sleep and feeding behaviour. It makes sense that these functions might 

be related; a sleeping animal will not tend to eat, and a hungry animal will not tend to sleep. The 

only known study to date which investigated the role of L6b on ORX-mediated feeding remains 

unpublished due to confounded data. Following Drd1a-silencing and ORXA/ORXB/saline 

injection, food intake was manually measured as automated systems were incompatible with 

physiological sleep recordings in Faraday chambers; pellets were weighed, placed into cages, 

and retrieved twice daily such that mass differences proxied food consumption75. However, this 

physically disrupted animals by both awakening them and conceivably inducing stress, either of 

which could have impacted feeding. Moreover, crude discrete measurements at only two 

timepoints each day could not detail precisely when and at what rate animals were eating. This 

motivated me to conceptualise how a better means of non-invasively and continuously 

measuring feeding alongside sleep might be possible, and in a manner which was compatible 

with individually ventilated cage systems within electrically insulated chambers. 
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1.3 Layer 5: established roles and emerging effects 

1.3.1  Targeting layer 5 

Like L6b, L5 features diverse cell subtypes117-123. In L5a, pyramidal and non-pyramidal 

intratelencephalic neurons possess smaller and more-pial soma while larger extratelencephalic 

pyramidal soma primarily reside in L5b118, 124. Intratelencephalic subtypes are distinguishable by 

antibodies targeting special AT-rich sequence-binding protein 2 (SATB2)44, 125, 126 and COUP-TF-

interacting protein 2  (CTIP2)44, 118, 119, while extratelencephalic neurons express Fez family zinc 

finger 2 (FEZF2)125, 127 and neurofilament heavy peptides (NF-H, recognised by Sternberger 

Monoclonals Inc. 32, SMI32)118. Both subtypes possess apical dendrites extending to L1, yet with 

distinct properties120. Intratelencephalic dendrites are thinner, branch less124, 128, 129, and can 

adapt action potential frequencies124, 128, 130. Extratelencephalic neurons fire non-adaptive high-

frequency “bursts” where axons receive both “bottom-up” inputs (originating peripherally) from 

FOTN and “top-down” inputs (originating cranially) from the cortex and HOTN117, 124, 128-136. 

Intratelencephalic pyramidal neurons also receive top-down inputs and reciprocally innervate 

thalamic/cortical afferents, yet projections to L5b are unilateral. This suggests that L5 facilitates 

widespread signal processing and eventual relay towards L5b extratelencephalic neurons, which 

comprise nearly all cortical outputs (Figure 1C)117, 129, 132, 133, 137-140. Using a similar genetic strategy 

as in L6 (1.2.3), roles of L5 cells can be explored via retinol binding protein 4 (Rbp4)-Cre-driven 

Snap25-cKO39, 40, 64.  Rbp4-Cre labels ~15% of L5 neurons, with some expression in the 

hippocampus and cerebellum77, which uniquely include L5b pyramidal tract neurons compared 

to pan-glutamatergic drivers141-143. Rbp4-Cre L5b corticothalamic axons bypass FOTN, form 

hypertrophic HOTN synapses with unique finger-like protrusions, and project extensively to 

corticostriatal and pallidal regions77, 120, 144, 145. While this Rbp4-Cre line was originally created to 

study neurodevelopmental activity-dependent effects of such L5 projections77, 79, 145, 146, in this 

thesis I investigate their persisting roles through adulthood upon Snap25-cKO114, 147. 
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1.3.2  Silencing and anatomy of cortical projection neuron subtypes 

Neuroanatomical effects of L5-silencing have been studied during early postnatal stages 

and to a lesser extent through adulthood77, 79, 145-147. Rbp4-Cre Snap25-cKO neurons initially 

exhibit normal axon projections and synaptogenesis, yet deficits in myelination, synapse 

maintenance, and cell integrity emerge with time77, 79, 80, 83, 145-147. L5 Rbp4-Cre degeneration 

progresses from axon punctation to cell dissolution, where resulting cellular debris features 

broad-spectrum-fluorescence77. By postnatal day 18, cKO thalamocortical axons are thinner 

than heterozygote CTRLs and lack specialised polysynaptic hypertrophic boutons with dendritic 

excrescences77, 145. Myelin binding protein (MBP, a marker for mature myelin) quantifications 

probing axon integrity showed no differences in the striatal at postnatal day 8 or 2wks79. Striatal 

and M1 oligodendrocyte expression was unaffected at postnatal day 8, 2wks, and 3wks, yet 

trends emerged towards reduced g-ratios in the dorsal-CST and node of Ranvier lengths in the 

corpus callosum79. Smaller g-ratios yet unchanged axon diameters indicate increased 

myelination, yet the dorsal-CST exhibited indistinguishably dense tract innervation by Rbp4-Cre 

and non-Rbp4-Cre axons. Therefore, whether increased myelination occurs in Rbp4-Cre cKO or 

CTRL axons by compensatory mechanisms cannot be concluded77, 79. Similarly, whether 

decreased callosal node of Ranvier lengths counter cKO axon hypoexcitability by reducing firing 

thresholds or provoking failure where nodes are excessively close remains unknown148, 149. In the 

cortex, increased ionized calcium-binding adaptor molecule 1 (IBA1) microglial densities emerge 

with age (i.e., after 8 months)77, and the prevalence of parvalbumin (PV)-expressing GABAergic 

interneurons and vicia villosa agglutinin (VVA) perineuronal nets shifts in select cortical regions 

and layers146. However, such quantifications to date have not extended past 12wks of age. 

Further analyses across a broader range of cortical/subcortical targets and neuronal/glial cell 

types in older mice are warranted given the emergence of early differences before the onset of 

more pronounced anatomical and behavioural deficits77, 114, 150, 151.  
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1.3.3  Physiology and behaviour 

Several studies have revealed behavioural changes upon L5-cKO77, 114. No differences 

have been reported pre-weaning, yet cKO animals thereafter exhibit less weight gain relative to 

CTRLs which is indistinguishable at 2wks, minor at 12wks, and significant by 30wks77. This was 

replicated in a study which investigated effects of Rbp4-Cre-driven Snap25-cKO on sleep and 

wakefulness114 on the premise that, like L6b, L5 may integrate widespread thalamocortical-

intratelencephalic inputs and exact widespread brain-state control117, 118, 120, 137, 139. Sleep-wake 

states exist across a continuum which ranges ranging from deep sleep to conscious wakefulness, 

all of which are commonly quantified using cortical electroencephalography (EEG) and 

electromyography (EMG) readouts75, 114. However, few studies previously considered an active 

role for the cortex in sleep-wake control which evidence has since supported75, 114, 152-154. Rbp4-

Cre-driven Snap25-cKO yielded increased wakefulness compared to CTRLs, alongside decreased 

slow-wave activity rebound following sleep deprivation, suggesting a role for L5 in propagating 

slow-wave activity, non-rapid eye movement sleep, and cortical synchronisation114. However, 

studies were only conducted in cKO mice at ~12wks114, which is prior to reports of cell 

degeneration and motor deficits77. In the seminal investigation of Rbp4-Cre Snap25-cKO, 

Hoerder-Suabedissen et al. briefly report that  16 of 21 cKO mice aged >30wks exhibited an 

abnormal “hindlimb clasp” when suspended by the tail77. However, no practical or underlying 

mechanistic rationale to explain this motor abnormality has yet been proposed. 

1.3.4  Motor neurons and pathways 

While L5 neurons are broadly associated with processing information and generating 

motor-preparatory signals, L5b pyramidal tract neurons target nuclei associated with movement 

execution via descending motor pathways (Figure 2)120, 155-159. Motor neurons can be classified 

as upper motoneurons (UMNs), whose soma reside in the cortex (e.g., L5b cells, which are 

analogous to human Betz cells), or lower motoneurons (LMNs), whose soma reside in the 
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brainstem or spinal cord and express choline acetyltransferase (CHAT)160-162. UMN axons 

traverse the internal capsule, decussate, and synapse with pontine, medullary, or spinal cord 

LMNs and interneurons. LMNs innervate and induce the contraction of peripheral muscles, while 

interneurons either arrest or enable contraction by inhibition or disinhibition, respectively158, 163. 

Major descending tracts in mice are homologous to those in humans yet assume different 

ipsilateral/contralateral paths (Table 1, Figure 2)121-123, 158, 159, 164-167. Spinal cord targets are 

precisely organised in dorsal/ventral horn Rexed laminae across cervical, thoracic, and lumbar 

segments per tract and pathway (Figure 2)159, 167. It remains unknown as to whether changes in 

UMNs, LMNs, or other cell subtypes associated with Rbp4-Cre projections precede behaviourally 

observable motor deficits in L5-silenced mice. However, like EEG/EMG sleep readouts, 

neuroanatomical changes in the cortex have been historically considered symptomatic—not 

causal—across a range of conditions involving motor dysfunction159-161.  

Table 1. Lists and describes major descending motor-related white matter tracts in mice. 
 

Tract name Tract path 
Dorsal, lateral, and 
ventral CSTs 

Descends from L5b through the internal capsule, cerebral peduncles, 
medullary pyramids, and spinal cord dorsal, lateral, or ventral funiculi 
to control skilled voluntary movements168. 

Rubrospinal tracts Originate in the red nucleus159 and traverse the brainstem and lateral 
spinal cord to control distal limb flexors167, 169, 170. 

Reticulospinal 
tracts 

Originate from pontine reticular nuclei and medullary nuclei and 
traverse ventral and lateral funiculi to control muscle contraction, tone, 
and reflexivity171-174. 

Vestibulospinal 
tracts 

Originate in vestibular brainstem nuclei and traverse ventrolateral 
funiculi to maintain muscle tone and coordination163, 171, 172, 175. 

Hypothalamic 
pathways 

Originate in periventricular and lateral hypothalamic areas, target 
intermediary pontine relay nuclei, and join reticulospinal tracts to 
facilitate motivated locomotion (e.g., feeding and safety-seeking 
behaviour)176. 

Fastigial pathways Originate in fastigial nuclei and join both reticular and ventral spinal 
tracts to coordinate bilateral limb movements177. 

Cerebellar 
pathways 

Originate in interposed and dentate cerebellar nuclei and relay 
information to M1 for skilled motor preparation and refinement177, 178. 
Additional sensory feedback to M1 is provided via the medial lemnicus. 
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Figure 2. Major descending motor pathways in the mouse central nervous system. A) I sketched 
a crude representation of the mouse brain and spinal cord, where the location of selected slices 
used for illustration in B) are indicated at the following AP levels: 1=prefrontal; 2=hippocampal; 
3=midbrain; 4=cerebellar; 5=cervical spinal cord; 6=thoracic spinal cord; and 7=lumbar spinal 
cord. I colour-coded major tracts and minor pathways according to the legend in C). White 
matter regions or nuclei belonging to each are labelled beneath, while arrows differentiate relay 
nuclei (e.g., the vestibulospinal tract initiates in vestibular nuclei, yet vestibular nuclei are also 
relay centres in fastigial pathways). Small triangles in spinal cord sections indicate the AP level 
and Rexed laminae where each tract/pathway terminates. Illustrations were created manually 
yet informed using Allen Brain Atlas brain and spinal cord maps32, 179. 
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1.3.5  Diseases involving motor degeneration 

Numerous diseases involving UMN or LMN degeneration lack causal explanations. Some 

of the most common human disorders where L5 extratelencephalic neurons have been 

implicated—and which can be compared to features of Rbp4-Cre anatomical/behavioural 

decline77—include: Huntington’s disease, which is associated with impaired corticostriatal 

communications and L5a thinning180, 181; Parkinson’s disease, where multiple mouse models 

exhibit impaired intratelencephalic, thalamocortical, and corticostriatal tract deficits182-186; 

frontotemporal dementia (FTD), which affects L5b von Economo neurons in the frontal cortex187, 

188; and motor neuron diseases like primary lateral sclerosis which affects UMNs (including L5b 

Betz cells but not LMNs)189 and amyotrophic lateral sclerosis (ALS, where both LMNs and UMNs 

eventually degenerate)190-194. Shared features across each include neurodegeneration and 

protein aggregation—namely huntingtin in Huntington’s disease, α-synuclein in Parkinson’s 

disease182-186, and TAR DNA binding protein 43 (commonly termed TDP-43) and 

hyperphosphorylated tau (recognised by the antibody AT8) in both FTD187, 188 and ALS191, 193—

where L5b cells may be a common substrate. Large L5b neurons have high metabolic/structural 

demands, rendering them particularly vulnerable to “the Bermuda triangle” of insults underlying 

neurodegeneration: oxidative modifications, mitochondrial dysfunction, and impaired protein 

degradation182, 185, 189, 194, 195. Yet, whether L5b neuron degeneration presents as a disease origin 

or symptom—and by which underlying mechanisms—remains hotly contested, perhaps most 

notably in ALS196 which I will discuss further (1.4.5).  

1.4 Current states and directions 

1.4.1  Measuring animal activity and feeding 

Developing and automating home cage monitoring (HCM) has become an emerging field 

of practical scientific interest, where integrating quantifications of rodent food-intake remains 
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non-trivial. Accurately measuring laboratory rodent food-intake is important as researchers 

commonly control or modify the type, amount, and timing of feeding to observe effects across 

experimental conditions (as I propose doing following Drd1a-Cre manipulations)197, 198. 

Unsurprisingly, the past 10 years have produced numerous HCM methods capable of 

automatically quantifying animal feeding including sophisticated whole-cage monitoring suites, 

cage integrations, and video-based systems (Table 2)197-204. All possess unique advantages yet 

are practically limited in either possessing a problematic animal-food interface, failing to directly 

measure food intake (only feeding behaviour as a proxy), or proving incompatible with elements 

of current home-cage setups—namely, simultaneous EEG/EMG recordings (Table 2), which are 

indispensable for my proposed L6-ORX-sleep investigations75, 197-201, 203-205.  

Table 2. Features and limitations of HCM tools measuring mouse feeding. Green=full HCM 
suites; blue=cage integrations; purple=video-based systems; BW=body weight; and RW=running 
wheel. See www.cost-teatime.org/about/technologies/ for an extended and updated list. 
 

System 
(Developer) 

Beneficial and Limiting Features 

Promethion Cages 
(Sable Systems)199 

✔ Sophisticated monitoring across many outputs (e.g., food/water intake, 
RW, metabolism, video/motion tracking, BW); remote monitoring; traditional 
food presentation. X Expensive; proprietary hardware and software; cannot 
accommodate simultaneous measurement of sleep and feeding behaviour. 

CLAMS (Columbus 
Instruments)200 
CageView (Tactile 
Robotics Ltd.)203 

✔ Less expensive than HCM suites; many outputs (e.g., food/water intake, 
video/motion tracking) modular; traditional food presentation. X More 
expensive than the FED3; proprietary hardware and software; cannot 
accommodate simultaneous measurement of sleep and feeding behaviour. 

Feeding 
Experimentation 
Device (FED3, NIH)201 

✔ Inexpensive; modular (easy to simply place within common home-cage 
setups); open-source hardware and analysis software. X Animals must be 
trained to press a lever, which may alter feeding behaviour or confound 
experiments206; pellet-jamming restricts food access and introduces welfare 
concerns; pellets are prone to crumble; cannot accommodate simultaneous 
measurement of sleep and feeding behaviour. 

PhenoTyper (Noldus 
Information 
Technology)197 

✔ Video tracking; modular additions including automated food dispensers, 
water lickometers, and integrations for optogenetics and telemetry; remote 
monitoring. X Expensive; only measures dispensed food and animal-food 
interactions; AI video analyses are prone to failure if obstructed by cage 
enrichment; proprietary hardware and software; cannot accommodate 
simultaneous measurement of sleep and feeding behaviour. 

Integrated 
DeepLabCut (Mathis 
Lab)204 

✔ Free analysis software integrated with video tracking; open-source; remote 
monitoring; traditional cage-hopper food presentation; can accommodate 
simultaneous measurement of sleep and feeding behaviour. X Indirect 
measure of animal interactions with food; automated video analyses are 
prone to failure if obstructed by cage bedding or enrichment. 
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1.4.2  Behavioural data analysis 

Many software packages have been produced to analyse HCM data; however, each are 

limited in application, warranting the development of a more robust open-source platform 

which can process data from acquisition systems with transparency and consistency. Table 3 

details some available and currently-maintained software tools which have been developed and 

applied to mouse behaviour analysis, including the present capacity of each to generate 

desirable activity- and circadian-related output metrics relevant to current or future analyses. 

Different tools are more-or-less suited to generating different metrics, yet none excel 

universally. BioDare2 produces excellent period decompositions yet cannot discriminate 

behavioural data207. Integrated DeepLabCut-Bonsai systems generate real-time activity and 

event data, however cannot discern periodicities, bouts, or feeding204, 208. COMPASS and 

Nestbox scripts achieve all the above, yet still do not accept feeding data205, 209, 210. HCM suites 

with dedicated software like PhenoMaster and TSE analytics are perhaps the most well-suited 

to generate feeding outputs, however underlying algorithms are proprietary and only work with 

expensive compatible hardware systems (e.g., in 2021, I received a quote for ~450,000.00 USD 

for the purchase and installation of a 16-cage system). Analysis methods which do exist are not 

used consistently across behavioural and circadian studies, varying significantly both between 

international research groups and even within individual laboratories205, 210-212. That is, different 

platforms and unique software specifications even within the same platform can drastically alter 

results and confound inter-study comparisons213. No known universal open-source platform 

currently accepts time-series feeding and activity data from non-proprietary input sources, 

which will be necessary if I wish to analyse data from any novel device capable of measuring 

food intake and feeding behaviour in genetically modified mice (i.e., Drd1a-Cre-driven Snap25-

cKO in the first instance).  
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Table 3. Summary of software tools for behavioural data analysis. Blue=proprietary, green=open 
source; yellow=circadian-related metric; purple=activity-related metric; orange=both circadian- 
and activity-related; LD=light-dark; f=frequency; t=time; BP=blood pressure; BT=body 
temperature; CRL=Circadian Rhythm Laboratory; FI=food intake; HR=heart rate; PIR=passive 
infrared monitoring; RER=respiratory exchange ratio; RFID=radio frequency identification; 
RW=running wheel; T=periodicity; and WI=water intake. 
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COMPASS (2016, 
Peirson Lab)205, 209 PIR ✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓ ✓ ✓ ✓ X ✓ X X 

Nestbox scripts (2024, 
Oxford Univ.)210 RW, PIR ✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓ ✓ ✓ ✓ X ✓ X X 

DeepLabCut (2018, 
Mathis Lab)204 Pose estimation ✓ X X X X X X X X X X X X X ✓ X 
Bonsai (2015-2020, 
NeuroGEARS)208 

Real-time I/O (i.e., 
with DeepLabCut)  ✓ X ✓ ✓ X ✓ ✓ X X X X ✓ ✓ X ✓ X 

ActogramJ (2011, 
Yoshii Lab)214 

Time series (PIR, 
RW, video etc.) ✓ ✓ X ✓ X X ✓ X ✓ X ✓ ✓ X X X X 

easyClock (2025, Ja 
Lab)215 

Time series (PIR, 
RW, BT etc.) ✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓ ✓ ✓ ✓ X ✓ X X 

BioDare 2 (2014, 
Millar Lab)207 

Time series (PIR, 
RW, video etc.) ✓ ✓ X X X X ✓ X ✓ ✓ ✓ X X X X X 

Kronos (2023, Cryan 
Lab)216 

Time series (PIR, 
RW, video etc.) ✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓ ✓ ✓ ✓ X X X X 

MouseVUER (2024, 
Dennis Lab)217 Video tracking ✓ X ✓ ✓ ✓ ✓ ✓ X X X X ✓ ✓ ✓ ✓ X 
Live Mouse Tracker 
(2019, Inst. Past.)218 

Video tracking, 
RFID ✓ X ✓ ✓ ✓ ✓ ✓ X X X X ✓ ✓ X ✓ ✓ 

SimBA (2020, Golden 
Lab)219 

Behavioural 
classification ✓ X X X X X X X X X X ✓ ✓ X X ✓ 

ClockLab (1990s, 
Actimetrics) Activity (RW, PIR) ✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓ ✓ ✓ ✓ X ✓ X X 

EthoVision XT (2001, 
Noldus) Video tracking ✓ X ✓ ✓ ✓ ✓ ✓ X X X X ✓ ✓ X ✓ ✓ 

Any-maze (1999, 
Stoelting) Video tracking ✓ X ✓ ✓ ✓ ✓ ✓ X X X X ✓ ✓ X ✓ ✓ 

PhenoMaster (2000s, 
TSE) 

HCM (video, FI, 
WI, O2, CO2, RER) ✓ ✓ ✓ ✓ ✓ ✓ ✓ X X X X ✓ ✓ ✓ ✓ ✓ 

DAMS (2005, 
TriKinetics) Beam break ✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓ X X X X ✓ X X 

DSI Ponemah (1980s, 
DSI) 

Telemetry (BT, 
HR, EEG/EMG, BP) ✓ ✓ ✓ ✓ X ✓ ✓ X ✓ ✓ X ✓ X ✓ X X 

BioDAQ (2010, 
Research Diets) FI, WI ✓ X ✓ ✓ ✓ ✓ ✓ ✓ X X X ✓ ✓ X X X 



 - 45 - 

1.4.3  Neuroanatomical quantification  

Quantifying anatomical changes due to genetic manipulations both within L5-6b and in 

projection regions of interest (ROIs) can be achieved on several levels. The Molnár laboratory 

previously assessed distributions of GABAergic interneurons in these same mouse models using 

conventional anatomical methods146. However, these approaches are limited in surveilling only 

a small fraction of pre-selected brain ROIs. This motivated me to conceptualise a way to upscale 

present experiments to encompass whole-brain quantifications, where ROIs would remain pre-

defined for statistical analyses yet post hoc assessments of any definable ROI would become 

possible. To this aim, the QUINT pipeline220 employs 2D imaging and 3D reconstruction220 in a 

three-step workflow: 1) atlas mapping, where histological slices are registered using QuickNII221; 

2) feature segmentation, where cells are detected using ilastik222 (though tools like ImageJ223 are 

also compatible); and 3) data registration, where segmentations and atlas maps are combined 

to register detected features to brain regions in 3D space using Nutil224. However, the pipeline 

only accommodates single-fluorophore detections, cannot regionalise morphometric data220, 222, 

and does not produce statistical results alongside easily interpretable graphs. Pipeline 

refinement is therefore needed for compatibility with L5-6b subpopulation characterisation. 

1.4.4  Layer 6 networks and translatability  

Given the critical role of the subplate during neurodevelopment and evidence 

implicating  its importance beyond, further work is needed to: 1) better-characterise the cortical 

distribution of L6b subtypes under unperturbed, augmented, and silenced states; and 2) address 

the incompletely evidenced notion that Drd1a+ L6b neurons are analogous to human WMINs4, 5. 

18±7% of S1 L6b neurons stained for neuronal nuclei (NEUN) are labelled by Drd1a-Cre at 

postnatal day 8, of which 31±8% co-expressing CPLX3 can be deemed “subplate remnants”4, 46. 

Drd1a+/CPLX3- cells include but cannot be definitively classified as “non-subplate remnants” as, 

though a significant subpopulation, CPLX3 is only expressed in 43±9% of S1 L6b neurons at 
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postnatal day 847. Quantifications in older mice showed 24±4% S1 L6b NEUN+/Drd1a+ expression 

in 5wk brains4 and 40±2% at 7-14wks47. However, NEUN+/Drd1a+/CPLX3+ colocalisation has not 

been evaluated in older mice—only at 5wks with connective tissue growth factor (CTGF)48, 50, 

another subplate marker having ~90% overlap with Cplx382, 225—nor have similar data been 

acquired across cortical regions. This is important to characterise as, in cases of subplate 

dysfunction, one cannot predict functional ramifications if cells are differentially expressed and 

if infarcts are regionally localised49, 50; knowledge gleaned from experiments conducted in S142, 

48, 50 are not necessarily translatable pan-cortically (1.1.5)226. Interpreting the results of studies 

employing Drd1a-Cre mouse lines and their relevance to human conditions4, 48, 50, 75, 77, 78 relies 

on the assumption that Drd1a-expressing cells are analogous to WMINs. L6b neurons and 

WMINs both exhibit extensive prenatal proliferation, postnatal apoptosis yet persisting 

thalamocortical projections, and similar gene expression patterns3-5, 15, 27, 35, 42, 50, 227-231. Fusiform, 

multipolar, inverted pyramidal, and polymorphic WMINs have been observed in primates and 

humans227, 228 while mouse L6b neurons assume multipolar, neurogliaform, and pyramidal 

subtypes42, 50, 229. This informs heterogeneity in WMIN/L6b morphological profiles48, 50, where no 

comparisons between ORX-sensitive subtypes have yet been conducted to evaluate similarity.   

1.4.5  Layer 5 and top-down motor neuron degeneration  

Consider ALS as a prototypical motor neurodegenerative condition where L5b cells are 

etiologically implicated. Theories of disease onset and progression are classified as ‘bottom-

up/dying-back’ (i.e., originating in peripheral LMNs), ‘top-down/dying-forward’ (i.e., originating 

in cerebral UMNs), or ‘independent’ (i.e., both top-down and bottom-up)160-162, 190-192, 196, 232-236. 

The latter could be supported by evidence of motor deficits following L5-silencing77. The dying-

back hypothesis proposes that ALS originates in peripheral LMNs, where abnormal cytoskeletal 

transport161, 237 or infarct to the neuromuscular junction triggers degeneration and retrograde 

disease propagation to the spinal cord and brain160, 191, 235, 238, 239. If muscle cells fail to secrete 
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neurotrophic or myogenic factors to afferent innervations (i.e., decreased positive feedback), 

axons retract and compound activity-dependent muscle/neuron atrophy234, 235, 239-242. Toxic 

ligands released from damaged muscles can be endocytosed by afferent synapses, undergo 

active transport to LMN soma, and catalyse a degenerative spiral if compensatory innervation 

attempts from other LMNs are plagued by vulnerable neuromuscular junction environments234, 

239, 240. Degeneration is thought to then spread to UMNs via retrograde propagation, resulting in 

dysfunctional LMN-UMN synapses161, 234, 238, 239. The dying-forward hypothesis posits that L5b 

Betz cells incipiently exhibit pathological aggregation of proteins like TDP-43—a shared pattern 

in ALS and FTD—which spread to directly-targeted LMNs (e.g., α-motoneurons) and provoke 

degeneration162, 187, 190, 191, 196, 238, 243. Anterograde degeneration may be initiated and perpetuated 

by UMN glutamatergic excitotoxicity across cortical regions160, 187, 190-192, 196, 232, 244—including but 

not limited to M1 in ALS and the PFC in FTD192, 194—where soluble cytotoxic proteins propagate 

to monosynaptic subcortical targets via prion-like axoplasmic transport162, 233, 236, 238, 243. Protein 

phosphorylation, ubiquination, and cytoplasmic aggregation in α-motoneurons then ultimately 

leads to LMN degeneration194, 236, 238, 243, 245. Interestingly, extraocular and pelvic sphincter motor 

nuclei constitute the only LMNs which are not directly innervated by UMNs and which do not 

degenerate in ALS (supporting top-down theories)196, 233, 246. The motor deficits reported upon 

L5-silencing by no means render this an “ALS mouse model”77; however, Rbp4-Cre-driven 

Snap25-cKO may feature yet-uncharacterised neuroanatomical and behavioural deficits which 

resemble observations in widely-used genetic mouse lines featuring mutations in genes linked 

to ALS including SOD1, FUS, TARDBP, and C9ORF72160, 193, 196, 234-237, 239, 243, 245, 247, 248. Interestingly, 

all exhibit UMN-LMN synapse dysfunction194, 234 and both SOD1 and FUS have been specifically 

linked to decreased SNAP25 expression234. Motor function in L5-silenced mice may decline 

further with age77, 192, 194; therefore, a more comprehensive characterisation232 of this model will 

inform pathophysiological trajectories of neuromotor decline and disease-relevance. 
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1.5 Aims and hypotheses 

1.5.1  The SnackerTracker: measuring feeding and activity behaviour 

The first results chapter (3) describes the development and validation of a novel animal 

home-cage monitoring system—the SnackerTracker—to ultimately quantify food intake and 

feeding behaviour211 in mice upon Drd1a-Cre-driven Snap25-cKO. Given significant overlap 

between DRD1A and ORXR expression in L6, and in positing that L6 cells act as a cortical node in 

ORX networks, I hypothesised that Drd1a-Cre-driven Snap25-cKO should thwart feeding- and 

wake-promoting effects of ORX . The SnackerTracker is uniquely capable of measuring this, thus 

its development was warranted; to my knowledge, no current system can continuously measure 

food-intake while remaining compatible with EEG/EMG sleep studies (Table 2)75. While this 

Drd1a-Cre-feeding study could not be conducted due to breeding complications (Preface), 

SnackerTracker development, validation, and application in other contexts proceeded. Device 

design criteria and constraints are listed in Table 4. Development involved computer-aided 

design and 3D printing, electronics assembly, construction, software production, and testing. I 

then conducted in vivo compatibility and validation tests using surplus C57BL/6J and Rbp4-Cre 

Snap25-cKO mice; as Rbp4-silencing yields increased wakefulness and sleep-fragmentation114, I 

reasoned that the SnackerTracker should reveal more frequent feeding behaviour. I assessed 

the SnackerTracker’s ability to detect changes in three key feeding behaviour parameters using 

distinct experimental/pilot cohorts (Table 5): genetically modifying the mouse circadian clock 

should alter behavioural patterns/rhythmicity; altering the intensity and timing of dark-onset 

should phase-shift feeding behaviour; and mimicking seasonal lighting conditions should alter 

the absolute quantity of food consumption in animals maintained under summer vs winter 

photoperiods. A validated means of measuring of animal food intake and feeding behaviour 

could provide novel insights into circadian, metabolic, or motor phenotypes, rendering the 

SnackerTracker a valuable tool in present and future research applications. 
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Table 4. Criteria and constraints influencing SnackerTracker development. Requirements are 
classified as follows: green = primary (mandatory, without which the device would not be viable 
and novel); blue = secondary (ideal, though not essential for device functionality; and purple = 
tertiary (extra, which would simply improve the system). 
 

Design Criteria 
or Constraint 

Description 

Satisfy UK and 
Oxford BSB 
animal home 
cage size 
requirements and 
restrictions 

The SnackerTracker must satisfy the most conservative legal requirements of 
European Union Directive 2010/63. Animal home-cages must provide at least 
330cm² floor area in total and 60cm² per animal. The most restrictive cage area 
and height in commonly used enclosures is 435cm² and 12cm, respectively. The 
SnackerTracker therefore cannot have an aerial footprint greater than 105cm² or 
a vertical height exceeding 12cm. 

Biocompatible  The chassis must consist of biocompatible materials to avoid physical (i.e., sharp 
edges or restrictive spaces) or chemical (i.e., non-toxic) harm to animals. 

Faultless 
electronics 

Electrically active components must be inaccessible to animals, wired correctly, 
and insulated to prevent short-circuits or exposed connections. 

Avoid heat 
generation 

The device cannot produce excessive heat which may harm animals, confound 
behaviour, interfere with thermographic recording, or damage the device itself. 

Noiseless Operation cannot generate excessive noise, could cause animals stress. 'Noise' 
includes all frequencies within animals' hearing range (i.e., 1-100kHz for mice). 

Accurate data 
recording 

Devices must be calibrated to known weights and validated to ensure accurate 
measurement over time (i.e., no drift). 

Continuous data 
recording 

Measurements must be registered continuously to reveal patterns of animal-
device interactions and food intake. 

Accurate real-
time alignment 

Both absolute (i.e., that a second is indeed a second) and relative accuracy (i.e., 
aligning with the date/time at which recordings took place) must be validated. 

Local data storage Data must be reliably stored to integrated hardware for later retrieval. 
Robust data 
collection and 
processing 

Data collection and processing must be validated across a range of experimental 
setups to ensure that both hardware and software elements are robust and 
compatible in diverse settings. 

Cost-effective A similar system (i.e., the FED3)201 is listed at €475 with material costs totalling 
€205. Costs should be minimised and ideally not exceed this (£180). 

Mimics standard 
food presentation 

The device should mimic the way in which food is currently presented to mice 
(i.e., from a food hopper above the floor) to avoid confounding comparisons 
between past and future works and to prevent pellets from spoiling. 

Wireless 
operation 

This would make devices compatible with individually ventilated cages (i.e., no 
need for external power cabling) if battery life is sufficient (e.g., 24 hours). 

Event-marking Switches could be incorporated to mark experimentally relevant events which 
would be denoted in data outputs for qualitative or quantitative consideration.  

Easy operation The device must be easy to use experimentally (e.g., seamless software upload, 
calibration, cage insertion, data extraction, and data processing). 

Intuitive interface Both operational and analysis software must have an intuitive interface for user-
operation. Code should include thorough error-checking. 

Ease of analysis Analysis software must be properly annotated and available open-source. 
Wireless control 
and monitoring 

The device could enable researchers to remotely control device operation and to 
remotely monitor outputs for quality control and animal surveillance. 

Cloud-based data 
storage 

Data could be stored remotely (e.g., cloud-based, in addition to local SD card 
storage) to improve ease of data extraction. 

Cage enrichment The device may enrich the animal home-cage environment.  
Additional 
peripheral 
integrations 

Easy-to-incorporate additional peripheral integrations include auditory sensors, 
speakers, thermographic cameras, passive infrared sensors, LED lights, 
optogenetic probes, or thermal leads. 
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Table 5. Experimental/pilot cohorts used to assess SnackerTracker function. Hypotheses for 
each application are indicated in bold. 
 

Test number Description 

1: testing 
feeding 
patterns and 
rhythmicity 

This employed CTRL wild-type (WT, C57BL/6J) mice and circadian clock-
deficient mice (i.e., cryptochrome (CRY) 1 and 2 double-knockout, Cry1-/-

;Cry2-/- (Table 9), also termed “CRY-deficient”)249, both under conditions of 
controlled 12hr:12hr light-dark cycles and constant-darkness. Mice are 
nocturnal; they are active and feed during dark phases with a peak at dark 
onset, then are inactive with bouts of spontaneous activity during light 
phases250. The circadian clock maintains regular physiological behaviour 
without environmental cues (e.g., light-dark cycles) such that activity 
patterns persist under constant conditions (e.g., constant-darkness)251. WT 
CTRL animals should therefore exhibit rhythmic behavioural patterns under 
both light-dark cycles and constant darkness. In contrast, while CRY-
deficient animals exhibit normal rhythms in light-dark conditions due to 
light-dependent negative masking, behaviour becomes arrhythmic under 
constant darkness with irregular bouts of activity throughout a 24h 
period249, 252. The SnackerTracker should be able to detect this expected 
shift to behavioural arrhythmicity in CRY-deficient animals in constant-
darkness and reveal whether the pattern and quantity of feeding changes. 

2: testing for 
phase-shifted 
feeding 
behaviour 

Genetically-WT mice which were or were not exposed to dim light in the 
evening (DLE). Standard home cages employ 12h:12h light-dark cycles, while 
DLE introduces a ‘natural’ transitionary period of low-intensity illumination 
at dark-onset to simulate dusk or artificial lighting253. This experiment tests 
whether the SnackerTracker can identify feeding differences in mice housed 
with DLE. Given that DLE can phase-shift locomotive onsets and peripheral 
molecular clock rhythms253, and that dim light through the night can shift 
the timing of activity254 and food intake255, I predict that the intensity of WT 
mouse activity and feeding may exhibit later peak-onset in the evening 
under conditions of DLE.  

3: testing for 
changes in the 
quantity of 
food intake 

“Summer” and “winter” hamsters maintained in home-cage conditions 
mimicking seasonal light-cycle changes. Hamsters are typically heavier and 
are expected to eat more in the summer than in the winter256, 257. Therefore, 
under otherwise controlled conditions, the SnackerTracker should be able 
to detect periodic variations in hamster feeding behaviour; hamsters 
maintained under summer photoperiods should consume more food than 
those maintained under winter photoperiods. 

 
1.5.2  TracKIT: analysing behavioural data 

Chapter 3 also describes the design and development of the TracKIT analysis platform, 

which was created alongside the SnackerTracker for data processing258. I detail criteria and 

constraints in Table 6, where programme design should prioritise future inter-system operability 

such that TrackIT can accept any time-series data and generate a range of experimental outputs. 
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Table 6. Summarises criteria and constraints influencing TracKIT design and development. Green 
= primary (mandatory, without which the programme would not be viable and novel); blue = 
secondary (ideal but not essential); and purple = tertiary (extra, simply to improve functionality). 
Refer to Table 3 to compare these criteria to features of existing platforms. 
 
Design Criteria Description 
Open-source Scripts should be created, annotated, and shared using open-source tools (e.g., R) and 

distribution platforms (e.g., Zenodo and GitHub). 
Inputs The platform should be capable of accepting time-series data from a range of HCM 

systems and data types (e.g., food-intake, activity, and temperature). 
Outputs Automatically-generated outputs should include: Raw and derivative time-course plots; 

total feeding/activity; feeding/activity totals in the light phase vs in the dark phase; 
light-dark integration (i.e., checking specified light-dark cycles against raw inputs from 
LDRs; average and decomposed periodicities; and phase shifts.  

Analysis 
features 

Analysis bouts should be customisable. The programme should be executable using 
standard operating systems (e.g., Windows or iOS). 

Outputs Further outputs include time active/feeding; event-marking; and interdaily stability259. 
Analysis 
features 

The platform should feature an intuitive user interface. It should be capable of analysing 
technical/experimental replicates for integrated statistical processing. 

Outputs Sociability could be considered an interactive factor in cases of group-housing. 
Analysis 
features 

The GUI should be visually appealing and accommodate extended recording durations. 

 
1.5.3  r-QUINT: neuroanatomical analysis pipeline refinement 

The second results chapter (4) first describes anatomical pipeline refinements to enable 

whole-brain cell density and morphology analyses following L5-6b manipulations (Figure 3)260. I 

predicted that altering the activity of cortical projection neurons in a chronic (genetic) or acute 

(chemogenetic) fashion would alter cell densities and distributions. Evaluating this required an 

imaging and analysis method capable of quantifying the prevalence and soma size of cells 

featuring multiple fluorophore combinations across the brain. I therefore aimed to develop a 

refined (r-QUINT) pipeline to 1) enable multiplexed signal detection and segmentation; 2) 

statistically process atlas-registered outputs; and 3) incorporate morphometric analyses. To 

validate pipeline refinements, I analysed adult WT PV/VVA cell expression patterns using r-

QUINT for comparison to recently published data, hypothesising that cell densities across atlas-

defined ROIs should be similar across methods261, 262. I then quantified and compared PV/VVA 

densities between mice with L5 Rbp4-Cre-driven expression of excitatory or inhibitory designer 

receptors exclusively activated by designer drugs (DREADDs) subjected to saline injection (CTRL) 
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or chemogenetic clozapine-N-oxide (CNO) actuation263-268 to fully test pipeline performance in 

available experimental tissues. I predicted that no monumental differences should emerge in PV 

interneurons following acute perturbations, but that subtle compensatory VVA perineuronal net 

reorganisation across projection layers 2-6 may emerge. This “acute” Rbp4-Cre DREADD 

activation/inhibition in adult mice contrasts “chronic” silencing via Snap25 truncation, which 

initiates at birth and continues throughout the life of the experimental animal77. Analysing the 

effects of chronic silencing remains the focus of this thesis following pipeline validation. 

 
Figure 3. Illustrates the A) original QUINT pipeline220 and B) proposed refinements. 
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1.5.4  L6b manipulations: effects of silencing and augmentation 

Chapter 4 thereafter 1) characterises cell densities and distributions following Drd1a-

Cre manipulations, particularly Drd1a+/CPLX3+ colocalisation which may indicate distinct ORX-

sensitive L1-projecting subcircuitry48, 50, 82, and 2) morphologically evaluates analogy between 

mouse L6b Drd1a-Cre cells and human WMINs269, 270. r-QUINT analyses brain-wide PV-VVA 

signatures following L6-augmentation, then L6 subtypes (i.e., Drd1a-Cre+ cells in L6a-b ±CPLX3 

in L6b) upon chronic L6-augmentation/silencing via PTEN/Snap25-cKO. I expected little change 

in PV/VVA following PTEN-cKO, yet increased Cre+ densities and hypertrophy (particularly 

CPLX3+ subtypes)67, 271. I predicted no changes in Drd1a-Cre+ densities upon Snap25-cKO in line 

with prior work4, 77, 83, and that L6b Drd1a+ cells and human WMINs would exhibit similar 

morphological soma and neurite features4, 5. Given the capacity of subplate neurons to elicit 

widespread functional consequences, I aimed to characterise cortical heterogeneity in Drd1a-

Cre neurons (including upon genetic silencing/augmentation) and evaluate L6b/WMIN analogy 

to probe roles of subplate remnants through adulthood. This will inform the relevance of the 

subplate across a range of human neurological and psychiatric disorders5, 33-35, 37, 48, 49, 75, 77, 78. 

1.5.5  L5-silencing: project STAMINA investigates motor degeneration 

The third results chapter (5) reports and characterises progressive neuromotor deficits 

upon chronically silencing Rbp4-Cre neurons in mice272. This involved the design and execution 

of a comprehensive multimodal investigation—SnackerTracker and MRI Investigation of 

Neuroanatomy and Activity (STAMINA)—integrating behavioural assays, in vivo and ex vivo 

magnetic resonance imaging (MRI), and immunohistochemistry (IHC) to capture whole-brain 

changes over time (Figure 4). I longitudinally quantified and compared behavioural measures 

including continuous assessments of motor phenotypes (CAMP)273, gait274, 275, and grip strength  

to in vivo T1-weighted (T1W) anatomical MRI, diffusion weighted imaging (DWI), and functional 

MRI (fMRI) to evaluate correlation or lack thereof at three main time points: 4-7wks, after the 
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first signs of neurodegeneration emerge yet before motor deficits77; 11-14wks, the age of Rbp4-

Cre mice used in physiological studies; and 18-21wks, when motor deficits are expected77, 114. At 

18-21wks, I obtained ex vivo T2-weighted (T2W) anatomical, DWI, and multigradient echo (MGE) 

scans for quantitative susceptibility mapping (QSM) followed by immunohistochemistry to yield 

convergent evidence supporting or disputing degenerative hypotheses (Table 7). That is, I 

conducted longitudinal behavioural tests and in vivo MRI aim to complimentarily identify when 

and where anatomical and functional deficits emerge, then ex vivo MRI and histology to provide 

higher-resolution insights into underlying neuroanatomical network- and cellular-level effects. 

Effects of Rbp4-Cre-driven Snap25-cKO have not been systematically characterised in the 

context of neuromotor deficits77; therefore, I aim to determine the spatiotemporal progression 

of anatomical and functional degeneration following L5-silencing and the conceivable roles of 

Rbp4-Cre neuron subpopulations and Snap25 truncation in motor dysfunction. 

Table 7. Predicted ramifications of Rbp5-Cre-driven Snap25-cKO. These are expected to 
augment with time. 
 

Trend Domain 
Behavioural Neuroimaging (MRI) Histology (IHC) 

In
cr

ea
si

ng
 

Amount and irregularity 
of SnackerTracker211-
TracKIT activity and 
feeding; kyphosis; and 
gait irregularity. 

Neurite dispersion and 
mean diffusivity in L5 
motor areas which 
precede or accompany 
behavioural deficits. 

Tau accumulation in Rbp4+ soma 
and axons; microglia and 
astrocytes near Rbp4+ soma, tracts, 
and downstream targets; and 
subsequent LMN degeneration. All 
may correspond with MRI and 
trajectories of behavioural decline. 

De
cr

ea
si

ng
 

Body weight; nesting 
behaviour; CAMP 
scores; grip strength; 
gait fluency and speed; 
and overall activity in 
the visual cliff test (but 
not visual acuity). 
 

T1W-T2W volumes, 
kurtosis, intracellular 
volume fractions, and 
magnetic susceptibility in 
L5, followed by fractional 
anisotropy in projection 
tracts (e.g., CST, Figure 2). 
All may precede or 
accompany trajectories of 
behavioural deficits. 

The integrity or density of: L5 
Rbp4+/NEUN+ cells (i.e., those also 
SMI32+); LMN in midbrain motor 
nuclei (save oculomotor and pelvic 
sphincter nuclei) and anterior horn 
Rexed laminae VII-IX across the 
spinal cord; and myelination in L5 
projection tracts. All may 
correspond with MRI and 
trajectories of behavioural decline. 
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Figure 4. Summarises STAMINA study design. This includes the A-C) genetic model and D-E) 
longitudinal strategy. A) Illustrates coronal Rbp4-Cre expression (Rbp4-Cre=red, DAPI=blue, 
NEUN=white, SMI32=yellow). B) Describes L5 projections, highlighting Rbp4-Cre L5 pyramidal 
tract selectivity compared to pan-glutamatergic drivers from Allan Brain Atlas open-source 
datasets143. C) Rbp4-Cre neurons in cKO animals cannot communicate with downstream target 
neurons due to Snap25 truncation (A.1.2). D) Depicts the longitudinal experiment conducted: 
green=breeding strategy; yellow=repeated measures of nesting behaviour, body weight, CAMP, 
grip strength, gait (CatWalk), the visual cliff test (VCT), home cage activity and feeding 
(SnackerTracker), and MnCl2 injection preceding in vivo MRI (T1W, DWI, and fMRI); and blue = 
perfusion-fixation for ex vivo MRI (T2W, DWI, and MGE/QSM) followed by brain and spinal cord 
IHC. E) IHC involves five stain combinations (#1-5, each also including DAPI and Rbp4-Cre-RFP) 
and strategically selected brain and spinal cord sections for each32, 77, 179. The red box highlights 
a sample stain output corresponding to the enlarged image in A). Chapter 2 subsections provide 
detailed descriptions of each study component. IT=intratelencephalic; NP=non-pyramidal; 
PT=pyramidal tract; CT=corticothalamic; and BW=body weight. 
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Chapter 2: Methods 

2.1 Animal models, experiments, and statistics summary 

2.1.1  Compliance 

All UK-based studies comply with the UK Animals (Scientific Procedures) Act (1986), 

Oxford’s Policy on the Use of Animals in Scientific Research, and the ARRIVE guidelines 2.0276. 

Procedures were approved by Oxford’s Animal Welfare and Ethical Review Board and performed 

under valid Study Plans (SP384827), personal licenses (PIL-I84222165), and project licenses (PPL-

PP0546018, PPL-P828B64BC, PPL-PP0911346, PPL-PP9610226, PPL-PP6154904, and PPL-

P78348294). Work conducted at Charité Universitätsmedizin Berlin, including mouse tissue 

collection for PTEN studies and human tissue collection for morphometric analyses, were 

approved by local ethics committees (EA2/111/14, EA2/064/22, EA4/206/20, and EA2/086/20). 

Human data were anonymised for the purpose of this thesis and provided as blinded image 

stacks; further details (including subject metadata) will be provided in the resulting publication. 

2.1.2  Breeding and maintenance 

I conducted animal experiments in Oxford at the Biological Sciences Building. Facilities 

maintained specific pathogen free conditions as monitored via serology, parasitology, and 

bacteriology reports from Surrey Diagnostics Ltd. (Cranleigh, SRY, UK). No animals with records 

of previous regulated procedures were used. Genotyping was conducted by Transnetyx 

(Cordova, TN, USA) using probes designed for each gene. Details regarding forward/reverse 

primer and reporter sequences are commercially sensitive, however gene names for reference 

or future inquiry include: Snap25-9 FL; Snap25-9 WT; Cre; Rosa WT; and Rosa-Ai-LSL FL. All mice 

were bred on a C57BL/6J background and singly-housed in standard open-top-cages under 

12:12h light-dark conditions within light-tight chambers (LTCs), save CRY-deficient mice 

(2.1.3)249 which were housed in digitally ventilated cages (DVCs) under either 12:12h cycles or 
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constant darkness via Leddy lighting (Tecniplast, Buguggiate, VA, Italy)277. Djungarian hamsters 

(Phodopus sungorus) were singly housed in open-top-cages within Faraday LTCs, where LEDs 

established 16:8h light-dark cycles for ‘summer’ photoperiods and 8:16h light-dark cycles for 

‘winter’ photoperiods. Animals were provided ad libitum food and water and underwent daily 

welfare monitoring. Mice featuring PTEN mutations were bred and maintained at Charité 

Universitätsmedizin Berlin; brains were dissected before transport to Oxford for histology.  

2.1.3  Experimental and genetic conditions 

Figure 5 illustrates L5-6b manipulations, while Table 8-Table 9 summarise genetic 

models used in this thesis. A.2 lists animal metadata including age, body weight, and the number 

of experimental and technical replicates (NE/NT) throughout. I used both male and female mice, 

unless otherwise indicated, with age- and sex-matched littermate CTRLs where possible.  

 
Figure 5. L5-6 Cre-expression and genetic conditions. Expected A) Drd1a-Cre (ID=65835) and B) 
Rbp4-Cre (ID=67801) expression is shown via i) GENSAT X-gal staining278. Mutations involve A) 
ii) PTEN manipulation (A.1.1), A-B) iii) Snap25 truncation (A.1.2), and B) ii) DREADD 
activation/silencing (A.1.3). See Table 9 for genotype details. ex=excitatory; in=inhibitory. 
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Table 8. Study conditions and expected outputs across experiments in this thesis. All involve 
mature adult male and female mice unless otherwise noted for STAMINA experiments. Relevant 
underlying mechanistic explanations and study metadata are indexed accordingly. LD=standard 
12:12hr light-dark conditions; DD=constant darkness. See *Table 9 for genotype details, and 
**Table 10 for sample metadata per experimental condition.  
 

Experiment Details Genotype* Condition** Primary Outputs 

SnackerTracker validation 
and TracKIT development: 
Test whether the device can 
identify changes in food 
intake and feeding behaviour 
(1.5.1); datasets are also used 
to develop TracKIT (1.5.2, 3.2) 

CRY-WT (CTRL) 
LD 

Food intake (i.e., the mass 
of food consumed) and 
feeding behaviour (i.e., 
interactions with the 
feeding device which do 
not necessarily involve food 
consumption) 

DD 

CRY-deficient249 LD 
DD 

WT C57BL/6J LD 
DLE 

WT hamster Summer 
Winter 

r-QUINT validation: Test 
whether QUINT revisions are 
accurate and can identify 
changes in cell densities or 
distributions following acute 
genetic manipulations (1.5.3, 
4.2) 

Drd1a-CreWT CTRLs N/A Drd1a and PV/VVA 
densities and distributions 
for comparison to 
published datasets261, 262 
and across experimental 
conditions. DREADD 
activation/inhibition was 
confirmed via cFos 
immunostaining  

Excitatory DREADDs 

(A.1.3) 

CNO  
[10mg/kg] 
Saline 

Inhibitory DREADDs 

(A.1.3) 

CNO  
[1mg/kg] 

Saline 

L6 subtype characterisation: 
Analyse pan-cortical Drd1a 
subtype densities and 
distributions under 
augmented, silenced, and 
CTRL states (1.5.4, 4.3) 

Drd1a-PTEN-cKO (L6-
augmented) (1.2.2) 

N/A 

PV/VVA and Drd1a/CPLX3 
densities and distributions 
(including colocalisation) Drd1a-PTEN-CTRL 

Drd1a-Snap25-cKO 
(L6-silenced) (1.2.3) 

Drd1a/CPLX3 densities and 
distributions (including 
colocalisation analyses) Drd1a-Snap25-CTRL 

L6b morphometrics: Evaluate 
mouse L6b vs human WMIN 
analogousness (1.5.4, 4.4) 

Drd1a-CTRL N/A 
Neurite traces and soma 
characteristics (including 
branch analyses) 

STAMINA: Characterise 
effects of L5-silencing on 
neuromotor degeneration in 
a longitudinal multimodal 
study involving behavioural, 
neuroimaging, and histology 
data (1.5.5, 5.1-5) 

Rbp4-Snap25-cKO 
(L5-silenced) (1.2.3) 

4-7wks;  
11-14wks; 
18-21wks 

Behavioural capacity (food 
intake and feeding activity, 
nesting, visual acuity, 
motor performance, gait, 
and grip strength); MRI 
signatures (in vivo T1W, 
DWI, and fMRI followed by 
ex vivo T2W, DWI, and 
MGE/QSM); and cell 
densities and distributions 
(Drd1a with NEUN/SMI32, 
CHAT/SMI32, MBP/AT8, 
IBA1/GFAP, and PV/VVA) 

Rbp4-Snap25-CTRL 
4-7wks;  
11-14wks; 
18-21wks 

L5 subtype comparison: 
Characterise L5-silencing via 
tamoxifen Cre estrogen 
receptor induction in Fezf2 
drivers to compare to Rbp4 
results (1.5.5, A.8.5) 

Fezf2-Snap25-cKO 
(L5-silenced via Cre-
induction) 

4wks and 
8wks post-
tamoxifen 

Cell densities and 
distributions (Drd1a with 
NEUN/SMI32, CHAT/SMI32, 
MBP/AT8, IBA1/GFAP, and 
PV/VVA, all including 
colocalisations) 

Fezf2-Snap25-CTRL 
(not silenced via Cre-
induction) 

4wks and 
8wks post-
tamoxifen 
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Table 9. Lists experimental genotypes and parental crosses where applicable. All mice were bred 
on a C57BL/6J background. PTEN-cKO and PTEN-CTRL brains were provided by Dr. Britta Eickholt. 
Rbp4-Cre males cannot be used for breeding due to brief germline Cre-expression and global 
off-target effects. Rbp4-Cre::Snap25fl/fl females cannot be used for breeding due to detrimental 
maternal behaviour (e.g., late time to first litter, and dams drag pups out of the nest to die). 
  

Target Modification 
(name) Genotype Parental cross (supplier) 

Rbp4 
(L5) 

Acute L5 activation 
(excitatory DREADDs) Rbp4-Cre+::hM3Dq 

 
Tg(Rbp4-cre)KL100Gsat/Mmucd (Rbp4-Cre driver; 
GENSAT, No: Rbp4_KL100) 

 
B6.129-Gt(ROSA)26Sortm1(CAG-CHRM4*,-mCitrine)Ute/J 
(hM3Dq; Jackson Lab., No: 026219) 

Acute L5 inhibition 
(inhibitory DREADDs) Rbp4-Cre+::hM4Di 

 
Tg(Rbp4-cre)KL100Gsat/Mmucd (Rbp4-Cre driver; 
GENSAT, No: Rbp4_KL100) 

 
B6N;129-Tg(CAG-CHR3*, mCitrine)1Ute/J (hM4Di; 
Jackson Lab., No: 026220) 

L5 driver-line control 
(CTRL DREADD ) Rbp4-Cre+::Ai14fl/fl 

 

Tg(Rbp4-cre)KL100Gsat/Mmucd (Rbp4-Cre driver; 
GENSAT, No: Rbp4_KL100) × B6;129S6-
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Ai14/Ai14; 
Jackson Lab., No. 007908) 

 
B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J 
(Ai14/Ai14; Jackson Lab., No. 007908) 

Chronic L5 silenced 
(L5/Rbp4-silenced/cKO)  Rbp4-Cre+::Snap25fl|+::Ai14fl/fl 

 

[Tg(Rbp4-cre)KL100Gsat/Mmucd (Rbp4-Cre driver; 
GENSAT, No: Rbp4_KL100) × B6-Snap25tm3mcw 
(Snap25fl/+, from Dr. Michael C. Wilson)] × 
B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Ai14; 
Jackson Lab., No. 007908) 

Chronic L5-
heterozygote control 
(L5/Rbp4-CTRL)  

Rbp4-Cre+::Snap25fl/+::Ai14fl/fl 

 
B6-Snap25tm3mcw (Snap25fl/fl, from Dr. Michael C. 
Wilson)] × B6;129S6-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J (Ai14/Ai14; Jackson Lab., No. 007908) 
Chronic L5 CreWT 
control (L5/Rbp4-CTRL) Rbp4-Cre-::Snap25fl/fl|+::Ai14fl/fl 

Drd1a 
(L6) 

Chronic L6 silenced 
(L6/Drd1a-
silenced/Snap25-cKO) 

Drd1a-Cre+::Snap25fl/fl::Ai14fl/fl  

[Tg(Drd1a-cre)FK164Gsat/Mmucd (Drd1a-Cre 
driver; MMRRC, No: 30781) × B6-Snap25tm3mcw 
(Snap25fl/fl, from Dr. Michael C. Wilson)] × 
B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Ai14; 
The Jackson Laboratory, No. 007908)  

Chronic L6 Snap25 
heterozygous and 
CreWT CTRL (L6/Drd1a 
Snap25-CTRL,) 

Drd1a-
Cre+/WT::Snap25fl/+::Ai14fl/fl  

B6-Snap25tm3mcw (Snap25fl/fl, from Dr. Michael C. 
Wilson)] × B6;129S6-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J (Ai14/Ai14; Jackson Lab., No. 007908) 

Chronic L6 augmented 
(‘L6/Drd1a-
augmented/PTEN-cKO’) 

Drd1a-Cre+::PTENfl/fl::Ai14fl/fl  

[Tg(Drd1a-cre)FK164Gsat/Mmucd (Drd1a-Cre 
driver; MMRRC, No: 30781) × B6.129S4-
Ptentm1hwu/J (PTENfl/fl; The Jackson Laboratory, No. 
006440)] × B6;129S6-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J (Ai14; Jackson Lab., No. 007908) 

Chronic L6 PTEN het 
control (‘L6/Drd1a-
control/PTEN-CTRL’) 

Drd1a-Cre+::PTENfl/+::Ai14fl/fl  

B6.129S4-Ptentm1hwu/J (PTENfl/fl; The Jackson 
Laboratory, No. 006440) × B6;129S6-
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Ai14/Ai14; 
Jackson Lab., No. 007908) 

CRY 

Disrupted circadian 
clock (‘CRY-deficient’) Cry1tm1Jhjh/tm1Jhjj;Cry2tm1Jhjh/tm1Jhjj  Cry1tm1Jhjh/tm1Jhjj;Cry2tm1Jhjh/tm1Jhjj  

 Cry1tm1Jhjh/tm1Jhjj;Cry2tm1Jhjh/tm1Jhjj 
Intact circadian clock 
(‘CRY-WT/CTRL’)  C57BL/6J  C57BL/6J 

 C57BL/6J 

N/A 
Altered photoperiods 
(‘summer’ or winter’ 
hamsters) 

WT 

Djungarian hamsters (Phodopus sungorus) are from 
the breeding colony of Dr. Herwig at Ulm University 
who are descendants of animals caught near Omsk, 
Western Siberia257 
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2.1.4  Replicates and metadata 

Table 10 lists replicate metadata across experiments in this thesis. Statistical test details 

are provided in 2.1.5, and results in A.2. See 2.2-2.5 for experiment-specific information. 

Table 10. Lists animal replicate information for each experiment in this thesis. See *Table 8 for 
study details and **Table 9 for genotype information. N in brackets indicate those kept following 
quality control checks. *Single neurons=NE, though multiple neurons were often recorded from 
the same subject. In the age column, the maximum number of within-subject measurements 
are indicated in brackets. **Awaiting provision by collaborators. †Data for Figure 41-46 (chapter 
5 behaviour) are binned by age for comparison to longitudinal plots and to show how many mice 
proceeded through each week of the longitudinal study (many being introduced at intermediate 
ages, and some being culled <21wks). ‡Depicts the total number of animals employed within 
the three timeframes outlined in Figure 4 for Figure 47-49 (chapter 5 in vivo neuroimaging), 
Figure 50-60 (chapter 5 ex vivo neuroimaging), and Figure 61-76 (chapter 5 histology, where NT 
indicates the number of replicate slices per AP level and stain combination in Figure 4). Note 
that L5-CTRLs include both Rbp4 heterozygote CTRLs and Rbp4-CreWT-CTRLs for behavioural and 
neuroimaging experiments, yet only heterozygote CTRLs for histology as RFP expression is 
required for Rbp4-Cre quantifications. Also note that histology and ex vivo neuroimaging cohorts 
are not identical; some brains were not scanned ex vivo and proceeded directly to histology. 
Complete STAMINA metadata are provided in A.2. N/A=not applicable; M=male; F=female; 
Ch=chapter; !=sensitive; ×=insensitive; Pyr=pyramidal; NPyr=non-pyramidal. 
 

Ch Figure  Condition NE NT Age (wks) 

3 

Figure 11-13 

light-dark/CRY-WT, F 3 N/A Adult (>10) 
light-dark/CRY-deficient, F 3 N/A Adult (>10) 
constant-darnkess/CRY-WT, F 3 N/A Adult (>10) 
constant-darkness/CRY-deficient, F 3 N/A Adult (>10) 
light-dark/CRY-WT, M 3 N/A Adult (>10) 
light-dark/CRY-deficient, M 3 N/A Adult (>10) 
constant-darkness/CRY-WT, M 3 N/A Adult (>10) 
constant-darkness/CRY-deficient, M 3 N/A Adult (>10) 

Figure 14 

CTRL, M (C57BL/6J) 3 (2) N/A Adult (>10) 
CTRL, F (C57BL/6J) 3 N/A Adult (>10) 
DLE, M (C57BL/6J) 2 (1) N/A Adult (>10) 
DLE, F (C57BL/6J) 3 N/A Adult (>10) 

Figure 15 Summer (WT hamster), M 1 N/A Adult 
Winter (WT hamster), M 1 N/A Adult 

4 

Figure 20A-C r-QUINT, PTEN-CTRL, M 2 4 10.9±0.7 
r-QUINT, PTEN-CTRL, F 1 4 10.9±0.7 

Figure 20A-B qBrain, PV-Cre;GFP, M 5 270/50μm Adult (>10) 
qBrain, PV-Cre;GFP, F 5 270/50μm Adult (>10) 

Figure 20C, 
Figure 30 

ImageJ, PTEN-CTRL, M 3 3 10.9±0.7 
ImageJ, PTEN-CTRL, F 1 3 10.9±0.7 

Figure 21 PTEN-CTRL, M 2 4 10.9±0.7 
PTEN-CTRL, F 1 4 10.9±0.7 

Figure 22-23 Excitatory DREADD, CNO [10mg/kg] 3 3 Adult (~7) 
Inhibitory DREADD, Saline 3 3 Adult (~7) 
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Figure 22, 
Figure 24 

Inhibitory DREADD, CNO [1mg/kg] 2 3 Adult (~7) 
Inhibitory DREADD, Saline 2 3 Adult (~7) 

Figure 25 L6-Snap25-CTRL, M 3 3 11±0.48 
Figure 25-29 L6-Snap25-cKO, M 5 3 10.6±0.39 

Figure 25-30 

L6-PTEN-CTRL, M 2 4 10.9±0.7 
L6-PTEN-CTRL, F 1 4 10.9±0.7 
L6-PTEN-cKO, M 2 4 10.9±0.7 
L6-PTEN-cKO, F 1 4 10.9±0.7 

Figure 31-34 

Mouse Drd1a-Cre+ ORX-! Pyr  7 ≤4* NA** 
Mouse Drd1a-Cre+ ORX-× Pyr 1 1 NA** 
Mouse Drd1a-Cre+ ORX-! NPyr 2 1 NA** 
Mouse Drd1a-Cre+ ORX-× NPyr 0 0 NA** 
Human ORX-! Pyr 26 ≤6* NA** 
Human ORX-× Pyr 7 1 NA** 
Human ORX-! NPyr 7 1 NA** 
Human ORX-× NPyr 11 ≤4* NA** 

5 

Figure 36A,C 
Prior, Rbp4-CreWT-CTRL, M 8 N/A 12.2±0.8 
Prior, Rbp4-Cre+-CTRL, M 5 N/A 14.8±1.7 
Prior, Rbp4-Cre+-cKO, M 12 N/A 12.9±0.8 

Figure 36B,D, 
Figure 37-39 

Pilot, Rbp4-CreWT-CTRL, M 10 (3) N/A 19.2±1.14 
Pilot, Rbp4-CreWT-CTRL, F 2 N/A 18.5±1.50 
Pilot, Rbp4-Cre+-CTRL, M 3 (2)  N/A 19.0±0.9 
Pilot, Rbp4-Cre+-CTRL, F 2 (0) N/A 34.0±0.0 
Pilot, Rbp4-Cre+-cKO, M 2 (1) N/A 20.0±0.5 
Pilot, Rbp4-Cre+-cKO, F 3 (2) N/A 21.0±1.9 

Figure 40 

L5-CTRL, 11-13wks, M 1 N/A 12.6±0.0 
L5-CTRL, 11-13wks, F 2 N/A 13.5±0.1 
L5-CTRL, 14-16wks, M 6 (4) N/A 14.7±0.2 
L5-CTRL, 14-16wks, F 2 N/A 14.4±0.4 
L5-CTRL, 17-19wks, M 6 (5) N/A 17.9±0.4 
L5-CTRL, 17-19wks, F 9 (5) N/A 17.8±0.4 
L5-CTRL, 20-22wks, M 5 N/A 20.5±0.4 
L5-CTRL, 20-22wks, F 5 N/A 20.9±0.4 
L5-cKO, 11-13wks, M 2 N/A 12.9±0.3 
L5-cKO, 11-13wks, F 4 (3) N/A 12.3±0.4 
L5-cKO, 14-16wks, M 2 (1) N/A 14.1±0.2 
L5-cKO, 14-16wks, F 2 (1) N/A 14.1±0.2 
L5-cKO, 17-19wks, M 4 (3)  N/A 18.2±0.4 
L5-cKO, 17-19wks, F 5 N/A 18.4±0.2 
L5-cKO, 20-22wks, M 5 N/A 20.4±0.2 
L5-cKO, 20-22wks, F 6 N/A 20.3±0.3 

Figure 41-46† 

3wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 5/2/1/3 N/A 3.0-3.9 
4wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 5/2/1/3 N/A 4.0-4.9 
5wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 4/4/1/2 N/A 5.0-5.9 
6wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 4/4/1/2 N/A 6.0-6.9 
7wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 4/4/1/2 N/A 7.0-7.9 
8wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 8/7/4/3 N/A 8.0-8.9 
9wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 8/7/3/3 N/A 9.0-9.9 
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10wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 8/8/4/3 N/A 10.0-10.9 
11wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 8/8/4/3 N/A 11.0-11.9 
12wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 7/8/4/3 N/A 12.0-12.9 
13wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 7/7/4/3 N/A 13.0-13.9 
14wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 6/6/4/2 N/A 14.0-14.9 
15wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 6/5/4/1 N/A 15.0-15.9 
16wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 6/5/4/2 N/A 16.0-16.9 
17wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 6/3/4/2 N/A 17.0-17.9 
18wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 4/3/5/2 N/A 18.0-18.9 
19wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 4/1/5/2 N/A 19.0-19.9 
20wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 4/1/5/2 N/A 20.0-20.9 
21wks (CTRL-M/CTRL-F/cKO-M/cKO-F) 4/1/5/1 N/A 21.0-21.9 

Figure 47-49‡ 

4-7wks, CTRL-M 4 N/A 5.0±0.5 
4-7wks, CTRL-F 3 N/A 5.5±0.6 
4-7wks, cKO-M 1 N/A 6.1±0.0 
4-7wks, cKO-F 2 N/A 5.1±0.8 
11-14wks, CTRL-M 7 N/A 13.5±0.3 
11-14wks, CTRL-F 8 (7) N/A 13.4±0.4 
11-14wks, cKO-M 4 (3) N/A 13.4±0.6 
11-14wks, cKO-F 3 N/A 13.6±0.5 
18-21wks, CTRL-M 6 (5) N/A 19.8±0.8 
18-21wks, CTRL-F 3 N/A 19.3±1.1 
18-21wks, cKO-M 5 N/A 20.9±0.4 
18-21wks, cKO-F 2 N/A 19.9±1.5 

Figure 50-60‡ 

4-7wks, CTRL-M 1 (0) N/A 4.3±0.0 
4-7wks, CTRL-F 0 N/A 0.0±0.0 
4-7wks, cKO-M 1 (0) N/A 4.3±0.0 
4-7wks, cKO-F 1 (0) N/A 4.3±0.0 
11-14wks, CTRL-M 2 N/A 12.6±1.2 
11-14wks, CTRL-F 3 N/A 13.5±0.2 
11-14wks, cKO-M 0 N/A 0.0±0.0 
11-14wks, cKO-F 2 N/A 13.5±0.3 
18-21wks, CTRL-M 5 N/A 20.3±1.8 
18-21wks, CTRL-F 5 (4) N/A 18.3±1.9 
18-21wks, cKO-M 5 (4) N/A 21.4±0.6 
18-21wks, cKO-F 2 N/A 20.8±0.9 

Figure 61-76‡ 

4-7wks, CTRL-M 6 (0) 2 5.4±0.7 
4-7wks, CTRL-F 1 (0) 2 4.0±0.0 
4-7wks, cKO-M 2 (0) 2 5.8±1.5 
4-7wks, cKO-F 5 (0) 2 6.1±0.8 
11-14wks, CTRL-M 2 (0) 2 12.6±0.9 
11-14wks, CTRL-F 3 (0) 2 13.5±0.1 
11-14wks, cKO-M 0 (0) 0 0.0±0.0 
11-14wks, cKO-F 3 (0) 2 13.5±0.1 
18-21wks, CTRL-M 8 (1) 2 20.1±0.7 
18-21wks, CTRL-F 7 (0) 2 20.7±0.7 
18-21wks, cKO-M 7 (1) 2 20.6±0.7 
18-21wks, cKO-F 6 (0) 2 21.4±0.8 
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2.1.5  Statistical conventions and software 

2.2-2.5 provide test-specific details, yet the below conventions apply throughout. T-

values are reported as t(df) for t-tests and F-values as F(DFn,DFd) for regressions and analyses of 

variance (ANOVA). Significance is defined as p<α=0.05, and power as (1-β)=0.8. Effect sizes (d) 

are deemed very small (≤0.2), small (0.2-0.5), moderate (0.5-0.8), or large (>0.8). I report data 

as mean (𝑥̅) ± standard error (𝜎!). I used G*Power (v3.1.9.7)279 for a priori and post hoc power 

calculations. GraphPad Prism (v10.2, Dotmatics Ltd., Bishop's Stortford, HRT, UK) generated all 

statistical results save SnackerTracker effect sizes (2.2) which I analysed via MATLAB (R2024b, 

v9.13, The MathWorks Inc., Natick, MA, USA) and neuroimaging outputs (2.5) via R (v.4.3.2) 

(2.5.5). r2 quantified spread following least-squares (lsq) linear regression constrained at Y=0. I 

tested the significance of Pearson’s correlations against null hypotheses of X=Y. Two-way and 

three-way ANOVA employed corrections for multiple comparisons using the Šidák method, the 

Holm-Šidák method, or by controlling false discovery rate using the two-stage step-up of 

Benjamini, Krieger and Yekutieli. Table 11 lists methods employed per figure in this thesis, save 

for neuroimaging experiments (see 2.5.5 and A.10.19). I checked Gaussian distributions using 

QQ plots and Shapiro-Wilk normality tests, and variance by homoscedasticity plots.  

Table 11. Lists statistical tests across experiments. BKY=two-stage setup procedure of Benjamini, 
Krieger, and Yekutieli; SM=Šidák method; and HSM=Holm-Šidák method. 
 

Test Comparisons  Figures 
Pearson’s 
correlation - Figure 11 

Student’s t-test - Figure 12, Figure 14 
Cohen’s d - Figure 23B,E,H 
Regression - Figure 20A-B 
Two-way ANOVA SM Figure 20C, Figure 36 
Two-way ANOVA HSM Figure 21B,D, Figure 37E-N 

Two-way ANOVA BKY Figure 22E-H, Figure 23B,E,H, Figure 24B,E,H, Figure 25E,F, 
Figure 26C, Figure 27, Figure 28, Figure 29, Figure 30 

Three-way ANOVA - Figure 21B,D, Figure 22E-H, Figure 23A,D,G, Figure 
24A,D,G, Figure 37 

Three-way ANOVA SM Figure 13, Figure 33, Figure 34 
Repeated measures 
three-way ANOVA BKY Figure 41, Figure 42I-N, Figure 43A-E, Figure 44, Figure 

45A-B, Figure 46A-D, L-M 
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2.2 SnackerTracker development and validation 

2.2.1  Construction 

SnackerTracker construction is described in protocols.io280, in the manuscript211, and in 

A.3 which provides: the bill of materials (A.3.1); optimised Ultimaker S3 3D printer (v5.1.0, 

Ultimaker BV, Utrecht, NL) (A.3.2); chassis objects and schematics I created using TinkerCAD 

(v2022, AutoDesk Inc., San Francisco, USA), mesh-corrected using MeshLab (v2022.02, ISTI-CNR, 

Pisa, IT), visualised using BabylonJS (v5.3.0, BabylonJS, San Diego, USA), animated using Maya 

(v2024.1, AutoDesk, San Francisco, USA), and sketched using FreeCAD (v0.21.1) (A.3.3); and 

electronics schematics I created using CircuitDiagram (v2023, https://www.circuit-

diagram.org/) (A.3.4). I trimmed and buffered chassis elements with acetone upon print 

completion. See A.3.5 for device assembly details and videos. I developed operational software 

using the Arduino Editor and Integrated Development Environment (v2.0, Arduino, BCMI, 

Redmond, USA) (A.10.1). The project is available via the Arduino Project Hub: 

https://projecthub.arduino.cc/marissamueller/snackertracker-d86bf3.  

2.2.2  Preliminary benchtop and in vivo testing 

I conducted benchtop and in vivo tests to evaluate device performance for: 1) calibration 

accuracy (A.3.6); 2) drift281; 3) timing; 4) LDR function; 5) combined operation; and 6) in vivo 

compatibility including i)  accuracy, ii) whether the manner of food presentation impacts feeding 

behaviour (e.g., cage floor vs suspended from SnackerTrackers), and iii) crumbling (A.3.7). I 

cropped recordings from 6) iii) surplus L5-silenced mice (Preface) to 48hrs such that 2×24-hour 

periods could be analysed further (chapter 5). This isolated time in the light phase, dark phase, 

or at dark/light-onset (i.e., the first three hours after lights turned ‘off’ or ‘on’). I excluded 

datasets if recordings terminated early due to battery failure, if data failed to read to the 

microSD card, or if raw traces exhibited significant chipping artifacts (3.1). 
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2.2.3  Studies in clock-deficient mice 

I introduced SnackerTrackers to CRY-deficient and CRY-WT mice singly housed in DVCs 

to test whether the SnackerTracker could identify changes in feeding behaviour (see A.4.1 for 

experimental setups and 1.5.1 for expected results). After >1 day of habituation, I collected 

2×48-hour recordings per animal: one under 12:12h  conditions, and the other under constant 

darkness. I recorded the difference between the mass of the SnackerTracker with food before 

and after recordings. DVCs recorded activity across floor regions divided into a 3×4 grid. Upon 

analyses, I grouped regions to represent whole-cage or mid-cage areas where SnackerTrackers 

were placed. I began and ended recordings after morning welfare inspections. I cropped 48hr 

recordings to 24hr timelines, beginning at dark-onset where applicable, and thereafter reported 

outputs in Zeitgeber time for light-dark conditions or circadian time (CT) for constant darkness. 

2.2.4  Dim light in the evening 

I introduced SnackerTrackers to WT mice in open-top-cages in one of two LTCs. Both 

were set to 12:12h cycles, yet one stimulated DLE with 3h of dim light after ‘dark-onset’ (1.5.1). 

Passive infrared sensors (PIRs) and SnackerTrackers measured activity and feeding (A.4.2)205.  

2.2.5  Hamsters 

I introduced SnackerTrackers to fully adapted Djungarian hamsters maintained under 

short and long photoperiods (1.5.1)257. LTCs under both lighting cycles (2.1.1, A.4.3) were each 

equipped with 1080P USB IR Night Vision Waterproof Dome Cameras (ELP, Shenzhen, GD, CN) 

to qualitatively assess whether SnackerTracker-recorded feeding behaviour reflected reality282. 

2.3 Histological characterisations 

2.3.1  Biological targets 

I explored expected protein expression patterns, mutations, and pharmacological 

agents of interest using GeneCards283, MalaCards284, and UniProt285. Single-cell RNA-sequencing 
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data from the Allan Brain Atlas was analysed using the Seurat R package (v5.0.0)142 to compare 

projections in Rbp4-Cre vs pan-glutamatergic lines (Scl17a7-IRES2-Cre/wt;Ai14(RCL-tdT)/wt). 

That is, Rbp4-Cre labels glutamatergic neurons which preferentially target L5 pyramidal tract 

neurons and bypasses more-pial intratelencephalic neurons (Figure 4B)143. Expected expression 

patterns of Drd1a/Rbp4/Fezf2 Cre-drivers (A.5.1) informed network rationalisation, histological 

experiment planning, and analyses. A.5.2 compares mouse/human RNA profiles of cortical layer 

markers and proteins of interest. Notably, Rbp4/Drd1a transcriptomics do not match Rbp4- and 

Drd1a-Cre profiles4, 40, 77, 278, so I used GENSAT to predict driver-line expression.  

2.3.2  Tissue preparation and immunohistochemistry 

Adult mice were anesthetised and culled by intraperitoneal pentobarbital overdose 

(XVD135, Animalcare, Nether Poppleton, UK) followed by exsanguination and perfusion fixation 

using 0.01M phosphate buffered saline (PBS, P4417/Sigma-Aldrich, Darmstadt, DE) and 4% 

paraformaldehyde (PFA diluted in PBS, F8775/Sigma-Aldrich). Tissues were dissected (Table 12), 

post-fixed for 24h in PFA, then stored in 0.01M PBS with 0.05% sodium azide (S2002-25G/Sigma-

Aldrich) at 4°C. Brains were embedded in 4.5% agarose, cut 50μm coronally using a vibrating 

microtome (VT1000S/Leica, Wetzlar, DE), and placed into 24-well plates for storage (A.5.3). 

Spinal cords were processed similarly yet embedded with custom 3D-printed scaffolds which 

dissolved as encompassing agarose gelatinised. This enabled me to process ≤9 sections 

simultaneously, expediting slicing 9-fold (A.5.3, A.5.4). Other organs underwent 30μm cryostat 

slicing (Jung CM3000/Leica) to evaluate off-target expression286. Brain and spinal cord sections 

at pre-specified AP positions (Table 13) were placed in 24-well plates with 500μL/well. I 

conducted IHC washes/incubations at room temperature on a rotating shaker, beginning with 

3×10min washes in 0.01M PBS. For IBA1/GFAP IHC (Table 13-6), I incubated sections in PBS with 

0.1M glycine (299294/Sigma-Aldrich) for 20min. This quenched aldehydes by neutralising PFA 

residues and minimising background noise as IBA1/GFAP contrast was otherwise poor. I 
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followed aldehyde-quenching with a 5min PBS rinse before blocking via 2hrs incubation in 

Triton™ X-100 (85111/Thermo Scientific™, Waltham, USA) and either normal donkey serum 

(D9663/Sigma-Aldrich) or normal goat serum (ab7481/Abcam, Cambridge, UK) diluted in PBS. 

PV/VVA (Table 13-1) blocking also included 0.15M NaCl and 0.1mM CaCl2 to optimise lectin 

binding. I then incubated sections with primary antibodies in block solution for 30hrs at 4°C. 

Thereafter, I washed sections 3×10min in PBS, incubated with secondary antibodies in block 

solution for 2hrs, washed 3×10min in PBS, incubated with 1:1000 4ʹ,6-diamidino-2-phenylindole 

(DAPI, D1306/Invitrogen, Carlsbad, USA) in PBS for 30min, and finally washed 2×10min in PBS. I 

mounted tissues with coverslips using 60μL ProLong™ Glass (P36984/Invitrogen) per slide. 

Across experiments, NE=brains from different mice, and NT=replicate slices from within the same 

brain. A.5.5 provides optimised antibody details, concentrations, and incubation times per stain 

combination. Optimisations were necessary as perfusion and storage of Rbp4-Cre Snap25-cKO 

tissues differed from 2.3.1 and followed ex vivo MRI protocols (2.5.2.1-2.5.2.2). Therefore, both 

previously established (Table 13-1/2/6) and yet-untried (Table 13-1/2/6) formulae required 

testing. I conducted optimisations with/without aldehyde quenching and heat-induced epitope 

retrieval. Epitope retrieval restores fixation-masked antigenicity using heated buffers; I warmed 

0.01M pH 6.0 sodium citrate (71402/Sigma-Aldrich) in PBS to 60-65°C, poured solutions into 

small glass vials, then transferred sections into each vial. I placed glass vials in heated water 

baths upon shakers, covered with tin foil for protection against light and buffer evaporation, and 

left them to incubate for 30mins at 60-65°C. This should have been conducted in a designed-for-

purpose incubation chamber. I then removed glass vials from water baths and allowed them to 

cool for 25mins. I returned tissues to 24-well plates and washed 3×5 min before proceeding with 

blocking and primary incubation. I provide sample optimisation panels in A.5.6, finalised 

protocols in A.5.5, initial pilots in A.5.7, and target information in A.5.1 which includes 

colocalisation descriptions. 
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Table 12. Lists the tissues dissected for each driver line. CreER=genetically modified estrogen 
receptor linked to render Cre inducible upon tamoxifen injection. 
 

Driver Line Tissues Dissected 
Drd1a-Cre Brain 
Rbp4-Cre Brain, spinal cord, liver, pancreas, duodenum, small intestine, and eyes 
Fezf2-CreER Brain and spinal cord 

 

Table 13. Summarises IHC combinations in this thesis. Target, product, and protocols details are 
provided in A.5.1 and A.5.5. NT=2 for each slice indicated. C=cervical; T =thoracic; and L=lumbar. 
 

Line Target Slices 
Brain Spinal Cord 

Rb
p4

 
DR

EA
DD

s  

1 

PV 

 
 

     
VVA 
DAPI 
Rbp4 

Dr
d1

a 
PT

EN
 c

KO
 

1 

PV 

 
  

    
VVA 
DAPI 
Drd1a 

2 

CPLX3 

 
  

    
TBR1 
DAPI 
Drd1a 

Dr
d1

a 
Sn

ap
25

-c
KO

 

2 

CPLX3 

    
   TBR1 

DAPI 
Drd1a 

Rb
p4

-C
re

 a
nd

 F
ez

f2
-C

re
ER

 S
na

p2
5-

cK
O

  
(D

riv
er

=R
bp

4 |
|F

ez
f2

)  

3 

NEUN 

      

 

SMI-32 
DAPI 
Driver 

4 

CHAT 

  
   

SMI-32 
DAPI 
Driver 

5 

Mbp 

     

AT8 
DAPI 
Driver 

6 

IBA1 

   
 

 

GFAP 
DAPI 
Driver 

1 

PV 

   
 

 

VVA 
DAPI 
Driver 

C 

T 

L 



 - 69 - 

2.3.3  Image acquisition and visualisation 

I acquired images with 20X objectives and spinning disk confocal microscopes (SDCM, 

Olympus SpinSR SoRa, Tokyo, JP) in chapter 4), while chapter 5 involved slice scanning 

fluorescence microscopy (SSFM, VS200/Evident, Tokyo, JP). cellSens (v4.1.1/Evident) software 

applied high-density maps for both, yet SSFM employed the VS200 graphical user interface (GUI) 

(v4.1.2). SDCM and SSCM details following costings (A.6.1) and optimisations (A.6.2). I visualised 

outputs using Arivis (for coronal viewing, pilots, and video creation), ImageJ (for ROI extraction 

and scale bars in Drd1a experiments), and Biorender (for all figures) (https://BioRender.com).  

2.3.4  QUINT image analysis 

2.3.4.1 Pre-processing 

I pre-processed raw .vsi files using a custom Fiji/ImageJ (2.9.0v1.54b) .ijm script (A.10.3). 

This involved importing coronal sections with split channels at a downsampled factor of 4 (Series 

3) then applying maximum-intensity z-stack projections, auto-thresholding, and background 

subtraction. Channels were colourimetrically reassigned, merged, and saved as composite .tiffs.  

2.3.4.2 Atlas mapping  

I imported composite .tiffs into QuPath (v0.4.2)287 where a Groovy script (A.10.4) and 

ImageJ macro (A.10.6) exported and converted full-coronal sections as RGB .pngs with 8X-

downsampling (yielding a total downsampling factor of 32 given initial 4X-downsampling in 

2.3.4.1) for QuickNII compatibility (RRID:SCR_016854)221. For each animal, NT sections were 

imported to FileBuilder221 and merged to .xmls for section alignment and atlas registration in 

QuickNII (2017 CCFv3)288. QuickNII outputted .json anchoring files which I imported into 

VisuAlign (v0.8 RRID:SCR_017978) for nonlinear refinement. I manually confirmed QuickNII and 

VisuAlign registrations for each individual section. VisuAlign produced aligned .jsons and .flat 

atlas brain maps—the combined product of Atlas Mapping (Figure 3). 



 - 70 - 

2.3.4.3 Feature extraction 

Using pre-processed .tiffs from 2.3.4.1, Groovy scripts from 2.3.4.2 (A.10.4-A.10.5) 

detected cells (A.6.3-A.6.4) and outputted .svg segmentations, all of which I examined manually 

for accuracy and parameter-readjustment if needed. Multiplexed analyses considered PV/VVA, 

CPLX3/TBR1, NEUN/SMI-32, NEUN/CHAT, and MBP/AT8 with RFP drivers (Table 13). A 

Fiji/ImageJ .ijm script (A.10.6) converted .svgs to binary masks (creating outlines around 

adjacent detections), inverted pixels, and outputted RGB .pngs224. I explored morphometrics in 

Drd1a-Cre PTEN-cKO samples using Arivis (Vision4D/v4.1.2/Arivis AG, Rostock, DE). 

2.3.4.4 Data registration 

I imported cell detection .pngs, VisuAlign .json files, and VisuAlign .flat maps into 

Nutil224. I defined brain ROIs (A.5.8) using a custom Excel sheet (A.6.4)224 and piped these to the 

Quantifier with masks220. The Quantifier generated 3D point cloud .jsons and .csv reports. I 

visualised .jsons using MeshView (ABA Mouse CCFv3 2017, RRID:SCR_017222). 

2.3.4.5 Output tagging, re-formatting, and analyses 

A custom MATLAB script reformatted Nutil reports, which tagged morphometrics upon 

regionalisation (A.10.7). I imported outputs to Prism for graphing and analyses. In addition to 

A.2, the two-stage step-up method of Benjamini, Krieger and Yekutieli returned intermediate 

data which the MATLAB script used to extract pairwise comparisons. Using pooled 𝜎! under 

assumptions of equal variance, these employed independent samples Student’s t-tests and 

effect size calculations (Cohen’s d)289 for heat map generation. 

2.3.5  Morphometrics 

2.3.5.1 Image acquisition 

Following electrophysiological studies, imaging was conducted by collaborators at 

Charité - Universitätsmedizin Berlin using a point scanning confocal microscope (PSCM) 
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(DMi6000B-CS/Leica) to image whole-cells (20X/0.75 oil immersion objective, x-y-z voxel 

resolution=0.379×0.379×2.00μm3/vx, x-y frame size=2048×2048px). .vsis were acquired using 

excitation wavelengths of 405nm (UV Diode 405, band=406-458), 488nm (Vis OPSL 488, 

band≈512-563), 552nm (OPSL 552, band≈579-623), and 638nm (Vis Diode 638, band≈660-673). 

Adjacent z-stacks were imaged if the maximum x-y frame size could not encompass all branches. 

Raw .vsis were sent to me for pre-processing and analyses (2.3.5.2-2.3.5.5).  

2.3.5.2 Pre-processing 

Neuron pre-processing involved contrast-adjustments, rotations, and cropping. Large 

cells which could not be contained within a single frame required merging; I padded and 

truncated adjacent .vsi z-stacks using ImageJ macros (A.10.8), then manually expanded canvases 

and translated images to ensure x/y alignment. I merged and converted resulting images to 

greyscale .tiffs. I rotated those featuring pyramidal cells such that apical dendrites pointed 

upwards (A.10.9). I saved final .tiffs for subsequent feature extraction and analyses.  

2.3.5.3 Neurite tracing 

I traced neurites using Image J’s semi-automated Simple Neurite Tracer290. I saved 

resulting traces as both .swcs and .traces, and used the reconstruction plotter to export 2D 

projections as .pngs for visualisation (A.7.1). .trace analyses returned branch contraction, 

length, complexity, convex hull size, and Sholl indices for further processing (2.3.5.5). I produced 

Sholl plots illustrating the number of branch intersections across concentric circles at increasing 

distances from soma using Sholl Analysis tools (radius step size=2, default normaliser/decay). 

2.3.5.4 Soma characterisation 

Traced neurons underwent pre-processing, segmentation, and feature-extraction for 

soma analyses. Images were cropped, converted to 8-bit architecture, and denoised by contrast 

(windowing≈200-255) and threshold (windowing≈250-255) adjustment. I binarized and filled 
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thresholded outputs. I segmented images using the 3DSuite-3D Manager (windowing=128-255) 

and feature extractions via 3D Measure. I documented soma volumes, surface areas, 

compactness, sphericity, and ellipsoid features for further processing. 

2.3.5.5 Analyses and visualisation 

Analyses involved custom MATLAB scripts (A.10.10). These generated group 𝑥̅, 𝜎!, and 

NE data for neuron type (pyramidal/nonpyramidal), sensitivity to ORX (sensitive/insensitive); 

and species (human/mouse) then used .swcs to generate polar plots. I converted cartesian 

coordinates into polar coordinates relative to soma loci and averaged pixels to generate 

representative data (Equation 1) in 10° bins. Bins represent pixels in one of three manners: 1) 

by total pixel count, where bins represent branch density; 2) by total pixel distance from the 

soma, where bins represent arborisation strength; or 3) by average pixel distances, wherein bins 

indicate how far branches typically terminate from the soma (see 4.4 for more details). I 

processed datasets independently using each option. I converted select .tiffs and .pngs into 

.jpegs for stylistic editing in PhotoScapeX (v4.2.1/MOOII Tech, Seoul, KR) and animation using 

HitFilm Express (v21.1.2.0/FXhome Ltd., Norwich, UK). 

 
𝜕𝑥"# = 𝑥"# − 𝑥$%&'(+360°) and 𝜕𝑦"# = 𝑦"# − 𝑦$%&'	(+360°)∗ 

𝜃"# = 𝑡𝑎𝑛)* 4
𝜕𝑦"#
𝜕𝑥"#

5 

𝑑"# = 7𝜕𝑥"#
+ + 𝜕𝑦"#

+ 

1)	𝑉,-. = ∑𝑁"#/,-.; 2)	𝑉,-. = ∑𝑑"#/,-.; 3)	𝑉,-. = ∑ 0!"
1!"/,-.

 

Equation 1. Cartesian to polar coordinate conversion. *360° were added to any negative x- or y- 
pixel (px) differential (∂xpx and ∂ypx, respectively), which represents the same angle in the polar 
coordinate reference frame, to ensure that all values were between 0-360° for subsequent 
averaging. Values for polar plot bins (Vbin) can be represented by 1) total pixel counts (Npx), 2) 
total pixel distances from the soma (dpx), or 3) average pixel distances from the soma.  
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2.4 Motor-associated behavioural testing  

2.4.1  Home cage monitoring 

STAMINA HCM involved SnackerTracker measurements, infrared video recordings, and 

nesting assessments. During SnackerTracker optimisations, data from the Rbp4-Cre Snap25-cKO 

cohort used to evaluate crumbling and weight loss (2.2.2) underwent further quantifications 

(5.1.1). Weekly, I collected seven-day SnackerTracker recordings (1.5.5, A.2), truncated these to 

five-day traces, and analysed each using TracKIT (A.10.2). During weekly device resets, I 

recorded body masses and photographed nests for scoring291 by a blinded researcher using 

ImageJ’s Blind Analysis Tools223, 292. At 18-21wks, thermographic recordings additionally 

monitored body positions/temperatures using Xi 80° Spot Finder Infrared Cameras (Optris, 

Berlin, BE, DE)282. I did not analyse thermography data due to time constraints.   

2.4.2  Visual cliff test 

Throughout STAMINA, I subjected mice to the VCT using a custom setup and standard 

procedures293. I placed animals in the flat zone and allowed them to freely roam for 5mins. Video 

recordings were scored using ANY-maze (v7.32, Stoelting, Dublin, IE) for time in the flat-zone, 

drop-zone, and edge-zone via body tracking rather than head- or tail-derived metrics.   

2.4.3  Continuous assessment of motor phenotypes 

I conducted CAMP scoring, albeit unblinded, according to predefined criteria273. I 

assigned and summed scores of 0-3 across 4 domains: hindlimb clasping; ledge-walking; gait; 

and kyphosis. I captured and later anonymised videos so that each could be scored by a blinded 

researcher using ImageJ’s Blind Analysis Tools223, 292. 

2.4.4  CatWalk 

I subjected L5-silenced and CTRL mice to weekly CatWalk tests (Noldus, Wageningen, 

NL) throughout STAMINA294.  Following one week of training and habituation, I placed mice at 
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one end of the CatWalk platform across which they scurried to return to their home-cage. A 

compliant run required: minimum duration=0.5s; maximum duration=5.0s; maximum speed 

variation=60%; and minimum number of compliant runs=NT=3. I averaged successful runs to 

return weekly metrics per animal (NT) using CatWalkXT v.10.6.608 (RRID:SCR_021262)274, 275. 

2.4.5  Grip test 

I tested L5-silenced and CTRL mouse grip strengths weekly during STAMINA using a grip 

strength meter (San Diego Instruments) according to standard protocols295. I obtained and 

averaged NT=3 measures from each animal per weekly session.  

2.5 Neuroimaging 

2.5.1  In vivo MRI acquisition  

2.5.1.1 Animal preparation 

In vivo neuroimaging for STAMINA (1.5.5) involved acquiring >3 manganese-enhanced 

MRI scans per L5-silenced and CTRL mouse (i.e., at 4-7wks, 11-14wks, and 18-21wks). While all 

mice were subjected to the same combination of behavioural tests, ex vivo MRI, and histological 

examination as chronologically detailed in Figure 4, only some underwent in vivo neuroimaging 

as listed in Table 10. That is, I subjected all mice to tests in the same sequence, along the same 

timeline, and in the order deemed least to most aversive (i.e., in vivo MRI always following any 

prior motor or home-cage monitoring). 24hrs prior to in vivo scans, I interperitoneally injected 

mice with 300 mM MnCl₂·4H₂O (0.013̇mL/g )296 (M3634-100G/Sigma-Aldrich) in saline 

(1300101/Animalcare) for contrast gain before returning them to their home cage.  

2.5.1.2 In vivo scanning setup 

Scanning involved anaesthetic induction with 4% isoflurane (30135687/BSB), which I 

reduced to 0.3-1.6% following 0.1mg/mL medetomidine in saline (30313785/BMS) bolus 

injection (0.2mg/kg body weight) via subcutaneous catheterisation, and continuous infusion 
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thereafter (0.4mg/kg/hr). This maintained a target breathing rate of 100-160 breaths/min for 

fMRI BOLD imaging297. I applied Viscotears (21190800/Novartis, Basel, CH) to prevent eye 

dehydration, and maintained body temperatures around ~36-37°C using a custom blanket and 

heated cradle with cheek clamps. Scans lasted ≈2hrs45mins, after which I reapplied Viscotears 

via a subcutaneous 5mg/mL atipamezole bolus (10mg/kg body weight) (30313774/BMS) for 

recovery297, 298. I returned mice to heated home-cages and monitored them until normal 

behaviours returned (e.g., locomotion, inquisition, eating, and drinking). Post-scan daily welfare 

checks included mash removal and weighing to monitor recovery. 

2.5.1.3 In vivo scan protocol 

I acquired in vivo T1W, DWI, and resting-state fMRI scans using a Bruker 7-Tesla scanner 

(BioSpec 70/20 USR) equipped with a 4-channel receive-only cryoprobe and Paravision 360 

(v3.5, Bruker BioSpin, Billerica, USA). 2×MGE anatomical T1W acquisitions involved: repetition 

time=60ms; echo time=3.28ms; inter-echo spacing=4.23ms; number of echoes=3; flip 

angle=30°; field of view=1.64×1.2×1.35mm; and isotropic resolution=75μm. ×3 2D spin-echo 

echo planar imaging datasets were acquired for DWI:  1) 1 volume at b=0mm2/s using blip-down 

reverse-phase encoding; 2) 32 volumes at b=1,000mm2/s with b=0mm2/s volumes interlaced in 

the same blip-up phase-encoding direction (i.e., 1×b=0 mm2/s, 15×b=1,000mm2/s, repeated 

twice); and 3) 64 blip-up volumes at b=2,000mm2/s with b=0mm2/s volumes interspersed 

similarly. For each: repetition time=7500ms; echo time=26ms; pulse width=0.27ms; pulse 

separation=13.1ms; flip angle=90°; field of view=1.4×1.4×1.75mm; and isotropic 

resolution=175µm. Resting-state fMRI gradient-echo echo-planar imaging acquisitions involved: 

8 volumes for a quality control snapshot followed by 600 volumes for data collection; repetition 

time=1500ms; echo time=15ms; flip angle=55°; field of view=1.5×1.08×1.6mm; and x-y 

resolution=100µm. I securely transferred scans to centralised University compute clusters for 

processing (2.5.3).  
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2.5.2  Ex vivo MRI acquisition  

2.5.2.1 Sample preparation 

Mice were anesthetised and culled by intraperitoneal pentobarbital overdose followed 

by exsanguination and perfusion fixation using 0.01M PBS (20012027/Gibco, Waltham, USA), 

heparin anticoagulent (30170145/Wockhardt, Mumbai, IN), and 2mM Gadovist (gadolinium) 

contrast agent (30351004/Bayer, Leverkusen, DE) for the first flush, and PBS, Gadovist, and 16% 

PFA diluted to 4% (15710/Electron Microscope Services, Hatfield, USA) for the second flush. I 

kept the brain within the skull upon dissection—removing extraneous skin and muscle, jaws, 

and zygomatic bones—and post-fixed the skull alongside other extracted tissues (Table 12) for 

24h in PFA with Gadovist at 4°C. I transferred samples to glass vials containing PBS, Gadovist, 

and sodium azide and stored each for 2-6mo at 4°C before proceeding to scan ex vivo299. 

2.5.2.2 Ex vivo scanning setup 

Upon removing skulls from storage, I padded each with KimWipes (34120/Kimberly-

Clark, Irving, USA), and rinsed surfaces with Fluorinert (FC-770/3M, Minnesota, USA). I anchored 

skulls to custom-3D-printed plinths, which I then inserted into a 15mL Falcon tube filled with 

Fluorinert (A.6.5, Appx-Figure 23A). I erroneously dissected some of my first brains from the 

skull out of habit, and therefore devised creative means of plinth-affixation; I ventrally glued 

brains to surgical tape, adhered the tape to plinths, and padded and inserted plinths into Falcon 

tubes to maintain a ≈0.5-1mm gap between the dorsal cortical surface and tube interior (A.6.5, 

Appx-Figure 23B-C). After positioning custom bubble-traps at the mouth of each tube and 

loosely tightening caps, I secured tubes within a vacuum pump to remove intracranial bubbles 

via negative pressurisation (A.6.5, Appx-Figure 23D). Once de-bubbled, I tightened caps and 

stored tubes upright at 4°C. Both when bubble-checking and overnight scanning, I secured tubes 

secured within custom cradles such that air was constrained within bubble-traps and the dorsal 
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surface of skulls faced upwards300. I performed tuning and matching to adjust for frequency 

wobble and impedance drift, respectively, after which localiser scans confirmed satisfactory 

sample alignment. After configuring initial settings and running multi-slice localisers, I adjusted 

fields of view as required to ensure sample coverage. Bubble-checking involved ≈6min MGE T2W 

acquisitions which I inspected for quality control. If bubbles persisted, I iteratively re-vaccuumed 

and re-checked until quality-compromising bubbles were satisfactorily removed. I excluded ex 

vivo samples if representative T2 values exceeded 10% tolerance of the mean cohort value (i.e., 

𝑥̅=27.1, range=24.4-29.8) or if T2 maps exhibited contrast inversion artifacts299, 300. Samples fit 

for inclusion proceeded to overnight scanning. 

2.5.2.3 Ex vivo scan protocol 

Ex vivo MRI employed a Bruker 7-Tesla scanner equipped with Paravision 360 and a 2-

channel receive-only cryoprobe. Initial scans included 2D and multi-slice localisers, T2 maps, and 

b0 maps. I acquired 2×T2W 3D fast-spin-echo rapid acquisition with relaxation enhancement 

sequences: echo-train length=6; repetition time=350ms; echo spacing=12ms; effective echo 

time=36ms; flip angle=180°; field of view=2.4×0.96×1.2mm; and isotropic resolution=60µm300. 

3×segmented echo-planar imaging acquisitions for DWI involved: 1) 1 blip-down volume at 

b=0mm2/s; 2) 32 blip-up volumes at b=2,500mm2/s with b=0mm2/s volumes interspersed (i.e., 

1×b=0 mm2/s, 15×b=2,500mm2/s, repeated twice); and 3) 32 blip-up volumes at b=10,000mm2/s 

with similar b=0mm2/s placing300. Each employed: 12 segments; echo time=30ms; repetition 

time=400ms; pulse width=6.7ms; pulse separation=13.5ms; flip angle=90°; field of 

view=2.4×0.96×1.2mm; and isotropic resolution=100µm300. 2×MGE acquisitions each featured 

repetition time=68ms, echo time=3ms, inter-echo spacing=3ms, echo-train length=20, 1 

repetition, flip angle=20°, field of view=2.4×0.96×1.2mm, and isotropic resolution=100µm. This 

yielded a total acquisition time of≈11.5hrs. I reconstructed complex real and imaginary MGE 

data before cluster transfer for image processing and analyses300. 
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2.5.3  Image processing 

2.5.3.1 Analysis tools and ecosystem 

I analysed MRI data using Oxford’s cluster computing ecosystem. The biomedical 

research computing cluster housed T1W/T2W processing (2.5.3.2, 2.5.4) and RStudio (.Rmd) 

analyses (v4.3.2/Posit, Boston, USA) (2.5.5), while the open on-demand and Jalapeno cluster 

processed DWI and QSM (2.5.3.3-2.5.3.4), including via FSL (v6.0.7.18, FMRIB, Oxford, UK)301 

and FSLeyes (v1.16.2) for analyses and visualisation, before import to the biomedical research 

computing cluster for registration and analyses (2.5.4-2.5.5). Preprocessing employed the Linux 

command line interface with Python, Java, MATLAB, and bash elements as required.  

2.5.3.2 Anatomical T1W and T2W 

I processed T1W/T2W data using advanced normalisation tools and Mouse Imaging 

Centre Build Model infrastructure302-304. T1W.dcm file preparation involved a custom script 

(A.10.11) which converted .dcms to .nii files (dcm2niix), averaged .niis in 3D (AverageImages 

using default voxelwise normalisation), denoised outputs (DenoiseImage using the default Rican 

noise model, patch radius=1, and search radius=2 without downsampling), then converted 

resulting volumes to .mnc format (nii2mnc). I transferred .mncs to the cluster for use in the 

pydpiper pipeline305, which 1) generated a makeflow file, 2) fixed a time allocation variable, and 

3) used the makeflow file to run pydpiper via a terminal multiplexer session within a singularity 

environment (A.10.12). Using 3D-averaged .mncs from all samples (none of which were 

excluded following quality control checks), pydpiper generated ‘standard-space’ volumes 

following rigid-body lsq-6, affine lsq-12, and nonlinear transformations. lsq-6 transformations 

align individual volumes in space and orientation using three translations and three rotations 

along x/y/z axes. Lsq-12-parameter (12 degrees of freedom) transforms additionally adjust for 

brain size and warping by incorporating three scaling and three shearing transformations in x/y/z 
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planes. This accounts for overall differences in brain volumes across samples, which is critical in 

longitudinal datasets including both young mice with inherently smaller brains (>4wks) and older 

mature mice with larger brains (<21wks). Nonlinear warping corrects for local differences 

between individual and averaged samples, which is furthermore relevant in accounting for 

structural differences which may emerge due to genotype, age, or simple inter-individual 

variability. For each modality, pydpiper generated the matrix transforms (.xfm files) by which 

individual ‘native-space’ samples could be registered to standard-space volumes. I converted 

T2W images to .niis before transfer to the cluster for denoising, averaging, .mnc conversion 

using a custom script (A.10.11). I then executed pydpiper (A.10.12). Quality checks revealed 

notably warped standard-space volumes with dorsal signal loss (A.7.2, A.7.3), where I excluded 

all N=2 out-of-skull samples due to tissue damage. Repeated pydpiper execution improved 

warping, yet dorsal signal loss persisted. This was ameliorated using nonuniformity corrections 

(nu_correct, tested with combinations of iterations=50/100/150/200/250/300 and 

distance=2.0/1.5/1.0mm where I found iterations=200 and distance=2.0mm to be optimal). I re-

ran pydpiper using nonuniformity-corrected .mncs, which recovered dorsal signal (A.7.3).  

2.5.3.3 Diffusion 

DWI processing employed both established pipelines and custom modifications across 

a ten-step workflow involving: 1) orientation corrections to align scanner-outputted orientations 

with pipeline processes; 2) mask generation to specify brain volumes; 3) Gibbs ringing 

corrections to remove oscillatory artifacts near high-contrast tissue boundaries, which occur due 

to high-frequency data truncation during finite k-space sampling306, 307; 4) topup corrections for 

susceptibility-induced distortions due to magnetic field inhomogeneities near air-tissue 

interfaces using the blip-down b=0s/mm2 volume and the first b=0s/mm2 volume of the 

b=2,500s/mm2 shell308; 5) orientation re-adjustments, 6) Eddy corrections to align volumes and 

correct for drift and distortions which occur during rapid gradient-switching308, 309; 7) dtifit, which 
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outputs maps of diffusion tensor eigenvectors, diffusion tensor eigenvalues, fractional 

anisotropy (FA), mean diffusivity (MD), and diffusion kurtosis which estimates non-Gaussian 

diffusion as a proxy for tissue complexity; 8) Neurite Orientation Dispersion and Density Imaging 

(NODDI)310 using FSL’s cuDIMOT (v12.6.0) and cluster parallelisation311 to generate intracellular 

volume fraction (ICVF), isotropic volume fraction (FISO), and orientation dispersion (OD) 

parametric maps; 9) FSL’s bedpostx via cuDIMOT to output voxelwise ball-and-stick measures of 

fibre orientations for probabilistic tractography; and 10) resampling outputted volumes to T2W 

standard-space for co-registration (2.5.4)300, 312. Ex vivo data processing involved .nii conversion, 

then DWI pipeline execution (incorporating steps 1-7 above) using input files from each 

individual sample and run_dki_bothshells300, 312. cuDIMOT thereafter generated NODDI outputs 

using a previously optimised axial diffusivity value of 0.47×10-3mm2/s prior to bedpostx. I 

evaluated resulting maps―including intermediate Gibbs- and Eddy-corrected volumes―for 

quality control (A.7.4). I excluded N=2 out-of-skull and N=3 in-skull acquisitions due to tissue 

damage or poor T2 contrast. I extracted and averaged the four interspersed b=0mm2/s volumes 

from Gibbs/topup/Eddy-corrected files using FSL’s fslroi and fslmaths commands, respectively. I 

transferred resulting averaged-b0, dtifit, and NODDI volumes to the cluster for .mnc conversion, 

T2W co-registration (2.5.4.2, 2.5.4.4), and .Rmd analyses (2.5.5).  

2.5.3.4 Quantitative susceptibility mapping 

I processed MGE images using a QSM and R2*/T2* pipeline which involved three steps: 

1) preparation (prep_data_qsm_r2s.sh), 2) execution (qsm_pipeline_data_prepped.sh), and 3) 

susceptibility referencing (reference_QSM_output.sh)300, 313. The pipeline requires high-fidelity 

brain masks as inputs due to the integrity of QSM outputs being particularly vulnerable to effects 

of non-brain voxels (A.7.6). Thus, in contrast to anatomical and DWI protocols (2.5.3.2-2.5.3.3), 

I conducted masking (2.5.4.3) prior to QSM and R2*/T2* processing which then proceeded as 

follows300, 313. 1) Data preparation involved pre-processing volumes, checking for quality control, 
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and correcting orientations. I co-registered and averaged magnitude and complex data before 

Gibbs corrections306, 307. I visualised raw, registered, averaged, and Gibbs-corrected volumes via 

FSLeyes and excluded N=2 out-of-skull and N=3 in-skull samples again due to tissue damage or 

poor T2 contrast (A.7.5). N=6 samples were incorrectly orientated, conceivably due to 

inconsistent acquisition settings, and thus required custom transformations (A.7.7) across all 

prep_data_qsm_r2s.sh outputs (i.e., raw magnitude data from both repetitions, averaged and 

Gibbs-corrected volumes, and raw and resampled volumes from real and imaginary components 

across both channels and repetitions). 2) QSM and R2*/T2* pipeline execution then involved 

coil-combining complex data (MCPC_3D)314, estimating field maps, correcting for background 

signal, and inverting dipoles for QSM followed by Gibbs-corrected magnitude data-fitting for 

R2*/T2*300, 313-316. 3) Susceptibility maps required referencing wherein the mean value across 

brain-masked-voxels was calculated and subtracted from constituent voxels300, 313. I visualised 

resulting susceptibility, R2*, and T2* volumes for quality control (A.7.5) and converted these to 

.mncs for subsequent co-registration (2.5.4.5) and analyses (2.5.5).  

2.5.3.5 Functional MRI 

Ongoing fMRI analysis efforts employ the RABIES pipeline317, which corrects for motion 

and susceptibility distortions before registration, segmentation, and processing in R. Further 

analyses are being actively pursued, yet are beyond the scope of this thesis (5.5.3). 

2.5.4  Co-registration 

2.5.4.1 T2W masking 

T2W standard-space served as the target framework to which I co-registered other ex 

vivo acquisitions. Two unsuccessful attempts preceded a third successful masking strategy. After 

my first attempt with T2W, DWI, and MGE volumes failed (i.e., advancing directly to 2.5.4.4-

2.5.4.5), I examined individual samples and noticed that those with the greatest extracranial 
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signals exhibited the most warping. As non-brain signals confound registrations, I decided to 

mask DWI and MGE volumes (2.5.4.2-2.5.4.3) for a second attempt (still using the same 

unmasked T2W volumes). This improved registrations, yet not satisfactorily. I then multiplied 

T2W lsq-6 standard-space volumes by corresponding masks (minccalc), then inverted pydpiper-

outputted native-to-standard .xfms (xfminvert) and applied these to lsq-6 standard-space masks 

(mincresample) using a custom script (A.10.15). I then subjected native-space masks to 

voxelwise multiplication with T2W volumes to generate masked native-space samples. My third 

registration attempt—using masked DWI and MGE source-volumes with masked T2W target-

volumes—yielded multimodal registrations of acceptable quality (2.5.4.4-2.5.4.5, A.7.7). I then 

piped T2W pydpiper outputs into RStudio for analyses (2.5.5). 

2.5.4.2 DWI masking 

I used averaged-b0 volumes to generate masks for dtifit and NODDI outputs (2.5.3.3) 

before T2W standard-space co-registration. My first unsuccessful attempt to do so involved 

running pydpiper on averaged-b0s, then transforming standard-space atlases into native-space 

by inverting .xfms and resampling. I converted outputs to .niis (mnc2nii), binarised each 

(fslmaths -bin), then iteratively dilated (fslmaths -dilM) and eroded (fslmaths -ero) masks to 

exclude extracranial signals. However, after lengthy attempts, many samples remained poorly 

represented masks. My second successful attempt involved applying nonuniformity corrections 

(nu_correct with iterations=200 and distance=2mm) to averaged-b0 volumes and pydpiper 

execution (A.10.12). The outputted nonlinear standard-space volume underwent voxelwise 

multiplication by its respective mask to generate a masked standard-space averaged-b0 volume. 

I used a custom script (A.10.15) to generate native-space masks for each sample by inverting 

native-to-nonlinear .xfms, copying and resampling the nonlinear standard-space mask into 

native space, then multiplying these by nonuniformity-corrected averaged-b0 native-space 

volumes. I manually confirmed mask quality before proceeding to registrations (2.5.4.4). 



 - 83 - 

2.5.4.3 QSM masking 

Like DWI, QSM masking entailed unsuccessful attempts following QSM and R2*/T2* 

pipeline protocols300, 313 before acceptable masks employed a modified strategy. My initial 

efforts used reg_magnitude_for_brain_mask.sh300, 313 and FSL’s fslroi to register magnitude data 

from the sixth echo of the first repetition. I needed to correct orientations (orient_corr)300, 313, 

yet mis-orientated samples required further transformations (prep_data_qsm_r2s.sh) (2.5.3.4, 

A.10.15). Upon transfer to BMRC and .mnc conversion, I piped orientated volumes through 

pydpiper (A.10.12). I resampled the resulting lsq-6 standard-space atlas to native space for each 

sample using corresponding .xfms, then binarised and transformed volumes to .niis (fslmaths -

bin). As with DWI, I applied iterative dilations (fslmaths -dilM), erosions (fslmaths -ero), and 

quality control checks, yet brain volume coverage again proved poor (A.7.6). My second attempt 

involved copying nonlinearly-transformed masks extracted from nu-corrected averaged-b0 

pydpiper outputs for .nii conversion. These masks improved brain coverage, however those from 

mis-orientated samples appeared to be mis-aligned in 3D space (A.7.6) and caused QSM and 

R2*/T2* pipelines to fail (2.5.3.4). I translated and rotated masks from these samples in FSL 

before transfer to BMRC, .mnc conversion, and averaged-b0-space resampling to correct 

metadata corruption. I converted resulting masks to .niis for visualisation, where all then 

sufficiently covered brain volumes (A.7.6) for input to the QSM and R2*/T2* pipeline (2.5.3.4). 

2.5.4.4 DWI to T2W 

I used a custom script to register masked volumes to T2W standard-space (A.10.16). 

This involved generating and concatenating (xfmconcat) rigid (lsq-6) and affine (lsq-12) 

T2W→DWI .xfms, inverting this to produce DWI→T2W affine .xfms, concatenating with T2W 

affine→nonlinear .xfms (from T2W pydpiper outputs) to produce DWI native-space→T2W 

standard-space transforms, then applying.xfms to native-space DWI volumes. Quality control 

checks confirmed registrations following .nii conversion. I included additional filtering (minccalc) 
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for voxelwise analyses (2.5.5) to negate values which were null (invalid for logarithms) or >2 

(e2≈7.4-fold increases deemed non-biological). Kurtosis outputs required filtering where values 

>30 or <0 were considered non-biological and omitted (A.10.17) prior to .Rmd analyses (2.5.5). 

2.5.4.5 QSM to T2W 

I co-registered pipeline outputs (Χ, R2*, and T2*) (2.5.3.4) to T2W standard-space using 

a custom script (A.10.16). I translated MGE images to overlap with masked T2W standard-space 

volumes for compatibility with advanced normalisation tools (minc_modify_header and 

mincresample) (A.7.7). I inverted and concatenated T2W pydpiper-outputted native→lsq-6 

.xfms (xfmconcat) with native→nonlinear .xfms to generate lsq-6→nonlinear transforms. I 

applied inverted ( nonlinear→lsq-6) transforms to resample nonlinear standard-space T2W 

masks into lsq-6 standard-space. I multiplied resulting masks by pydpiper-outputted lsq-6 maps 

to generate masked lsq-6 standard-space volumes, which served as T2W targets for MGE co-

registration (A.10.16). Additional filtering negated null and non-biological voxels using custom 

scripts (A.10.18) before .nii conversion visualisation for quality control (A.7.7). I piped registered 

and filtered MGE outputs into the .Rmd script for further analyses (2.5.5). 

2.5.5  Data analyses 

2.5.5.1 Script overview 

I employed the same .Rmd script for in vivo and ex vivo neuroimaging analyses (A.10.19) 

which involves four steps: 1) configuration, where required tools, analysis specifications, and 

data are loaded; 2) statistical processing, where several models are built, evaluated to optimise 

parameterisation, then executed regionally and voxelwise; 3) regional analyses, which generate 

hierarchical trees, ROI plots, and statistical outputs; and 4) voxelwise analyses, which generates 

brain maps for qualitative evaluation. I processed in vivo T1W and co-registered ex vivo T2W, 
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DWI, and MGE as described in 2.5.5.2-2.5.5.5. In vivo DWI, resting-state fMRI, and ex vivo 

tractography analyses are beyond the scope of this thesis and remain active future directions. 

2.5.5.2 Configuration 

Script execution required access to 31 libraries (A.10.19) which I first imported for 

programme initialisation. Editable parameters provided for customisation include: cohort type 

(i.e., in vivo or ex vivo); fixed effects (i.e., whether to solely consider effects of genotype or 

age×genotype interactions); random effects for in vivo datasets (i.e., none, the individual 

baseline/intercept, or the baseline and growth trajectory); total brain volume covariance 

(with/without); sample type for ex vivo analyses (i.e., depending on skull inclusion and age); 

centred age for analyses (e.g., 21wks); data type (i.e., compatible across anatomical, FA, MD, 

MK, OD, ICVF, FISO, Χ, R2*, and T2* outputs); outlier handling (i.e., to keep or omit outliers 

defined as ±2.5𝜎!); statistical model assessment (i.e., Akaike information criterion or Bayesian 

information criterion); statistical model application (i.e., best-fit or pre-specified); and 

visualisation preferences. I used this script to import and organise pipeline data volumes and 

cohort metadata into data structures for navigation and analyses.  

2.5.5.3 Statistics 

I constructed, optimised, and applied statistical models across neuroimaging datasets. 

Linear formulae involved combinations of fixed effects (i.e., sex, genotype, optionally age, and 

optionally total brain volume) and random effects for longitudinal in vivo datasets only (i.e., 

none, the Y-intercept only for baselines, or both the Y-intercept and the slope for growth 

trajectories). I produced general additive models (GAM) with and without total brain volume 

covariance. Linear models employed standard regressions using ordinary lsq for ex vivo datasets, 

mixed-effects regressions for in vivo datasets, and estimated marginal means to generate age 

contrasts across modalities. I controlled for false discovery rates (FDR) using the Benjamini-

Hochberg method. Functions for both linear and GAM formulae extracted fit statistics (i.e., t-, p-
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, and FDR-adjusted q-values) for overall effects of genotype, genotype effects centred at 4, 12, 

and 21wks, age×genotype interactions, and sex effects. I applied functions to each model per 

ROI (2.5.5.4), calculated model fits, and applied optimal parameters accordingly (2.5.5.2). 

2.5.5.4 Regional analyses 

I segmented in vivo acquisitions using the Dorr-Steadman-Ullman 90μm atlas302, 318, 319, 

and ex vivo acquisitions using the Dorr-Steadman-Ullmann-Richards-Qiu-Egan 40μm atlas302, 318-

321. Segmentations from both304 were labelled using Allen Brain CCFv3 hierarchical definitions32. 

I incorporated outputs from the pre-specified or best-fit statistical model into data frames 

(2.5.5.3), averaged across hemispheres via hierarchical tree pruning, then summed outputs 

across all regions to generate whole-brain data. Anatomical analyses projected volumetric 

changes across samples belonging to each experimental condition as anatomical heat-maps 

onto 2D slices extracted from standard-space volumes (2.5.5.2). I similarly processed ex vivo 

DWI and MGE outputs using the same scripts and T2W co-registration (2.5.4.4-2.5.4.5). I plotted 

volumetric, DWI, and MGE data for pre-specified ROIs with age-dependent trendlines and 

statistics. Both in vivo and ex vivo, bed nucleus of the stria terminalis (BNST) volumetric plots 

tested whether male volumes were greater than female volumes (with no age-sex interaction) 

as a standard means of quality control.  

2.5.5.5 Voxelwise processing 

I employed the pre-specified or best-fit linear model for voxelwise calculations as 

significant computational requirements rendered GAMs incompatible. I replaced ROIs with the 

logarithm of the Jacobian matrix determinant to compare individual voxels to standard-space 

representations. I selected the full determinant over the nonlinear counterpart to account for 

rigid and affine effects—not solely local nonlinear differences independent to overall brain shape 

and size. 3D arrays were populated with t-, p-, and q-values accordingly for visualisation. 

 



 - 87 - 

Chapter 3: Results – SnackerTracker and TracKIT development 
and validation for feeding and activity measurement 
 

This chapter describes SnackerTracker/TracKIT development and application as a novel 

open-source hardware/software platform capable of continuously monitoring rodent food 

intake. SnackerTracker invention was necessary as, to my knowledge, no other home-cage 

measurement system can quantify feeding behaviour without compromising the parallel sleep 

recordings required for L6-ORX experiments: EEG/EMG leads are incompatible with commercial 

whole-cage systems (Table 2, Table 4); video-based options merely predict when feeding is 

occurring rather than how much; and manual measurements inevitably awaken and cause stress 

to animals (1.4.1, 1.5.1). I created TracKIT to analyse SnackerTracker data, yet it proved more 

broadly valuable as a software tool which can accept any time-series data and generate a range 

of outputs relevant to circadian and home-cage behavioural monitoring (1.4.2, 1.5.2). Through 

iterative design processes (3.1.1-3.1.4, 3.2), I validated SnackerTracker and TracKIT systems 

using both benchtop testing (3.1.5) and a series of three in vivo experiments (Table 5): 

• 3.3.1-3.3.3 – I predict that the SnackerTracker will detect changes in the pattern of 

feeding behaviour in CRY-deficient mice housed in constant-darkness. 

• 3.3.4 – DLE home-cage lighting conditions should delay the onset and peak of 

feeding behaviour, and SnackerTrackers should be able to identify this phase shift.  

• 3.3.5 – Hamsters maintained in summer and winter photoperiods eat more and less 

food, respectively. I predict that SnackerTrackers will identify differences in the 

quantity of food intake and prove compatible with this alternative rodent species. 

Ultimately, a cost-effective and adaptable system which continuously monitors the amount and 

timing of food intake and feeding behaviour—without confounding simultaneous sleep 

recordings—will both enable investigations into the effects of L5-6b perturbations and 

contribute to the field of laboratory animal home-cage monitoring (3.4-3.5). 
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3.1 SnackerTracker development and validation  

3.1.1  SnackerTracker overview and design 

The SnackerTracker is a novel animal home-cage monitoring system which measures 

animal food intake, feeding activity, and ambient lighting211. Figure 6 depicts its design and 

operation following prototype development (Table 14) according to requirements detailed in 

1.5.1. Major design components include the frame (chassis) (3.1.2), electronics (3.1.3), and 

operational software (3.1.4). I 3D-printed each of prototypes V1-10 for benchtop testing to 

confirm device operation and accuracy; I introduced V3, V5, V6, and V8 in vivo for a limited time 

(<3hrs) under constant supervision, then used V9 for longer in vivo validations (3.1.5). The need 

to analyse SnackerTracker data prompted me to develop of the TracKIT platform (3.2), which I 

then used to analyse data from V9-10 which collected data parallel to DVCs, PIR systems, and 

video recordings (3.3). Each SnackerTracker of the final V10 design cost ≈£120 at the time of 

writing. I made hardware and software resources available via open-source platforms211, 258, 277, 

280, 322-324, rendering the SnackerTracker a system which researchers can freely download, build, 

and customise according to future study requirements. I provide detailed construction and 

operation instructions via online repositories to promote transparency and accessibility211. 

 
 
Figure 6. SnackerTracker design and operation. Illustrates A) the final prototype with a roughly-
to-scale cartoon mouse, a B) QR link to a SnackerTracker overview video277, and C) data analysis 
and cloud-based capabilities including remote monitoring and operation. 
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Table 14. SnackerTracker prototypes. Illustrates the 10 prototype iterations (V1-10) contributing 
to the final SnackerTracker design (green). I created all 3D models using TinkerCAD. 

 
V# Features Image V# Features Image 

V1 

Large; cage 
interface fixed 
to the chassis 
body; circular 
openings; 
Arduino Uno R3 
microcontroller 

 

V6 

Slanted design; 
integrated 
electronics; 
stacked 
protoboard; 
case covering; 
removable food 
holder; printable 
with or without 
cage interface; 
toggle switches  

V2 

Removeable 
cage with bars; 
can be printed 
with a cage or as 
a frame (to later 
affix chicken 
wire); wired 
switch 

 

V7 

Compatible with 
HCM legal size 
requirements, 
(smaller); 
hanging cage;  
optimised for 
MKR Wi-Fi 1010 
integration; case 
covering; with or 
without cage 
interface 

 

V3 

Smaller; vertical 
interface with 
openings on 
vertical and 
horizontal 
chassis faces; no 
proposed 
electronics 
interface  

V8 

Hanging cage; 
stacked MEM 
and MKR Wi-Fi 
1010 microchips 
and optimised 
electronics 
accordingly, 
including SD 
card alignment; 
case covering; 
hanging pellets  

V4 

Excludes 3D-
printed bars 
such that 
chicken wire can 
be affixed 

 

V9 

Hanging pellets; 
covered plug-ins 
for input wiring 
(e.g., USB 
power); re-
designed 
electronics 
configuration; 
LDR inclusion on 
the top of the 
food holder  

V5 

Features a 
climbing ramp 
and only a 
vertical cage 
interface; not 
optimised for 
electronics; 
printable with or 
without cage  

V10 

Optimised 
wiring; 
grommets for 
inputs; 
reorientated 
LDR; smooth 
chassis edges; 
increased 
number of 
suspended 
pellets (9→12)  
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3.1.2  Chassis hardware 

Figure 7 depicts chassis development via SnackerTracker 3D modelling through 

component isolation, print assembly, and final product materialisation. See A.3.1 for the BOM, 

A.3.2 for 3D printing settings, and A.3.3 for technical chassis drawings (V9). 

 
 
Figure 7. SnackerTracker chassis 3D modelling and materialisation. A) Four constituent elements 
were rendered: I) main body; II) case cover; III) mount plate; and IV) food holder. B) Shows the 
Cura print configuration (red=outer chassis wall; yellow=top surface; cyan=supports). C) This 
transformed the SnackerTracker TinkerCAD model into the D) final assembled device. See A.3.3 
for schematics and A.3.5 for videos of 3D printing and construction. 
 
3.1.3  Electronics hardware 

Figure 8 illustrates electronic elements, component connectivity, and where all the 

above are mounted within the chassis. See A.3.4 for electronics schematics which, alongside 

A.3.3, can be provided to electronics workshops for contracted assembly. A.3.5 provides 

detailed descriptions of chassis and electronics assembly, including QR links to videos providing 

a step-by-step demonstration of how to build and use a SnackerTracker. Note that the make and 

model of individual electronic components may vary in future applications, and additional 

elements can be integrated via the Arduino MEM shield according to study requirements. 
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Figure 8. Illustrates SnackerTracker electronics. A) Graphical representations depict element 
connectivity, while B-C) show components mounted within the chassis both B) without and C) 
with the case cover. Refer to A.3.3 and A.3.4 for chassis and circuit schematics, respectively, and 
A.3.5 for construction tutorial videos. 
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3.1.4  Operational software 

On-chip software controls SnackerTracker operation (A.10.1). Once downloaded, the 

script executes a setup function for device initialisation and loop function for data recording. 

Initialisation mandates calibration (A.3.6) via USB connection to a local computer, online access 

to the Editor, and Create Agent installation (v1.2.6, Arduino)—a background application which 

enables computer-chip communications. After setup calibration and loop initiation, the USB 

cable can be optionally disconnected for wireless recording. Automatic USB-to-lithium polymer 

battery power-switching enables USB-supplied SnackerTracker operation and battery charging 

when connected, and battery operation otherwise. Wi-Fi connection to the Arduino Internet of 

Things (IoT) platform enables real-time data monitoring from networked systems via the IoT 

Remote App (v1.6.0) (Figure 9). Loop records data at a tuneable frequency (e.g., 1Hz) until power 

is lost (e.g., disconnect the USB and battery to stop recordings). The SD card can then be 

removed for data processing. 

3.1.5  Validation 

A.3.7 describes preliminary validation tests which I conducted to assess device function 

before in vivo application. I provide results in A.3.8, which confirmed SnackerTracker 1) 

calibration accuracy, 2) measurement consistency, 3) time-sensitivity, 4) light-dependent 

resistor (LDR) functionality, 5) combined operability, and 6) in vivo compatibility. In vivo 

compatibility tests showed adequate i) correlation to manual daily food measurements, ii) food 

accession modality (i.e., finding no use-prohibitive difference between cage-floor/hopper vs 

SnackerTracker presentation), and iii) extended recording duration fidelity with minimal pellet 

crumbling. Further analyses of datasets from 6) iii), which employed surplus L5-silenced mice 

(Preface), motivated the STAMINA study and are accordingly detailed in chapter 5. I deemed 

SnackerTracker performance sufficient to proceed to full-cohort in vivo experiments (3.3); 

however, this required a suitable data analysis programme (3.2). 
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Figure 9. Illustrates the SnackerTracker IoT GUI. A) The data collection dashboard enables 
remote real-time monitoring and, with development, operational control. B) The dashboard can 
be visualised on any connected device via the iOS- and Android-compatible mobile app. 
 
3.2 TracKIT development 

3.2.1  TracKIT overview and design 

TracKIT is a MATLAB app (.mlapp) which accepts time-series data, filters traces, and 

returns a range of summary metrics relevant to animal home-cage and circadian monitoring. I 

optimised its use for SnackerTracker analyses, yet it is compatible with other file types including 

but not limited to those from DVCs (3.3.1-3.3.3), PIRs, and thermographic cameras (all of which 

I’ve successfully tested). The platform relies on code I developed using MATLAB (A.10.2); yet, it 

operates as a standalone open-source application if users download the free MATLAB Runtime 

compiler (R2022b, v9.13). TracKIT analysed all pilot data and STAMINA outputs (5.1). It features 

a GUI (Figure 10A) where users provide input files, processing parameters, and output 

specifications (Figure 10B). As such, users are not required to interact with a CLI or coding 

environment. TracKIT pre-processes files in five steps, each of which I explain in 3.2.2 (Figure 

10I-V). I ensured that intermediate processing stages are displayed (Figure 10D) so a user can 

confirm data quality before adjusting parameters or exporting results (Figure 10C). I have made 

TracKIT available on GitHub (https://github.com/marhmue/2024_SnackerTracker_Code), 

Figshare148, and Zenodo86. 

https://github.com/marhmue/2024_SnackerTracker_Code
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Figure 10. TracKIT GUI. The A) GUI features a B-C) parameter-input and D) processing panel. 
Parameter sets and corresponding processing steps I-V)—colour-coded by location in A) and 
magnified for dissection in B-D)—are elaborated upon in 3.2.2 and 3.2.5. I describe the distinction 
between food-intake and animal-device interactions (“feeding behaviour”) in 3.2.4.  
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3.2.2  Processing steps 

Data processing involves five major steps (Figure 10I-V) where key variables—denoted 

here in [square brackets] and detailed further in A.3.9—are extracted from user inputs and 

used to curate input files. I detail these steps in Table 15. 

Table 15. Lists and describes the major steps involved in TracKIT data processing. 
 

Step # Description 
I) Metadata 
and 
cropping 
(Figure 10BI) 

After pointing TracKIT to input files [skrtkrFileLocation], indicating desired 
output units for mass (typically grams) [massUnit] and time (typically hours for 
present applications) [timeFormat], and specifying both the time at which 
recordings start [startDate, timeStart] and the expected light schedule (i.e., 
when lights turn ‘on’ and ‘off’) [timeLightOn, timeLightOff], the user must 
define how raw data (Figure 10DIi) is to be cropped. This involves both initial 
truncation (i.e., specifying the number of values to remove from subsequent analyses 
at the beginning and end of recordings, indicated in red as the “raw crop limit” in 
Figure 10DIi) [truncateStart, truncateEnd, startPoint, endPoint] and 
duration specification: If 24h truncation is selected [do24HTruncation], user must 
indicate how many consecutive 24h periods are desired for analyses [howMany24H] 
such that the file is cropped accordingly; otherwise, data will be processed until the 
terminal raw crop limit. The user must then indicate the desired start value according 
to 1) the defined light schedule such that processed data will begin at the first instance 
of lights turning ‘on’ or ‘off’ after the initial raw crop limit [lightFor24HCrop, 
lightFor24HCropONOFF], or 2) a custom value [do24HStart], where the user can 
still specify whether outputs should be aligned to begin at light or dark onset (in which 
case any data before the start value translocates to the end of the dataset) 
[alignLight]. Irrespective of how defined, the determined start and end value 
constitute the “data crop limit” in Figure 10DIi-ii. These cropping methods provide 
comprehensive control over the duration and form of data to be extracted from 
SnackerTracker output files for further processing.  

II) Filtering 
(Figure 
10BII): 

Filters identify 'spikes’ in raw data traces to discern both the amount of food removed 
from the hopper and the incidence of animal-device interactions (distinguished in 
3.2.4). The mass filter baseline timeframe [setTime, optimised during development 
at 32] determines the number of initial mass values (beginning at the raw crop limit) 
which are averaged and overwritten. The interaction buffer timeframe 
[measureSpan, mandatorily >setTime] then defines the number of prior 
measurements against which each upcoming raw value is evaluated, beginning at the 
index setTime+1. If the difference between the upcoming raw value and any 
preceding within the interaction buffer timeframe exceeds the interaction buffer 
amplitude [bufferHere, optimised at 30, which acts as a band pass filter], the raw 
value is both removed from the raw trace and assigned a value of 1 in a separate 
binary array to denote an animal-device interaction (Figure 10BIii, an actogram). Once 
the entire file is traversed, null values are overwritten upon linearly interpolating 
flanking data points. Resulting traces then undergo moving-average smoothing using 
the number of data points specified by the mass smoothing window [window, 
optimised at 60]. A shift filter can then be applied in cases where data following prior 
measurements may increase (e.g., if bedding, nesting material, or mice lie atop the 
food hopper); the amplitude [shiftFilter] determines the upcoming timeframe 
over which each data point is assessed, and the tolerance [shiftTolerance, 
optimised at 0.99] defines the percentage of values therein which must be equal to 
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or less than the indexed value. Otherwise, the indexed value is assigned to that of the 
directly preceding data point, and all following data are shifted by the same margin 
accordingly. A ‘chip’ filter can be optionally applied in extreme cases of this 
[doChipFilter]; if large ‘chips’ are observed in raw traces (resembling an upright or 
inverted top hat), users can specify bounding indices [chipStartTime, 
chipEndTime] within which values will be designated as null if they exceed the 
specified tolerance [chipMass, optimised at 0.1] and interpolated as with the prior 
band pass filter. The scale filter [doScale] performs an additional quality control 
check against the expected total mass difference between initial and final data points 
(i.e., if acquired before and after recordings) [crudeMass]. A warning flag is relayed 
if this difference exceeds 5% of the crude mass, which indicates that equipment or 
calibration errors may have compromised the present recording. After filtering, the 
resulting mass trace is inverted; the difference between all values and the initial mass 
is reported for each index of a new array to represent cumulative food intake at any 
given time point (Figure 10DIIi) rather than the mass of food removed from the 
hopper. In another new array, total interaction counts are calculated by summing all 
prior binary values to represent cumulative animal-device interactions at any given 
time point (Figure 10DIIii). 

III) 
Derivations, 
fitting, and 
light 
filtering 
(Figure 
10BIII) 

Cumulative food intake and animal-device interaction traces are derived to return 
time rates-of-change (Figure 10DIIIi-ii). The food intake derivative buffer 
[fooddervBuffer, optimised at 6000] and interactions derivative buffer 
[intdervBuffer, optimised at 6000] define the number of points across which 
slopes are calculated. Curves are then fit to derivative timelines using MATLAB’s Curve 
Fitting toolbox (v3.8) and the Sum of Sine regression model. This employs a nonlinear 
lsq method using the Trust-Region algorithm and default constraints to generate a 
standard curve according to ∑ 𝑎!sin(𝑏!𝑥 + 𝑐!

"
!#$ ). Extracted parameters of interest 

include primary (j=1) waveform displacement (𝑑=a1), angular frequency (𝜔=b1), phase 
shift (𝜑=c1), and goodness of fit (r2). Amplitude and frequency data are transformed 
to return curve intensity (𝐴=2*𝑑) and period /𝜏 = $

%
= &'

(
2. Χ2 periodograms are 

generated yet are not shown in the GUI. Raw light recordings are then subjected to a 
smoothing buffer [smoothLightWindow, optimised at 200] as in II) and processed to 
either retain smoothed light readings, or to undergo binarisation according to the 
specified light filter type [lightFilterType, optimally at ‘Binary’]. If binarisation is 
selected, smoothed values greater and less than the light cutoff threshold 
[lightCutoff] are assigned values of 1 and 0, respectively (Figure 10DIIIiii).  

IV) Data 
compression 
(Figure 
10BIV) 

User can compress outputs to reduce file size or standardise units (Figure 10DIV) by 
defining a compression format [doFileCompression, optimally at ‘Binning’]: if 
‘binning’ is selected, the specified bin size [binDuration, optimised at 60] must be 
defined wherein the mean of data within the time-range are deposited; if ‘averaged’ 
is selected, the specified compression factor ‘n’ [compressionSecondsFactor, 
optimised at 100] rather simply extracts and outputs every ‘nth’ value; and no further 
processing occurs if compression is not specified. Binning flexibility is advantageous 
for parallel data alignment (e.g., as in 3.3.1, where DVCs outputs bins per minute). 

V) Quality 
checks, 
output 
evaluation, 
and export 
(Figure 
10BV) 

Outputs of steps I-V) are provided for the user to visualise and check for quality 
control (Figure 10D). The processed mass trace is overlaid with the raw trace to 
assess accuracy (Figure 10DV) [finaliseOutput]. If unsatisfactory, the user can 
repeat steps I-V) and iteratively adjust cropping, filtering, derivation, smoothing, and 
compression specifications (see 3.2.5 for parameter notes). Once deemed 
acceptable, TracKIT creates an output folder containing 1) a screenshot of the GUI as 
in Figure 10A, 2) a .csv summary and metadata file, 3) a .csv file containing raw and 
processed data, and optionally 4) a .csv file containing compressed data if specified 
in step IV). I provide sample output .csv files in A.3.10. .csvs can then be imported 
into other programs (e.g., Prism) for graphical and statistical analysis. 
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3.2.3  Present and possible output metrics 

TracKIT generates a unique combination of output traces and summary metrics (Table 

16, which can be directly compared to rows representing other presently-available analysis 

methods in Table 3). Activity-related metrics include daily activity, light/dark phase activity, 

activity in hourly bins, daily bouts, light/dark phase bouts, and hourly bouts, where bouts are 

definable if bin-compression is specified in TracKIT processing step IV) (Table 15). Circadian-

related metrics include Sum of Sine- or Χ2- periods (𝜏), strengths of periodic components (𝐴), 

and phase angles of entrainment (𝜑).  

Table 16. TracKIT output metrics. These can be compared to Table 3. A green ‘X’ indicates 
outputs which are not presently generated by TracKIT but could be easily incorporated in future 
versions. A red ‘X’ indicates outputs which the SnackerTracker cannot produce, thus TracKIT has 
not been developed to accommodate. LD=light-dark; yellow=circadian-related; purple=activity-
related; and orange=both circadian- and activity-related. 
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✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ X X X ✓ X 

 
Future TracKIT versions could easily return additional circadian metrics. Active phases 

(the time between activity onset and offset within a cycle) and rest phases (the time between 

rest onset and offset within a cycle) could be extracted by 1) employing bout-based 

compression, 2) specifying a threshold above/below which bouts would be classified as ‘activity’ 

or ‘rest’ in a separate array, and 3) calculating activity or rest durations represented by adjacent 

supra- or sub-threshold bouts, respectively. Peak activity and rest onsets could be extracted as 

the midpoint of the largest activity or rest bout upon integration (after weighting and summing 

bouts according to contributing bin values). Time to peak activity or rest onsets could then be 
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calculated relative to dark or light onset, respectively. For longer recordings, interdaily stability 

could be determined according to Equation 2325. I have already developed code to integrate 

event-marking according to SnackerTracker switch status. Additional specifications detailing 

how switch data is to influence processing should be incorporated into future TracKIT versions. 

Equation 2. Interdaily stability calculation. IS=interdaily stability; n=total number of data points 
(e.g., 10,080 for 7 days of per-minute data); p=number of data points per day (e.g., 1,440 for 
per-minute data); 𝒙B=data mean across all days; 𝒙B𝒉=data mean per hour averaged across all days; 
𝒙𝒊=individual data points in the time series being analysed325. 
 

𝐼𝑆 =
𝑛∑ (𝑥̅4 − 𝑥̅)+

"
45*

𝑝∑ (𝑥- − 𝑥̅)+.
-5*

 

 

3.2.4  Food intake vs food-seeking behaviour 

Critically, this script mathematically discriminates absolute food-intake from animal-

device interactions operationally termed “food-seeking behaviour”. That is, food-intake and 

derived rates represent food calculated as being removed from the SnackerTracker food holder, 

which is assumed to represent food being consumed by an animal (3.4.4, 3.1.5, A.3.8). Animal-

device interactions (see processing step III in 3.2.2) distinctly represent cases where an animal 

may interact with yet not necessarily eat from the food holder. I instituted this after observing 

that some animals seemed exceptionally interested in poking, pressing against, or climbing atop 

SnackerTrackers. Conceivably, more-intense animal-device interactions or “food-seeking 

behaviour” may distinguish animals which are more active, or animals which may be attempting 

yet failing to eat due to conceivable motor impairment. See 3.5.3 for welfare implications, and 

5.1.1 for the present experimental relevance of this in L5-silenced mice. 

3.2.5  Parameter usage 

Time series analyses are notoriously inconsistent across behavioural rodent work in the 

field of circadian biology205, 210-212, which emphasises the need to understand and report how 

data are processed213. If TracKIT parameters including but not limited to bin size, smoothing 
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filters, and derivative buffers vary (A.3.9), outputs change notably. TracKIT introduces capacity 

for error during cropping and filtering; translocation should never be specified as it yields 

inaccurate results (and was only created to accommodate shorter datasets acquired during pilot 

testing and validation), and the subjective chip filter skews results if used incorrectly (thus all 

chip filters are automatically documented, A.3.10). Analyses should therefore be conducted 

blindly whenever possible. TracKIT is advantageous in that it can accept a wide range of input 

data types, return a wide range of activity and circadian metrics (3.2.3), and document which 

parameters were employed per trace analysis (3.2.2). However, this does not rectify larger 

issues: little standardisation and enforcement exists to guide how time-series data should be 

processed and reported for inter-study comparisons213. 

3.3 Preliminary applications and biological insights 

3.3.1  DVC correlation 

I first employed SnackerTrackers experimentally to evaluate differences in food-intake 

and feeding-behaviour between CRY-deficient and CTRL mice housed within DVCs under either 

12:12hr light-dark conditions or constant darkness (1.5.1, A.4.1). This served as in vivo device 

validation against an established means of home-cage activity monitoring, demonstrated 

TracKIT useability in analysing DVC data, and provided biological insights described in 3.3.2-

3.3.3. Overall, SnackerTracker outputs resembled DVC whole- and mid-cage data across both 

cumulative and derived traces (Figure 11A-B). Good correlations emerged between acquisition 

methods for both total feeding and activity (Pearson’s 0.982<r<0.997, Figure 11C) and rates of 

food-intake and animal-device interactions (Pearson’s 0.72<r<0.85, Figure 11D). As anticipated, 

correlations were the greatest between SnackerTracker-derived animal-device interactions 

(here termed “activity”) and DVC-derived mid-cage data, which is where SnackerTrackers were 

physically located. This demonstrates SnackerTracker compatibility with use in standard cages, 

and validity compared to DVC monitoring. 
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Figure 11. SnackerTracker-DVC alignment. Includes SnackerTracker food intake, SnackerTracker 
feeding behaviour, whole-cage DVC activity, and mid-cage DVC activity (see A.4.1). Daily traces 
for WT animals are shown as A) total food intake or activity and B) derivative rates. Pearson’s r 
correlation matrices evaluate agreement between the time-course of each recording method 
for C) cumulative and D) derivative plots corresponding to A) and B), respectively. ZT=Zeitgeber 
time. NE=6 per condition. See Table 10-Table 11 and A.2 for replicate and statistical details. 
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3.3.2  Activity and feeding behaviour 

I predicted that CRY-deficient mice would exhibit arrhythmic patterns of food intake and 

feeding behaviour when housed in constant-darkness—in contrast to diurnal rhythmicity under 

12:12hr light-dark conditions and in CTRLs under all lighting conditions—and that 

SnackerTrackers would be able to detect these subtleties. I analysed genotype differences across 

SnackerTracker output metrics after confirming that no adverse welfare effects emerged. CTRL 

mice weighed significantly more than CRY-deficient mice (27.3±1.82g vs 22.7±1.2g, t(16)=2.317, 

p=0.043), and no weight-loss differences before/after (proximity) SnackerTracker recordings 

emerged in CTRL or CRY-deficient male and female mice (proximity: F(1,16)=0.0232, p=0.8807; 

proximity×genotype:  F(1,16)=0.0232, p=0.8807; proximity×sex: F(1,16)=0.2093, p=0.6535). Figure 

12 compares SnackerTracker animal feeding behaviour and food-intake across genotypes and 

light conditions. I include both male and female data in Figure 12, show sex-disaggregated traces 

in A.9.1, and provided individual traces in A.9.2. Rates of animal-device interactions and food-

intake are greater during the dark-phase as expected (Figure 12A-B for activity, Figure 12C-D for 

feeding). Visually, this is reflected as an increase in rates of activity and feeding in the dark-phase 

of Figure 12E and Figure 12F, respectively. In 12:12hr conditions, while overall animal-device 

interactions appear similar in CTRL and CRY-deficient mice (Figure 12I, t(20)=0.0025, p>0.999), 

CRY-deficient animals show increased activity during the light-phase (Figure 12A, t(20)=3.174, 

p=0.0099). CRY-deficient mice eat less compared to CTRLs in 12:12hr conditions (Figure 12K, 

t(20)=3.466, p=0.0061), particularly in the dark-phase (Figure 12D, t(20)=3.983, p=0.0044) despite 

no difference during the light-phase (Figure 12C, t(20)=0.4931, p=0.9973). Total animal-device 

interaction rates do not differ between light conditions (Figure 12I-J, light condition×genotype: 

F(1,20)=0.3733, p=0.5481). However, decreased feeding in CRY-deficient mice under 12:12hr light 

cycles is not reflected in constant-darkness; no genotype difference emerges in the absence of 

external light cues (Figure 12K-L, light condition×genotype: F(1,20)=0.1842, p=0.1898).  
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Figure 12. CTRL and CRY-deficient mouse behaviour differs across light conditions. Under 12:12h 
light-dark (LD) cycles, CRY-deficient animals (Cry1/2-/-) are A) more active in the light-phase 
compared to CTRLs, yet no difference emerges in the B) dark-phase. C) Light-phase feeding does 
not differ between CTRL and CRY-deficient mice while D) CRY-deficient mice eat less during the 
dark-phase. 24h LD E) activity and F) food-intake timelines illustrate these differences, which are 
not conserved in constant-darkness (DD). For both G) activity and H) feeding, CTRL mice exhibit 
a similar pattern as in E-F) while CRY-deficient mice exhibit shorter ~5hr bouts. While patterns 
differ, 24h activity totals for I) LD (E-integral) and J) DD (G-integral) do not differ by genotype. 
Conversely, K) CRY-deficient mice eat less than CTRLs in LD (F-integral), yet I) CRY-deficient 
feeding increases to resemble that of CTRLs in DD (H-integral). I provide sex-disaggregated data 
in A.9.1, and individual animal traces in A.9.2. **=p<0.01, ZT=Zeitgeber time. NE=6 for both WT 
and CRY-deficient groups. See Table 10-Table 11 and A.2 for replicate and statistical details. 
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Characterising feeding behaviour and food intake in mice with disrupted biological 

rhythms can complement prior studies and inform future investigations relevant to sleep and 

circadian disorders. While genotype differences in total activity do not emerge in 12:12hr 

conditions, decreased CRY-deficient dark-phase food-intake relative to CTRLs may either be due 

to smaller CRY-deficient mice requiring less food, or CRY-deficient mice weighing less due to 

reduced food intake. Prior work has shown that, under 12:12hr conditions, CRY-deficient mice 

weigh 10–20% less than control animals326, 327, exhibit perturbed lipid metabolism328, and rapidly 

gain weight when exposed to high fat diets327, rendering this a popular model used to study the 

role of circadian disturbance in obesity and metabolic syndrome327, 329, 330. However, my results 

suggest that decreased CRY-deficient feeding is restored to CTRL levels in constant-darkness 

(p=0.4585). This indicates that the extent to which circadian disruption influences metabolism 

or weight change may be tuneable by environmental lighting, which in turn may confound the 

interpretation of interventions to circadian dysregulation (e.g., altered diets327, 331-333, drug 

administration334-336, or scheduled feeding). Activity differences across lighting conditions have 

been previously studied in CRY-deficient mice337, 338 and others with disrupted circadian rhythms 

upon Period 1 and 2 double-knockout (Per1-/-,Per2-/-)339-341, Bmal1 knockout (Bmal1-/-)342-344, and 

CLOCK mutation345-347; however, parallel feeding patterns have not yet been explored. This is 

surprising as rhythmic expression of some hepatic enzymes associated with feeding persist even 

in the absence of an intact circadian clock, which influences global clock gene transcription340, 

348-350. If true, feeding signals are capable of intrinsically driving behaviour in cases of circadian 

disruption and absent external cues. This could explain why, while CTRL animals maintained 

daily rhythms in constant-darkness as in LD, CRY-deficient animals exhibited irregular bouts of 

activity in constant-darkness (3.3.3). Overall, my findings align with and expand upon previous 

literature, demonstrating that SnackerTrackers can identify differences in the patterns of CRY-

deficient vs CTRL mouse food intake and feeding behaviour. 
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3.3.3  Circadian and ultradian rhythms 

Figure 13 compares the periodicity and intensity of food intake and feeding behaviour 

across genotype, sex, and light conditions (i.e., light-dark vs constant-darkness). CRY-deficient 

feeding periodicity decreases in constant-darkness (𝑥̅=24.00h in light-dark conditions vs 

𝑥̅=21.55h in constant-darkness for CTRLs, yet 𝑥̅=19.90h in light-dark conditions vs 𝑥̅=10.80h in 

constant-darkness for CRY-deficient mice), with a significant influence due to light condition 

(F(1,8)=7.344, p=0.0267) and genotype (F(1,8)=11.51, p=0.0095) but not sex (F(1,8)=3.061, p=0.1183, 

Figure 13A). Similarly, Figure 13B shows that CRY-deficient food intake periodicity decreases in 

constant-darkness (𝑥̅=22.52h in light-dark conditions vs 𝑥̅=22.27h in constant-darkness for 

CTRLs, yet 𝑥̅=23.31h in light-dark conditions vs 𝑥̅=12.76h in constant-darkness for CRY-deficient 

mice), with a significant effect of light condition (F(1,8)=11.03, p=0.0105), genotype (F(1,8)=7.934, 

p=0.0226), and the light condition×genotype interaction (F(1,8)=11.07, p=0.0104) but not sex 

(F(1,8)=2.449, p=0.1562). Female mice feed more intensely (i.e., greater feeding amplitudes) (sex: 

F(1,8)=21.82, p=0.0016, Figure 13C) across light conditions and genotypes (genotype: F(1,8)=1.710, 

p=0.2273; light condition: F(1,8)=0.05525, p=0.8201). Figure 13D shows decreased CRY-deficient 

feeding intensity compared to CTRLs (F(1,8)=39.07, p=0.0002) in all mice (sex: F(1,8)=0.07726, 

p=0.7881) across lighting conditions (light condition: F(1,8)=1.980, p=0.1971). 

Plainly, CTRL mice exhibit similar activity and feeding patterns across lighting conditions 

while CRY-deficient mice do not. Rather, CRY-deficient mice exhibit rhythmic behaviours in light-

dark conditions yet present with <24h ultradian rhythms in activity and feeding rates in constant-

darkness (τ≈10.80h and τ≈12.76h, respectively). This may occur due to underlying feeding-

driven rhythms (3.3.2) or dopaminergic ultradian oscillations which promote alertness and 

prominently influence behavioural patterns in voles351. Ultradian rhythms are independent of 

the canonical circadian clock as they persist following SCN lesion352, with dopamine levels 

continuing to increase and decrease with activity337. Therefore, dopaminergic oscillations are a 
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candidate driver of daily rhythms in CRY-deficient mice across lighting conditions, where 

removing circadian-like effects of external light cues in constant-darkness conceivably unmasks 

underlying ultradian influences.  

 

Figure 13. Animal feeding periodicity and intensity differs across lighting conditions. A) The 
period of animal-device interactions is shorter in CRY-deficient mice (Cry1-/-,Cry2-/-) compared to 
CTRL mice, which is more pronounced in constant-darkness (DD) compared to 12:12hr light-dark 
cycles (LD). B) Similarly, feeding periodicity decreases for CRY-deficient mice in constant-
darkness in both male and female mice (i.e., a significant effect of light condition and genotype, 
including their interaction, but not sex though the trend appears more prominent in females). 
C) Female mice show more intense animal-device interactions than males across genotypes and 
lighting conditions. D) Both male and F CRY-deficient mice exhibit decreased feeding intensities 
compared to CTRLs under 12:12hr conditions and constant-darkness. NE=6 for both WT and CRY-
deficient cohorts. See Table 10-Table 11 and A.2 for replicate and statistical details. 
 

Upon examining individual datasets (A.9.2), I observed ultradian feeding bouts in 

constant-darkness in all CRY-deficient mice, yet these appear shorter and more prominent in 

females (τ≈7.54h, A≈15,000 counts/d for females vs τ≈17.0h, A≈7,500 counts/d for males). Such 
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sex differences are not obvious in combined timelines even after sex-disaggregation (Figure 12, 

A.9.1). More intense female vs male interactions have been previously reported in longitudinal 

actogram experiments353, and the presently observed τ≈17.0h in male CRY-deficient mice closely 

resembles that of published running-wheel activity timelines calculated to have an average 

period of ≈17h (where no female data was collected)337. Differences between males and females 

in this study could be due to random variability, true sex-differences, or both. Contrary to 

historical arguments to only include male mice in experiments due to oestrous cycle-induced 

variability in females every ≈4-5d, male mice have interestingly been shown to exhibit more 

extreme daily body temperature and activity fluctuation354. Nevertheless, daily temperature 

oscillations during the female oestrus phase—particularly in the dark phase—suggests that 

oestrogen enhances fluctuation355. When oestrogen levels peak, female mice exhibit increased 

locomotor activity and body temperature oscillations355, which may be associated with cyclically 

elevated metabolic demands. Mouse temperature, feeding, and activity timelines have been 

shown to closely correlate when aligned and compared356-359. Therefore, presently observed 

female feeding and activity data having shorter periods and more prominent amplitudes might 

have occurred due to higher levels of circulating oestrogen in female mice. This could particularly 

explain sex-differences in constant-darkness due to a combination of both unmasked underlying 

rhythms in the absence of external light cues and increased oestrogen-related temperature 

oscillations in darkness355. This does not preclude—but rather compliments—dopaminergic 

ultradian conjectures as oestrogen can increase dopamine levels, the number of dopamine 

receptors, and the affinity of dopamine transporters in the brain360. Sex-differences in observed 

activity bouts could be driven by a range of physiological factors related to interactions between 

oestrogen and dopamine oscillation, altered body temperatures, appetite, or metabolic needs, 

yet is more likely attributable to a combination of all the above. Together, this provides evidence 

of—and possible explanations for—sex-dependent ultradian rhythms in CRY-deficient mice. 
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3.3.4  PIR combination and effects of DLE 

I introduced SnackerTrackers to WT mice under 12:12h light-dark cycles or 12:12h light-

dark cycles with 3h of DLE at dark-onset for three reasons: 1) to visualise light-traces and confirm 

DLE; 2) to determine whether DLE alters amounts or patterns of food intake and feeding 

behaviour; and 3) to evaluate agreement between SnackerTracker and PIR recordings. 

SnackerTracker measurements indeed show strict 12:12h ‘on’/‘off’ LDR traces under light-dark 

conditions (Figure 14A,C) and decreased light intensity after dark-onset with DLE (Figure 14B,D). 

However, LDR data also shows that DLE lasts longer than the expected 3hr window (Figure 14Bi), 

and that ≈3h of dim light unexpectedly occurs after light-onset where lights gradually turn ‘on’ 

rather than switching abruptly (Figure 14Bii-iii). This highlights the importance confirming light 

conditions, particularly upon experimental manipulation, where actual traces may differ from 

what was intended. SnackerTracker data reveal no significant differences in total, light-phase, 

dark-phase, light-onset, or dark-onset feeding or activity under DLE or light-dark conditions 

(Figure 14E-F,i-v). However, PIR data indicated that total time asleep increased under DLE 

(𝑥̅=15.8±0.3 for DLE, 𝑥̅=14.8±0.5 for standard 12:12hr conditions). DLE yielded no divergence 

from expected τ=24h fundamental periodicities under any condition (Figure 14E-Fvi), yet phase-

advanced activity and feeding relative to 12:12hr conditions. This is obvious in Figure 14A-D 

(note Figure 14Biv), Figure 14E-Fvii, and in raw PIR data (A.9.3). No body weight differences 

emerged after recordings (before: 27.16±1.30 vs after: 27.54±1.19, p>0.05) in monitoring animal 

welfare. Prior studies have showed that dim light in the morning reduces activity, improves the 

transition to rest, and yields more-consolidated sleep253, 254, 361. This confounds interpretations 

of increased sleep and changes in feeding behaviour under DLE compared to standard 12:12hr 

conditions, where the presence of dim light in the morning preclude effects being concretely 

attributable to DLE. Irrespectively, and as hypothesised, phase-shifted activity patterns appear 

to emerge as detected by SnackerTrackers and corroborated by PIRs upon exposure to DLE.  
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Figure 14. SnackerTrackers reveal changes in activity and food intake with DLE. Time-course data 
from 7d SnackerTrackers recordings illustrate mouse A-B) food-intake and C-D) food-seeking 
behaviour (animal-device interactions) under A,C) 12:12h light-dark CTRL (NE=5) and B,D) 12:12h 
light-dark cycles with DLE (NE=4). Region shaded in grey represent the scheduled dark-phase. 
Corresponding LDR recording of ambient cage lighting are overlaid, where A,C) abrupt light-dark 
transitions contrast B,D) i) DLE at dark-onset and ii-iii) dim light in the morning. No differences 
emerge for any extracted summary Ei-vi) food-intake or Fi-vi) food-seeking behavioural metric, 
including fundamental periodicities which do not differ from 24h daily rhythms as expected. 
However, the time to peak Evii) food-intake and Fvii) food-seeking behaviour increases under 
DLE, which can be visualised by comparing the proximity of peaks in blue traces in A,C) relative 
to dark-onset to those of magenta traces in B,D). The arrow in Biv) highlights this phase-shift. 
*=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. ZT=Zeitgeber time. See Table 10-Table 11 
and A.2 for replicate and statistical details. 
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3.3.5  Seasonal hamster feeding and video recordings 

I introduced SnackerTrackers to two male hamsters—one housed under a ‘summer’ 

photoperiod, and one under a ‘winter’ photoperiod—to 1) test whether devices are suitable for 

HCM in other rodent species, and 2) to assess whether SnackerTrackers can detect expectedly 

increased food intake in the summer photoperiod condition. A.4.3 shows the cage setup with 

which SnackerTrackers proved compatible; hamsters ate throughout 7d recordings and did not 

lose weight (summer: 26.1g before vs 27.0g after; winter: 48.3g before vs 48.91g after). Figure 

15AIi confirms expected light schedules in the summer condition; however, irregular lighting 

emerged in the winter condition (Figure 15BIii). This again stresses the importance of parallel 

LDR recordings as, otherwise, the difference between SnackerTracker-derived feeding patterns 

in summer/winter conditions (Figure 15V-VI) could have been interpreted as an effect of altered 

photoperiod rather than confounding light conditions. ‘Winter’ feeding and activity patterns in 

Figure 15BV-VI more closely resemble those of CRY-deficient mice in constant-darkness (Figure 

12G-H), where what again appear to be shorter ≈5h ultradian rhythms could similarly be driven 

by feeding340, 348-350. The ‘winter’ hamster interacted more intensely with the SnackerTracker 

(Figure 15V-VIi-ii) and exhibited more feeding behaviour compared to the ‘summer’ hamster 

(Figure 15III-IV). This could be due to varied light exposure or increased body weight; however, 

I noticed that the ‘summer’ hamster was reported to eat an exceptionally small amount of food 

(<0.5g/d) which is not biologically sustainable (Figure 15III). I suspected that pellets may not 

have been entirely removed before SnackerTracker recordings began. I consulted parallel video 

recordings which showed that, indeed, the summer hamster had hidden a stash of small pellets 

deep within its bedding. As two food-sources were therefore present, SnackerTracker data in 

Figure 15A is invalid and does not truly represent total food intake and feeding behaviour. Here, 

SnackerTracker data identified this non-biological recording which, complimented by video 

recordings, revealed clear experimental error.  
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Figure 15. Hamster SnackerTracker data under summer and winter photoperiods. A) ‘Summer’ 
and B) ‘winter’ (protracted dark-phase) timelines include: I) raw mass and LDR data; II) animal-
device interactions; III) total food intake; IV) total feeding behaviour; V) food-intake rates; and 
VI) feeding behaviour rates. BIi) Unexpectedly constant light in the ‘winter’ condition contrasts 
the AIi) ‘summer’ condition and may explain ultradian BVii) feeding and BVIii) activity patterns. 
 
3.4 SnackerTracker and TracKIT design considerations 

3.4.1  Hardware limitations 

Perhaps the most notable hardware limitations which emerged during SnackerTracker 

validations and preliminary applications included insufficient battery life and capacity for data 
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drift. Not-infrequently, battery failure via disconnection at the JST port or insufficient capacity 

to sustain longer recordings resulted in unsuccessful microSD logging (3.1.4) or early truncation, 

both of which led to data exclusion. To address this, I adapted my crimping technique to 

strengthen the JST connection and sourced alternative batteries with JST inserts. I have not 

encountered JST connection errors since. However, a limited battery life of ~2.5 days without 

IoT/Wi-Fi connectivity (which would increase current draw and decrease battery life further) 

remained problematic; batteries are required for wireless SnackerTracker operation, which is 

needed for compatibility within standard individually ventilated cages. As I anticipated needing 

to obtain >2.5d recordings, I adapted the case cover such that USB power could be supplied 

through a grommet aligned with the MKR 1010 port. I piloted USB-power-supplied recordings 

and collected continuous week-long recordings without issue (A.4.4). I describe the process of 

both wired and wireless data collection in protocols.io280. Although I did not observe data drift 

during testing (2.2.2), a lack thereof should not be assumed. Drift may onset with device wear 

and longer recording times (e.g., temperature and humidity fluctuations)212 and should 

therefore be confirmed periodically (e.g., monthly if used frequently, otherwise before any set 

of recordings if unused for >1mo). Humidity fluctuations may introduce systematic error as 

pellets which absorb or lose ambient moisture will increase or decrease in weight, respectively. 

During this study, all mice were maintained in temperature- and humidity-controlled 

environments (20–24°C and 45–65% per UK regulations), which minimised the chance of this 

artifact occurring. However, even small differenced within this range could have a notable effect 

as elevated humidity can promote water retention, hinder pellet integrity, and accelerate food 

deterioration/crumbling. For any specific diet used for the first time, potential humidity 

confounds could be addressed by using an empty cage and weighing food at the start and end 

of a study to calibrate humidity effects. Future experiments should consider recording humidity 

to determine whether fluctuations capable of confounding results emerge. 
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3.4.2  Software limitations 

Further limitations surfaced in operational (3.1.4) and analysis (3.2) software. Despite 

successful IoT monitoring during benchtop testing (3.1.4-3.1.5), the IoT proved incompatible 

with university networks which I therefore chose not to use during in vivo recordings. A lack of 

IoT connection precludes remote monitoring, yet not local SD card data storage, so I solely used 

SD-logging thereafter. Future real-time data monitoring and remote-control could be achieved 

using alternative platforms (e.g., Node Red)205, 209. This would be an essential future direction if 

real-time feedback is necessary in future studies requiring experimental intervention according 

to animal activity, sleep, or feeding state. I designed TracKIT for SnackerTracker analyses, yet it 

can theoretically be used to process any time-series data as I demonstrated using DVC outputs 

(3.3.1). This is both a critical TracKIT platform feature and inherent limitation; underlying TracKIT 

scripts can be adapted to accommodate different input formats, yet the detailed structures of 

files from other HCM suites (e.g., Promethion199 and CLAMS200), integrations (e.g., 

PhenoTyper204), and video-based systems (e.g., CageView203) are typically proprietary (Table 2). 

More sophisticated TracKIT processing algorithms should be considered and integrated to 

address confounds like humidity and data drift—for which calibration curves could be acquired 

and used to correct conceivable instances of either occurring—and to enable analyses of nuanced 

waveform features. Features like phase-space twist (i.e., degrees of amplitude-period co-

modulation), waveform asymmetry (i.e., differences in the rate at which activity or feeding 

peaks rise and fall), and rhythm fragmentation indices (i.e., which quantify the variance 

explained by defined rhythms as compared to noise) may reveal insight into distinct circadian 

phenotypes356 that currently cannot be detected by the Sum of Sine regression model presently 

employed. Whether for novel input file accommodation or computational advancement, I 

provide underlying scripts across multiple open-source platforms to encourage future 

community development. 
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3.4.3  Device longevity 

Additional challenges emerged related to device design and wear over time. Device 

longevity is a concern as mice naturally chew and scratch. Though damage was minimal after six 

months of use, printing or casting the chassis using more durable materials (e.g., aluminium) 

could preserve SnackerTracker integrity, though with increased cost. Surprisingly, I observed 

little to no device damage in any form during hamster pilot experiments (3.3.5). I proactively 

considered the possibility that urine may damage electronics, and circumvented this by bevelling 

the case cover design (A.3.3). When later testing USB power supply, one mouse chewed the wire 

at the grommet interface; wrapping the junction in electrical tape prevented further chewing, 

however this may not suffice if mice chew more aggressively. As with any recording device in 

the home cage, researchers should ensure that access to any wires or sensitive components is 

minimised and that devices are regularly inspected for damage. 

3.4.4  In vivo complications 

Additional in vivo limitations include incompatibility with social housing, capacity for 

error if pellets are removed but not ingested (i.e., ‘crumbling’ and ‘cheekiness’), and ‘chipping’ 

phenomena. The current SnackerTracker design is solely suited to single-housing as one cannot 

otherwise discriminate which mouse would be removing pellet from the food holder at any given 

time. This could be circumvented if RFID or video-based tracking (e.g., AnyMaze) are combined 

with future SnackerTracker setups. Systematic error is likely present due to ‘crumbling’ if pellets 

are removed from the food holder but not imminently eaten (e.g., hoarded and later consumed). 

This was to proportionally little effect yet is not negligible; I sieved and weighed crumbs which 

accumulated daily amongst and under bedding material during in vivo pilot compatibility tests 

and estimated that this amounted to 0.219±0.016g/d (equivalent to <5% of animals’ total food 

intake). Future studies should monitor and report crumbling as both an absolute mass and as a 

percentage of total food intake to account for natural differences between animals. 
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SnackerTracker hamster recordings introduce another crumbling-like source of possible error—

which here I term ‘cheekiness’—as hamsters can store food in their cheeks. Pellet masses 

reported as being removed from the SnackerTracker are typically assumed as being consumed 

but may be stored in the cheek for later digestion. Feeding patterns may then be misrepresented 

if cheek-filling and digestion occur at different times. ‘Chipping’ is another non-negligible issue 

as animals may sit, defecate, or place bedding atop the food holder. I therefore created the 

TracKIT 'chip filter' where, during processing step II, spikes can be manually identified, 

attenuated, and documented in output metadata to mitigate artifacts (3.2.2, A.3.10). In vivo 

complications are not unnavigable yet must be considered when conducting SnackerTracker 

experiments and interpreting results. 

3.4.5  Genotype-phenotype confounds 

Any experimenter must also consider whether SnackerTracker food presentation (i.e., 

whether food is provided on the cage-floor or presented via a food-holder) influences feeding 

behaviour or food intake in genetically modified or ill animals. The final design presents food in 

a manner which resembles normal cages with food hoppers; any mouse line that struggles to 

access the food hopper in a normal cage should similarly struggle to access food from the 

SnackerTracker. Supplementing the cage floor with pellets or mash would render 

SnackerTracker recordings invalid, however SnackerTracker feeding would then resemble 

restricted feeding if no food supplements are provided (which should never occur unless 

experimentally planned and ethically approved). Similar considerations should be made when 

working with animals with anxiety phenotypes, as neophobic animals may eat less when 

presented with a novel food source. As such, alternative physiological and behavioural 

interpretations of SnackerTracker outputs should always be considered, and animals should be 

monitored closely during recordings (e.g., via body weight and general welfare documentation) 

especially when first exposed to this new feeding system. 
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3.5 Indications and future directions 

3.5.1  Parsing and advancing behavioural HCM 

HCM has been integral to preclinical sleep and circadian research for decades; however, 

despite technological advancements, limitations related to behavioural specificity and analysis 

standardisation persist. Running wheels, video- tracking, beam-break sensors, PIRs, and DVCs 

quantify home cage behaviour, yet by different methods which can confound data collection 

and phenotype interpretation. Results from PIR and running-wheel data can drastically differ362, 

and measuring activity using running wheels with EEG/EMG recordings independently affects 

sleep363, 364. Analyses can compound differences depending on which processing parameters are 

specified213 and, critically, in how biological features of interest are extracted from raw data as 

exemplified in SnackerTracker measures of food intake vs food-seeking behaviour (3.2.2-5.1.1). 

Therefore, while quantifying home cage activity may proxy feeding behaviour, these measures 

are not interchangeable (5.1.1). Feeding should be measured using designed-for-purpose tools 

like the SnackerTracker-TracKIT platform, which is thus relevant in its capacity to provide 

targeted insight into the amount and pattern of animal food consumption. 

3.5.2  Contracted provision 

SnackerTracker construction, modification, and implementation requires expertise in 3D 

printing, electronics, and coding. To cater for users who do not specialise in these techniques, I 

partnered with Oxford’s Department of Physics Electronics design workshop and Dr. Keiran 

Foster (website: www.physics.ox.ac.uk/about-us/our-facilities-and-services/electronics-design-

and-workshop; email: optec_enquiries@physics.ox.ac.uk). I provided their team with all 

construction details such that they can provide pre-assembled SnackerTrackers for a fee. At the 

time of the submission of this thesis, one SnackerTracker can be purchased for £250.00 and each 

additional device thereafter for £210.00 (including parts and labour).  
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3.5.3  Improving animal welfare 

The SnackerTracker also presents as a refinement to animal research. Documenting 

feeding patterns is informative when monitoring rodent welfare, particularly after surgical 

procedures to ensure normal recovery (reduced appetite will typically accompany sickness). 

More generally, incorporating SnackerTracker measurements into regular welfare assessments 

may identify abnormal feeding patterns or food intake as an early indication of disease or 

experimental complication. Particularly, prey species like mice may mask sickness behaviour as 

signs of weakness increase susceptibility to predation in nature. As increased levels of 

inflammatory cytokines during sickness may induce elevated body temperatures, decreased 

appetite, and significant metabolic changes365, food intake measurements may identify illness 

before more overt behavioural signs like weight loss emerge. SnackerTrackers are furthermore 

non-invasive; researchers are not required to reach into cages to introduce or extract food, 

which minimises disruption to the home cage and stress to both animals and humans (1.2.5)75. 

LDR inclusion provides further welfare benefit as SnackerTracker-TracKIT identified unexpected 

cases where lights may have turned ‘off’ for several hours in Figure 10DIIIiii or remained nearly-

constantly ‘on’ in Figure 15BI. Conditions of constant darkness or light can be detrimental to 

animal well-being366, 367 and can profoundly influence activity (3.3); as such, any unexpected light 

cycle schedule deviation can confound sleep and circadian studies. Welfare checks can identify 

home cage light discrepancies or animal sickness at discrete times, yet additional continuous 

SnackerTracker recordings would provide complimentary insight into conceivable daily 

fluctuations and longitudinal trends across an animal’s lifetime. 

3.5.4  Drug-delivery and pharmacological applications 

SnackerTrackers could improve the accuracy of drug delivery via diet and improve 

preclinical pharmacological testing. Knowing how much drug-laden food an animal has eaten at 

any timepoint would enable precisely drug dosage calculations. In animal research, CNO and 
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tamoxifen are being increasingly used to elicit neuronal responses or trigger gene expression, 

respectively147, 368. CNO and tamoxifen are typically injected into mice or delivered via oral 

gavage, yet companies (e.g., Inotiv, Research Diets etc.) have begun producing drug-laced food 

pellets; tamoxifen is currently available, and CNO efforts are ongoing. Diet-based tamoxifen or 

CNO administration would be an immense welfare improvement, yet dosage amounts would be 

difficult to ascertain if food is provided ad libetum. Therefore, the SnackerTracker could be a 

valuable means of determining the mass of CNO/tamoxifen-laced food pellets consumed at any 

time—by knowing pellet drug concentrations, the amount of CNO or tamoxifen ingested could 

be calculated. SnackerTracker recordings would be relevant in using other pharmacological 

agents in research applications or preclinical drug development; precisely knowing when and 

how much food has been eaten could inform the efficacy of therapeutic candidates associated 

with diseases including but not limited to diabetes, digestive disruption, weight loss, eating 

disorders, and sleep disturbance202, 348, 369-373. If a researcher is using animal models to test a drug 

candidate, it is critical to characterise if and how feeding is influenced whether as an intended 

or unintended consequence. As I show throughout preliminary in vivo experiments (3.3.4, 3.5.1), 

food-intake may not precisely correspond with activity or food-seeking behaviour, therefore a 

direct and dedicated means of measuring feeding is warranted347, 374. 

3.5.5  Future SnackerTracker-TracKIT directions and customisability 

The SnackerTracker and TracKIT platforms are novel in their open-source design and 

provision; I created both such that interaction with source files is not required for users with 

little programming experience, yet others capable of full-command can access underlying 

scripts, modify both the chassis and processing pipeline to suit individual experimental needs, 

and contribute to community improvement. In future applications, the SnackerTracker could be 

used in a range of home-cage setups, with additional animal species (e.g., voles and, if increased 

in size, possibly ferrets), and in combination with other monitoring systems according to study-
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specific requirements. To follow-up on observed sex-differences in ultradian rhythms in CRY-

deficient mice, feeding and activity data could be correlated to body temperatures over time to 

test the sex-dependency of feeding activity oscillations as a function of oestrous cycles and 

temperature profiles.  This could be achieved by obtaining thermal data via implanted devices 

or non-invasive imaging375, and activity via PIR or video recordings205. These parallel datasets 

could validate SnackerTracker recordings and provide additional insights into behaviours 

influencing data interpretation. I currently report SnackerTracker LDR measurements in 

arbitrary units; while this provides discrete ‘on’/’off’ insight, unitless metrics cannot discern 

absolute intensities or wavelengths. It may be difficult to incorporate more sophisticated light 

sensors into the existing SnackerTracker configurations; however, future experiments could 

easily involve placing open-top-cages with SnackerTrackers into LTCs equipped with 

spectrophotometers which quantify spectral distributions210. This would expand the scope of 

SnackerTracker application in experiments requiring precise light measurements (e.g., circadian 

photometry applications). For compatibility with studies involving head-mounted EEG/EMG 

leads, optogenetic implants, or multielectrode probes, the food holder could be redesigned such 

that pellets extend horizontally to prevent overhead wire-tangling. Future studies could use the 

SnackerTracker to evaluate food preferences by providing two or more devices in one cage, or 

by upgrading the design to possess two load cell-food hopper assemblies (with different food 

provided within each) for simultaneous self-contained measurement. Data could furthermore 

be used as an experimental outcome when comparing CRTL mice to those modelling a range of 

human diseases, for example decreased feeding following digestive disturbance using the 

dextran sodium sulphate colitis model369, or increased feeding using models of Prader-Willi 

Syndrome202. Demand will drive future directions, which are wide in scope due to the adaptable 

design, low cost, and open-access provision of the SnackerTracker home-cage monitoring device 

and TracKIT analysis platform211, 258, 280, 324, 376. 
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Chapter 4: Results – Layer 6b silencing and augmentation yields 
anatomical changes revealed by analysis pipeline refinement 
 

This chapter characterises whole-brain Drd1a-Cre cell densities and soma morphologies 

under chronically ‘silenced’ and ‘augmented’ conditions, then compares Drd1a-Cre cells and 

human WMINs to support or contest their analogy. While prior studies histologically document 

Drd1a-Cre+ expression in select ROIs4, 48, 50, 75, 77, 78, none capture conceivable network-level brain-

wide effects (1.2). Means of whole-brain analyses are therefore necessary, yet to my knowledge 

none can yet 1) identify cells across fluorophore combinations, 2) atlas-map detections, and 3) 

incorporate soma size analyses. The QUINT pipeline accepts single fluorophore detections yet 

cannot accommodate multiplexed signals or soma integrations220. Therefore, I first describe 

computational improvements which render it (r-QUINT) suitable for present experiments (4.1.1-

4.1.3). I then validate r-QUINT performance by comparing PV/VVA quantifications to recently 

published datasets, reasoning that densities should be similar across methods (4.1.4, 4.1.5). To 

further test r-QUINT viability, I quantify PV/VVA expression in available L5 excitatory and 

inhibitory DREADD samples; I expected no differences to emerge in PV densities, yet that VVA 

may subtly vary to compensate acute L5 perturbation (4.2). I then use r-QUINT to histologically 

document changes in Drd1a-Cre subtype expression patterns upon chronic Snap25-cKO (I 

anticipated minimal genotype differences) and PTEN-cKO (I predicted increased cell prevalence 

and hypertrophy, particularly in CPLX3-expressing subtypes, resembling human conditions of 

altered WMIN morphology associated with PTEN dysfunction) (4.3). Finally, I compare single-

neuron traces of mouse Drd1a-Cre cells and human WMINs, hypothesising that subtypes should 

bear morphometric resemblance across species according to ORX-sensitivity and pyramidal vs 

non-pyramidal characterisation (4.4). This will inform the notion of phylogenetically conserved 

roles of subplate remnants and the interpretation of results from studies employing the Drd1a-

Cre mouse model when considering relevance to human conditions (4.5). 
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4.1 QUINT pipeline improvements and initial validations 

4.1.1  Overview and adaptations 

Limitations of the QUINT workflow required computational refinements to enable pan-

cortical analyses of cell densities, distributions, and morphologies across multiple fluorescently 

tagged proteins. As detailed schematically in Figure 3, methodologically in 2.3.4, and pictorially 

in Figure 16, my refined pipeline involves: 1) pre-processing; 2) atlas mapping; 3) feature 

extraction; 4) data registration; and 5) output tagging. This improves 2D→3D analyses by 

enabling multiplexed morphometric integration and regionalisation. I describe methodological 

adaptations across steps 1-3) in 4.1.2, particularly regarding image acquisition (i.e., SDCM and 

SSFM), standardised pre-processing (i.e., image format, channel colour assignment, contrast, 

pixel dimensions, and nomenclature), and segmentation (i.e., employing QuPath and Arivis as 

opposed to Ilastik or ImageJ). 4.1.3 details further adaptations across steps 3-5), which involve 

extracting multiplexed branch and soma morphometric features for integration with whole-

brain quantifications. 4.1.4 provides preliminary validations of PV/VVA and Drd1a cell densities 

against previously published quantifications, while 4.1.5 describes present workflow limitations 

and promising future directions. Groovy and MATLAB scripts standardise image segmentation 

workflows, which I therefore have referenced in the appendices after having deposited each to 

open-source repositories (i.e., GitHub and Zenodo). Overall, I present alternative image 

acquisition and analysis methods which advance pipeline capabilities by enabling multiplexed 

analyses and morphometric integration. While I currently only incorporate soma volumes into 

r-QUINT analyses, results provide proof-of-concept for further development (i.e., to eventually 

tag other soma morphometric features and neurite characteristics) and stress the importance 

of standardisation in future applications.  
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Figure 16. Progression of sample sections through the revised QUINT pipeline32. Steps and 
associated software include: 1) image pre-processing using Fiji/ImageJ; 2) atlas mapping via 
VisuAlign and QuickNII; 3) feature extraction (soma detection and morphometrics) using 
Fiji/ImageJ and QuPath; 4) registration using Nutil; and 5) output tagging via MATLAB and 
MeshView visualisation. Blue=DAPI, red=Drd1a, cyan=PV, and magenta =VVA. 
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4.1.2  Image acquisition, pre-processing, and segmentation 

Pipeline modifications encompassed standardised image acquisition, pre-processing, 

and segmentation adaptations to address microscopy artifacts and QUINT compatibility. I first 

considered which imaging modality to use as the pipeline originally employed SSFM220. SDCM 

significantly improved image quality (Figure 17) thereby warranted cost-benefit analyses 

(A.6.1). Costs included time, equipment usage fees, and image file size, while benefits included 

signal-to-noise ratio (SNR) and resolution. I initially selected SDCM for L6 studies due to an 

improved signal-to-nouse ratio suitable for morphometric analyses (4.1.3). However, I employed 

SSFM for L5 studies (chapter 5) given the larger number of sections across a greater number of 

fluorophore combinations and correspondingly prohibitive time, cost, and data storage 

requirements; I projected that SDCM for L5 studies would require ~511h of active scanning time, 

~48.5TB of storage, and ~£24,500 in cost-recovery fees, while SSFM would require ~84.0h of 

automated scanning time, ~2.79TB, and ~£3,960 for an equivalent number of sections (A.6.1).    

 
Figure 17. Compares SDCM and SSFM image quality. Pilot A-B) Drd1a-Cre+ images from SDCM 
yielded superior SNR, yet C-D) Rbp4-Cre+ images from SSFM were more time- and cost-effective. 
Rectangles in A,C) correspond to B,D), respectively. Scale bars: A,C)=1mm; B,D)=200μm. 
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Pre-processing employed custom ImageJ macros (A.10.3, A.10.6) which ensured that 

images were formatted as .tiffs, consistent across channel assignments, suitably contrasted, 

≤10,000×10,000px, and named appropriately220. For image segmentation, QuPath substituted 

the use of Ilastik in the original QUINT Feature Extraction workflow (Figure 3); analysing 

exceptionally large full-coronal images proved incompatible with limited ImageJ RAM capacities, 

while QuPath employed a RAM-compatible multi-resolution method to break images into 

smaller tiles for processing followed by re-stitching. I therefore adapted QuPath Groovy 

segmentation scripts from a common scaffold (A.10.4) for each fluorophore combination. That 

is, I independently assessed signal intensity histogram distributions alongside combinations of 

cell detection parameters (A.6.3) and object classifiers to refine segmentation accuracy (i.e., 

circularity, area, and intensity via 𝜎! cutoffs) (A.10.5). Figure 18 illustrates sample segmentation 

and colocalisation fidelity. Proprietary programmes like Arivis could be alternatively employed 

where image pre-processing can be defined within segmentation pipelines (4.1.3); nevertheless, 

and in prioritising the use of open-source platforms wherever feasible, these ImageJ and QuPath 

scripts proved to be a viable workflow for standardised image pre-processing and segmentation. 

I used a third ImageJ macro (A.10.6) to mask segmentations. This involved additional processing 

where thin single-pixel outlines from QuPath detections were hyper-contrasted to ensure that 

each cell was distinguished from neighbours by a perimeter of at least one pixel. This is essential 

for Nutil quantifications yet inherently induces systematic error by underestimating soma areas 

by the area of perimeter-pixels omitted. Future computational adaptations could address this 

by incorporating Equation 3 into A.10.7; assuming approximately circular soma, radii could be 

artificially increased by a value of 1 pixel (i.e., 0.325μm) then used to re-calculate areas.  

Equation 3. Computational r-QUINT correction. Accounts for underestimated soma areas in r-
QUINT due to perimeter hyper-contrasting. vc=corrected volume; vo=original volume; and δ=1px 
if volume units=px, or the equivalent width of one pixel (e.g., δ=0.325μm) if volume units=μm2. 

𝑣6 = 𝜋 47
𝑣%
𝜋
+ 𝛿5

+
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Figure 18. r-QUINT segmentation accuracy. A) Drd1a-Cre+ cells are B) detected via QuPath object 
classification (Drd1a+=yellow). Areas masked by Drd1a are evaluated for C) CPLX3 colocalisation 
(Drd1a+/CPLX3-=red; Drd1a+/CPLX3+=blue). Similarly, D) CPLX3+ cells are E) detected 
(CPLX3+=green) and tested for F) Drd1a overlay (CPLX3+/Drd1a-=cyan; CPLX3+/Drd1a+=magenta). 
While imperfect, segmentations across A-F) appear acceptable. 
 
4.1.3 Morphometric tagging and multiplexing 

I unsuccessfully attempted soma and neurite morphometric analyses using Arivis, then 

successfully turned to QuPath for r-QUINT data tagging and regionalisation. First, I used Arivis 

to pre-process and segment both soma and neurites (Figure 19). However, I was not satisfied 

with the quality of Arivis’ automated neurite tracing which proved to be limited by imaging 

resolution. Arivis furthermore could not generate single-pixel perimeters around soma 

detections, thus proved incompatible with Nutil. So, I exclusively employed QuPath thereafter.  
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Figure 19. Illustrates 3D soma and neurite morphometric feature extraction using Arivis. This 
involves A) PV cell detection and B) VVA colocalisation (PV+/VVA+=yellow outline and PV+/VVA-

=orange outline). C) The QR-linked video377 illustrates brain-wide Drd1a and PV cell 
segmentations upon r-QUINT processing, including D-F) sample Drd1a-Cre+ neurite tracing in S1. 
 

Following QuPath segmentations, I used multiplexed ‘tagging’ to assign x/y/z coordinate 

‘addresses’ to detected cells in MATLAB (A.10.7). Nutil designates soma addresses to ROIs—

conceptually, as one may assign a street address to a province—and outputs data tables 

containing labelled coordinates224. I capitalised upon this by linking morphometric feature 

extractions to seeding cell coordinate assignments/‘addresses’ via transient binary combination 

matrices following soma/neurite analyses. That is, I systematically deposit cell coordinates into 

matrix ‘bins’—one bin per cell—such that rows correspond to identically-addressed cells in 

morphometric spreadsheets. These matrix data structures enable multiplexed analyses if 

multiple QuPath object classifications employ identical primary detections (e.g., Cre+ soma) with 

various second detections (e.g., ±PV, then ±VVA). Using QuPath output tables, I add binary 

classifications to matrix bins detailing whether Cre+ cells co-expresses or lack other signals. 
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Multiplexed fluorophore signatures are thereby detailed by 2(f-1) binary values, where f=the 

number of signals considered. f≤3 for all L5-6 analyses where, for example, RFP/PV/VVA (f=3) 

involves 2(f-1)=4 combinations: RFP+/PV+/VVA+, RFP+/PV+/VVA-, RFP+/PV-/VVA+, and RFP+/PV-

/VVA-. By this method, MATLAB scripts extract and link QuPath outputs—including cell densities 

and soma volumes—from any fluorophore combination in any atlas-defined ROI (A.10.7). 

4.1.4  Workflow testing and validation 

To test r-QUINT accuracy, I analysed PV/VVA densities using SDCM sections from Drd1a-

Cre+ PTEN-CTRL brains for comparison to: 1) serial two-photon tomography (STPT) images 

analysed using qBrain261; and 2) PSCM images analysed via ImageJ378. 1) PV analyses of NE=10 

PV-IRES-Cre;GFP mice (B6;129P2-Pvalbtm1(cre)Arbr/J, The Jackson Laboratory, No. 008069)261 across 

134 ROIs resembled data from NE=3 r-QUINT/SDCM brains (Figure 20A-B, A.2). Units in Figure 

20A-B represent the regional ratio of cells per ROI to those detected brain-wide; otherwise, r-

QUINT quantifications from fewer SDCM sections would be systematically lower. In Figure 20A, 

the slope of the origin-constrained line-of-best-fit relating STPT/qBrain to SDCM/r-QUINT—

y=(0.9880±0.0147)x—did not differ from the predicted value of 1 (F(1,669)=2.575, p=0.1091, 

r2=0.9593) (A.2), indicating fair alignment. However, this strong correlation is deceiving; if ROIs 

with large counts are omitted (i.e., excluding four whose SDCM PV-densities exceed 2.5𝜎), 

r2=0.6774 and the slope of the line-of-best-fit (y=(0.9011±0.0368)x) differs significantly from 1 

(F(1,649)=27.95, p<0.0001) (Figure 20B). 2) PV SDCM-r-QUINT analyses of NE=3 Drd1a-Cre PTEN-

CTRL brains did not differ from PSCM-ImageJ analyses (method effect: PV+ F(1,25)=2.132, 

p=0.1567) across ROIs (Figure 20C, A.2). VVA differed significantly (method effect: VVA+ 

F(1,10)=41.27, p<0.0001; PV+/VVA+ F(1,10)=19.47, p=0.0013; PV+/VVA- F(1,10)=30.00, p=0.0003) yet 

consistently (method×ROI: VVA+ F(1,10)=0.0009, p=0.9765; PV+/VVA+ F(1,10)=3.503, p=0.0907; 

PV+/VVA- F(1,10)=3.108, p=0.1084), yielding identical conclusions upon extended analyses (see 

4.3.4 and A.2). Collectively, these tests support r-QUINT validity. 



 - 127 - 

 
Figure 20. r-QUINT validation. r-QUINT/SDCM PV quantifications across ROIs (using NE=3 PTEN-
CTRL brains) correlate with qBrain analyses from STPT (NE=10 PV-IRES-Cre;GFP brains)261, both 
A) with and B) without omitting the four largest values. C) r-QUINT outputs resemble higher-
resolution PSCM/ImageJ analyses (NE=5 PTEN-CTRL brains) in select ROIs. RR=regional ratio 
(number of cells per ROI/number of cells brain-wide). See Table 10-Table 11 and A.2 for details. 
 

I then conducted additional validations to assess Drd1a-Cre+ subtype densities in pre-

selected ROIs (extracted post hoc from r-QUINT) both to compare to results from published data 

(PSCM)4 and for proof-of-concept laminar analyses. That is, I quantified Cre+ cells from the same 

Drd1a-PTEN-CTRL driver as in Figure 20 but rather tested the ability of r-QUINT to detect CPLX3 

colocalisation before proceeding to Drd1a analyses across genetic conditions (4.3). In S1 L6b, r-

QUINT yielded a Drd1a density of 9.55×10-4±5.98×10-5cells/μm2 with 49.5±4.8% Drd1a+/CPLX3+ 

colocalisation which resembles Drd1a=5.4×10-4±9.3×10-5cells/μm2 with 31±8% Drd1a+/CPLX3+ 

from prior studies4. Within-order-of-magnitude differences are not unexpected as r-QUINT and 

literature estimates employed mice of different ages (76±5d and 35d, respectively). Then, in the 

PFC L6b, r-QUINT estimated Drd1a+ densities of 9.22×10-4±7.14×10-5 cells/μm2 with 14.3±6.1% 

Drd1a+/CPLX3+4, 78. Drd1a densities were similar across cortical regions (region: F(1,126)=0.5507, 

p=0.4594) and layers (layer×region: F(6,126)=1.103, p=0.3646), yet Drd1a+/CPLX3+ colocalisation 

was notably less-prevalent in the PFC compared to S1 (region×colocalisation: F(1,126)=33.94, 

p<0.0001) (A.2). Figure 21 depicts r-QUINT quantifications across cortical regions and layers78 as 

will be conducted for DREADD applications (4.2) and Drd1a-subset classifications (4.3). 
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Figure 21. Illustrates Drd1a-Cre+ densities and CPLX3 colocalisation. The A-B) S1 and C-D) PFC 
are shown. A,C) Rectangles in coronal hemisections are expanded and annotated across L1-6, 
which correspond to data in B) and D), respectively. Overall Drd1a densities are similar between 
regions, yet L6b CPLX3 colocalisation is greater in S1. Scale bars: A,C) hemisections=1mm; 
cortices=200μm. See Table 10-Table 11 and A.2 for replicate and statistical details. 
 
4.1.5  Pipeline limitations 

Several limitations limit r-QUINT accuracy. Segmentation challenges remain, particularly 

in regions where cells are densely packed (e.g., dentate gyrus) and highly vulnerable to QuPath 

analysis parameters including signal intensity thresholds, watershed detection algorithms, and 

object classifications. I therefore manually checked all image segmentations for accuracy and 
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adjusted detection parameters as needed before proceeding with r-QUINT registrations. This 

was exceptionally time-consuming and counteracted both the intended time-saving and un-

biasing benefits of ‘semi-automated’ analyses. The ability to analyse cell densities belonging to 

stained fluorophore combinations across ROIs and conditions introduces immense investigative 

capacities, yet at the expense of statistical power—corrections for multiple comparisons render 

many analyses statistically insignificant. A smaller number of ROIs and conditions can be pre-

specified and extracted from r-QUINT analyses for proper statistical evaluation, while post hoc 

exploratory analysis thereafter can probe changes in regions which may not have otherwise 

been considered. Such exploratory assessments must be acknowledged as under-powered yet 

may prove useful in informing follow-up experiments. 

4.2 Experimental DREADD application 

4.2.1  DREADDs 

I then used r-QUINT to assess whether PV/VVA expression changed following acute 

genetic manipulation (A.1.3). Figure 22A-D shows sections from DREADD mice after saline or 

CNO injection following i) pre-processing, ii) mapping, and iii) segmentation. Analyses in pre-

specified hippocampal and subcortical ROIs showed no significant differences in PV densities, 

yet subtle variation in VVA co-expression (Figure 22E-H, A.8.1-A.8.2). I expected no change in 

PV due to the acute nature of CNO action (i.e., effects emerge within minutes and last up to 

several hours) and PV protein stability379, 380. However, changes in VVA co-expression are 

conceivable due to the rapid plastic capacity of perineuronal nets to respond to L5 excitation or 

inhibition147, 267, 381. The zona incerta exhibited bidirectional changes in PV+/VVA+ upon CNO 

injection, with densities increasing and decreasing upon DREADD excitation and inhibition, 

respectively. More notable changes in PV/VVA densities and distributions may emerge and 

exacerbate with time380 as, conceptually, PV cells could provide downstream homeostatic 

compensation for CNO-induced Rbp4-Cre excitation and inhibition.  
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Figure 22. DREADD r-QUINT subcortical analyses. A-D) Shows the progression of representative 
coronal sections through r-QUINT i) pre-processing, ii) atlas-mapping, and iii) segmentation for 
mice with A-B) excitatory DREADDs and C-D) inhibitory DREADDs following A,C) saline and B,D) 
CNO administration. E-H) PV cell densities with and without VVA co-expression are shown for E-
F) excitatory DREADD and G-H) inhibitory DREADD conditions in E,G) hippocampal (Hip) and F,H) 
subcortical (SubC) ROIs, where PV densities only differ in the TRN upon acute inhibition. 
Hemisection ROIs  include the *RSA, **V1, and ***S1 as, for subsequent cortical analyses, those 
in A-B) i) correspond to zoomed images in Figure 23 while those in C-D) i) correspond to zoomed 
images in Figure 24. *=p<0.05 following two-way ANOVA with corrections for multiple 
comparisons. See Table 10-Table 11, A.2, A.8.1, and A.8.2 for replicate and statistical details. 
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4.2.2  Excitatory DREADDs 

I then considered effects of acute Rbp4-Cre excitation on PV/VVA expression in cortical 

ROIs. Analyses in the RSA, V1, and S1 showed no regional changes in PV densities or VVA co-

expression upon CNO administration (F(1,4)=2.613, p=0.1813) (Figure 23). I observed no changes 

between layers (RSA F(1,4)=1.907, p=0.2394; V1 F(1,4)=0.8506, p=0.4086; S1 F(1,4)=5.841, p=0.073), 

yet subtle trends towards increased PV (particularly PV+/VVA+) within layers. Effect sizes were 

large in L5 across all regions (RSA d=1.263, p=0.233; V1 d=0.845, p=0.692; S1 d=1.860, p=0.022) 

yet only reached statistical significance in S1 L4-5 (A.8.3, A.2). This is consistent with subcortical 

trends (Figure 22), indicating compensation for increased L5 neuron activity via increased 

GABAergic network stability379, 380 and circuit suppression. Despite increased PV+/VVA+ densities, 

VVA expression showed a trend towards decreasing across layers and cortical ROIs, with RSA 

exhibiting the most notable decreases in L5 (d=1.916, p=0.018) and L2-3 (d=2.142, p=0.006) 

(A.8.3, A.2). Collectively, this suggests perineuronal net re-distribution to favour PV+/VVA+ 

preservation or newfound co-expression, both of which are plausible given VVA dynamics 

(capable of responding to network alterations within minutes) and established roles of 

perineuronal nets in stabilising fast-spiking PV interneuron networks381-383. 

4.2.3  Inhibitory DREADDs 

Upon inhibitory DREADD actuation, I observed no change in PV densities across cortical 

ROIs (F(1,2)=0.4246, p=0.5815) or layers (RSA F(1,2)=0.04222, p=0.8562; V1 F(1,2)=2.154, p=0.2799; 

S1 F(1,2)=0.001787, p=0.9701) (Figure 24). However, a trend towards increased PV+/VVA- 

densities and decreased or constant PV+/VVA+ densities emerged across ROIs. This was apparent 

especially in S1 where VVA co-expression decreased. Counterintuitively, VVA densities increased 

across layers in V1 (F(1,14)=7.76, p=0.0146) and RSA (F(1,14)=9.71, p=0.0076) yet were unchanged 

in S1 (F(1,14)=2.50, p=0.1365) (A.8.4, A.2). As in 4.2.1, this suggests more complex perineuronal 

net remodelling and emphasises the importance of considering cortical heterogeneity. 
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Figure 23. PV/VVA cortical densities differ upon excitatory DREADD activation. No changes in 
overall PV interneuron densities emerge across cortical ROIs, yet trends towards increased PV 
densities—particularly PV+/VVA+ subpopulations—are apparent in the A-C) RSA, D-F) V1, and G-I) 
V1. Heat maps in B,E,H) illustrate pairwise effects of CNO administration within and between 
cortical ROIs on PV densities; shades of blue/cyan indicate effect size as Cohen’s d-values, and 
shades of green/yellow indicate statistical significance as p-values. Horizontal and vertical bars 
represent overall within-region/layer statistical significance and effect size, respectively. Sample 
images of the C) RSA, F) V1, and I) S1 correspond to Figure 22Ai-Bi). Scale bars=100μm. 
*=p<0.05. See Table 10-Table 11 and A.2 for replicate and statistical details. 
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Figure 24. PV/VVA cortical densities differ upon inhibitory DREADD activation. No changes in 
overall PV interneurons densities emerge across cortical ROIs, yet trends towards an increased 
proportion of PV+/VVA- emerge in the A-C) RSA, D-F) V1, and G-I) V1. Heat maps in B,E,H) 
illustrate pairwise effects of CNO administration on PV densities within and between cortical 
ROIs, where shades of blue/cyan indicate effect size as Cohen’s d-values and shades of 
green/yellow indicate statistical significance as p-values. Horizontal and vertical bars represent 
overall within-region/layer statistical significance and effect size, respectively. Sample images of 
the C) RSA, F) V1, and I) S1 correspond to Figure 22Ci-Di). Scale bars=100 μm. *=p<0.05. See 
Table 10-Table 11 and A.2 for replicate and statistical details. 
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4.2.4  Timeline considerations 

PV/VVA network changes due to chemogenetically activated or inhibited excitatory 

neurons have been observed in previous studies381-383, however acute changes in PV cell 

densities are not biologically realistic and require alternative explanations. PV is a molecularly 

stable protein with a half-life of ~9-10 days and translation requiring at least 6hrs to reach 

detectable levels379, 380, 384. Therefore, trends towards increased or decreased PV cell densities 

after merely 90mins in this study are not likely380. PV exhibits a unique molecular structure 

which, unlike other calcium binding proteins, possesses three Ca2+ binding domains385. PV is 

therefore vulnerable to conformational changes upon asymmetrical Ca2+ association which can 

affect molecular kinetics and binding capacities385—including to antibodies. While the specific 

binding domain of the PV27 antibody is proprietary information, it is possible that PV calcium 

buffering upon CNO activation allosterically thwarts antibody binding.  

4.2.5  Biological indications 

Collectively, these findings indicate rapid activity-dependent interactions between 

neuron networks, interneurons, and perineuronal nets147. Both acute and chronic changes in PV 

interneuron functionality and density, respectively, are thus plausible responses to CNO-

induced L5 perturbation. Interneuron functionality can be regulated by perineuronal nets which 

structurally support synapses and network stability, yet upon degradation can re-open aspects 

of plasticity whether for increased access to cell surfaces and communicative capacity or for 

circuit destabilisation381, 386. Therefore, increased PV/VVA co-localisation upon excitatory 

DREADD activation may structurally support and facilitate interneuron networks—via VVA—as a 

rapid response to L5 hyperexcitability. Decreased PV/VVA co-localisation upon inhibitory 

DREADD activation may reflect compensatory PV disinhibition. Perineuronal nets therefore 

present as an acute means of modulating interneuron networks, which may be 

pharmacologically relevant in future investigations. Given that acute L5 excitation alters region- 
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and activity-dependent PV/VVA expression, chronically silenced Rbp4-Cre cells may exhibit 

similar effects which exacerbate over time, conceivably including changes in PV densities if 

analyses occur days or weeks after genetic perturbation379, 380. Results obtained using this acute 

model are therefore useful for comparison to chronic L5 manipulations (chapter 5)146. Overall, 

this pilot successfully demonstrated r-QUINT usage in a larger experimental dataset and yielded 

biological insights regarding effects of L5-DREADD manipulation147. 

4.3 Drd1a neurons upon cell augmentation and silencing 

4.3.1  Layer 6 boundaries and quality control  

I then used r-QUINT to analyse effects of Drd1a-Cre perturbation (Table 9), which first 

required L6 boundary definitions and quality control checks. Deep cortical layers are difficult to 

discern using DAPI and Drd1a-Cre;Ai14 alone, I co-stained sections with CPLX3 and TBR1 to 

distinguish L6b/L6a and L6/L5, respectively (Figure 25). Accurate layer definitions are critical as 

densities in thin regions like L6b are particularly sensitive to area; this alone could explain why 

pilot L6b Drd1a and Drd1a+/CPLX3+ densities were greater than published values4 even if actual 

counts were identical (4.1.4). I did not expect adult Tbr1 cortical densities to differ across genetic 

conditions44, 45, so used TBR1 quantifications to test whether r-QUINT returned similar densities 

as a validation check before proceeding to Drd1a/CPLX3 analyses (4.3.2-4.3.3). As expected, 

Figure 25 shows no change in TBR1 density across cortical layers and genotypes (F(3,70)=1.966, 

p=0.1270), yet a significant post hoc decrease in L5 relative to L6 as expected (L5-L6a, t=13.16, 

p<0.0001). TBR1 analyses across S1 layers revealed smaller soma areas in L4, which is expected 

in granule barrel regions (p<0.0001 across post hoc comparisons between L4 and all other layers, 

A.2). Accordingly, this yielded a significant layer effect (F(6,70)=12.01, p<0.0001) and consistency 

across genotypes (layer×genotype: F(18,70)=0.8200, p=0.6711). Together, CPLX3/TBR1 expression, 

TBR1 densities, and TBR1 soma analyses support r-QUINT validity, methodological consistency, 

and analysis quality assurance.  
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Figure 25. Drd1a/TBR1/CPLX3 co-staining discriminates cortical L6 cell subtypes. A-D) SDCM-
acquired sections are shown for Drd1a-Cre driven A) Snap25-CTRL (note the lack of Drd1a-RFP 
expression), B) Snap25-cKO, C) PTEN-CTRL, and D) PTEN-cKO genetic conditions. Accordingly, a-
d) depict i) Drd1a-TdTom, ii) TBR1, iii) CPLX3, and iv) merged signals in S1 where TBR1 and CPLX3 
expression pattern distinguish L5-6 and L6a-L6b boundaries, respectively. I used these boundary 
definitions for r-QUINT analyses of TBR1 E) densities and F) soma areas. E) As expected, pan-
cortical TBR1 densities are significantly greater in L6 than L5 which aids visual layer 
discrimination (****=p<0.0001 upon post hoc comparison). F) Taking S1 as a prototypical 
cortical region featuring the barrel cortex granule layer, r-QUINT revealed significantly smaller 
mean TBR1 soma areas in L4 compared to all other regions as expected (****=p<0.0001 upon 
post hoc comparisons). Together, E-F) provide r-QUINT quality assurance in detecting L5-6 
density differences and decreased L4 soma sizes, respectively. Scale bars: A-D)=1mm; a-
d)=100μm. See Table 10-Table 11 and A.2 for replicate and statistical details. 
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4.3.2  Drd1a and CPLX3 characterisation 

Overall, genotype did not influence Drd1a+/NEUN+ proportions pan-cortically or in 

individual ROIs (genotype: F(2,35)=2.448, p=0.1012; genotype×region: F(10,35)=2.006, p=0.0629) 

save M1 upon PTEN-cKO (L6-CTRL vs L6-augmented: p=0.0011) (Figure 26). ~28.4±2.64% NEUN+  

neurons were co-labelled with Drd1a in S1 L6b, which reflects published proportions (24±4%)4.  

 
Figure 26. Cortical Drd1a-Cre neuron proportions and heterogeneity. A) Representative anterior 
and posterior L6-silenced sections are shown at the level of the PFC and S1, respectively. Left 
hemispheres with Drd1a-RFP and NEUN signal contain ROIs I-V) corresponding to BI-V). Right 
hemispheres contain atlas maps with ROIs I-V) illuminated across their areal definition in the 
selected 2D plane. C) Shows Drd1a prevalence as the % of total NEUN+ neurons. D) Shows ROIs 
upon Drd1a/CPLX3 co-staining to highlight exacerbated Drd1a heterogeneity across i) PTEN-
CTRL and ii) PTEN-cKO conditions. Drd1a+ soma and apical dendrites appear larger upon ii) PTEN-
cKO compared to i) Snap25-cKO. See Figure 27 for regional and laminar Drd1a/CPLX3 
quantifications, and Figure 28. for colocalisation analyses. **=p<0.01. Scale bars: A)=1mm; 
B)=200μm; D)=100μm. See Table 10-Table 11 and A.2 for replicate and statistical details. 
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Drd1a+ densities varied across ROIs (region: F(5,48)=61.55, p<0.0001) as in pilots (4.1.4) 

and were consistently influenced by genotype; Snap25-cKO and PTEN-cKO yielded trends 

towards increased and decreased densities respectively (genotype: F(2,48)=6.737, p=0.0026; 

genotype×region: F(10,48)=1.490, p=0.1723) (Figure 27A). The former aligns with prior reports in 

S192. However, Drd1a+ counts increased pan-cortically upon PTEN-cKO (t(48)=3.714, p=0.0011) 

and decreased upon Snap25-cKO (t(48)=3.226, p=0.0023), yet inconsistently across ROIs (region: 

F(5,48)=370.5, p<0.0001; genotype: F(2,48)=6.209, p=0.0040; region×genotype: F(10,48)=4.610, 

p=0.0001) (Figure 27B). Increased pan-cortical Drd1a+ cell counts yet unchanged densities upon 

PTEN-cKO may occur due to greater cortical volumes which maintain areal proportions and 

Drd1a+/NEUN+ colocalisation, while decreased volumes upon Snap25-cKO could explain the 

opposite effect. Post hoc calculations showed that L6-augmented cortical areas were indeed 

greater than CTRLs (≈%133±5.66, t(8)=4.994, p=0.0021), while L6-silencing yielded smaller areas 

relative to CTRLs (≈%77.2±3.35, t(8)=3.826, p=0.0050). Drd1a+ soma areas consistently increased 

across ROIs upon PTEN-cKO while Snap25-cKO soma areas remained unchanged (region: 

F(5,48)=19.18, p<0.0001; genotype: F(2,48)=182.5, p<0.0001; region×genotype: F(10,48)=0.6016, 

p=0.8045) (Figure 27C). Drd1a+ neurons were most densely expressed in L6b (Figure 27G) yet 

were also prominent in L6a—particularly when counts were not visually abated by area (Figure 

27H)—with little expression in L1-5. Drd1a-Cre therefore represents a L6 subset which overlaps 

with yet is not exclusive to L6b. Laminar Drd1a+ densities differ across the cortex (layer: 

F(3,48)=365.0, p<0.0001; region: F(5,48)=35.51, p<0.0001; layer×region: F(15,48)=17.65, p<0.0001) as 

do counts (layer: F(3,40)=207.1, p<0.0001; region: F(4,40)=118.2, p<0.0001; layer×region: 

F(12,40)=57.57, p<0.0001) (Figure 26), stressing that the cortex is heterogeneous and that genetic 

consequences should not be assumed as ubiquitous throughout. Genotype effects were indeed 

inconsistent across ROIs; PTEN-cKO yielded decreased Drd1a+ densities in L6b of M1, of S1, and 

pan-cortically, increased counts in L6a across ROIs, and a trend towards decreased counts in L6b. 
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Snap25-cKO yielded no change in densities or counts across ROIs and layers, save decreased 

counts in L6b RSA and increased counts in L6a S1 (Figure 27G-H). 

In contrast to Drd1a heterogeneity (Figure 27A), CPLX3 cells were localised to L6b with 

similar densities across cortical ROIs (genotype: F(2,54)=0.5889, p=0.5585; region: F(5,54)=1.595, 

p=0.1771; genotype×region: F(10,54)=0.5996, p=0.8071) (Figure 27D) and layers (layer×region: 

F(15,48)=0.8820, p=0.5873). Counts only increased pan-cortically upon PTEN-cKO following post 

hoc tests (t(48)=6.746, p<0.0001), remaining unchanged for Snap25-cKO (t(48)=0.7421, p=0.4616) 

(Figure 27E). Notably, average CPLX3+ soma areas did not significantly differ across genotypes or 

cortical ROIs (genotype: F(2,48)=2.161, p=0.1262; region: F(5,48)=1.705, p=0.1516; 

genotype×region: F(10,48)=0.6162, p=0.7924) (Figure 27F, contrast with Drd1a+ in Figure 27C). 

CPLX3+ cells were present in L6a (Figure 27I)—more clearly when not normalised by area (Figure 

27J) yet to a much lesser extent than Drd1a+ (Figure 27G-H)—which indicates predominant yet 

not exclusive CPLX3-L6b localisation. If CPLX3 is to be deemed a ‘true’ L6b marker, expression in 

more-pial layers could be due to imperfect boundary definitions or a boundary which itself is 

not discrete; biologically, cortical layers are not likely definable by a physical line, but rather 

graded combinations of features including molecular expression and connectivity profiles. 

Laminar analyses are therefore approximations, not confident quantifications. Across ROIs and 

layers, genotype only affected CPLX3 densities in S1 L6b upon PTEN-cKO (t(36)=3.839, p=0.0014) 

(Figure 27I). CPLX3+ counts did not change in any ROI or layer upon Snap25-cKO, yet PTEN-cKO 

resulted in trends towards increased counts in L6a-b which reached statistical significance in L6a 

of M1 and pan-cortically (M1: t(32)=2.996, p=0.0113; whole-cortex: t(32)=3.231, p=0.0057) (Figure 

27J). Given notable Drd1a+ heterogeneity across cortical regions and layers which differ further 

with genetic perturbation—alongside comparatively consistent pan-cortical CPLX3+ expression 

which differs more subtly upon PTEN-cKO—I next examined laminar and regional genotype 

differences across Drd1a-Cre subpopulations (4.3.3). 
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Figure 27. Drd1a/CPLX3 characterisation following L6 silencing and augmentation. Genotype 
effects on Drd1a neuron A) densities, B) counts, and C) soma areas are shown across cortical 
ROIs corresponding to I-V) in Figure 26, which are dissected into laminar densities and counts in 
G) and H), respectively. Similarly, effects of L6-silencing and L6-augmentation on regional CPLX3 
D) densities, E) counts, and F) soma areas are extended laminarly for I) densities and J) counts.  
*=p<0.05, **=p<0.01, ***=p<0.001, and ****=p<0.0001 upon two-way ANOVA with corrections 
for multiple comparisons. See Table 10-Table 11 and A.2 for replicate and statistical details. 
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4.3.3  Drd1a subpopulations via CPLX3 colocalisation 

Drd1a/CPLX3 colocalisation dissected genotype effects on Drd1a+ subtypes, revealing 

that laminar densities and distributions of cells lacking CPLX3 co-expression are more notably 

affected (Figure 28. ). No significant regional changes emerged upon PTEN-cKO or Snap25-cKO 

for Drd1a+/CPLX3- or Drd1a+/CPLX3+; however, a trend towards increased densities and 

decreased counts upon Snap25-cKO contrasted decreased densities and increased counts upon 

PTEN-cKO, achieving statistical significance pan-cortically upon post hoc comparisons as in 4.3.3 

(Drd1a+/CPLX3- Snap25-cKO: t(48)=2.185, p=0.0338; Drd1a+/CPLX3- PTEN-cKO: t(48)=3.391, 

p=0.0028; Drd1a+/CPLX3+ Snap25-cKO: t(48)=5.681, p<0.0001; Drd1a+/CPLX3+ PTEN-cKO: 

t(48)=3.945, p=0.0003) (Figure 28. A-B,D-E). L6-augmentation consistently increased soma areas 

across ROIs while no differences emerged upon L6-silencing for both Drd1a+/CPLX3+ (genotype: 

F(2,48)=60.97, p<0.0001) and Drd1a+/CPLX3- subtypes (genotype: F(2,48)=233.2, p<0.0001) (Figure 

28. C,F). Yet, overall CPLX3+ soma areas did not increase upon PTEN-cKO, which is unintuitive 

given that Drd1a+/CPLX3+ proportions are not insignificant relative to total CPLX3+ prevalence. 

This may be due to r-QUINT detection limits; CPLX3 and DRD1A are both membranous proteins, 

yet Drd1a signal was stronger and labelled larger soma areas than overlapping CPLX3 signal 

would have otherwise indicated. Therefore, Drd1a masking likely reveals increased areas (Figure 

26D) which r-QUINT failed to identify from CPLX3 signal alone. Laminar examination showed 

that both cell subtypes are most prominently expressed in L6b, and L6a to a lesser extent, with 

L6b localisation favouring Drd1a+/CPLX3+ (Figure 28. G-J). No change emerged upon Snap25-cKO 

in any region, layer, or subpopulation, however PTEN-cKO yielded significant changes which 

differed according to cell subtype. Drd1a+/CPLX3- densities decreased upon PTEN-cKO solely in 

L6b (M1, RSA, S1, and pan-cortically), while absolute counts did not differ in L6b yet increased 

in L6a (PFC, M1, S1, and pan-cortically) (Figure 28. G-H). In contrast, no differences emerged for 

Drd1a+/CPLX3+ save increased pan-cortical counts in L6a (Figure 28. I-J).  
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Figure 28. Drd1a/CPLX3 subtype characterisation upon L6 silencing/augmentation. Regional 
Drd1a+/CPLX3- and Drd1a+/CPLX3+ cell A,D) densities, B,E) counts, and C,F) soma areas are 
shown following L6-silencing and L6-augmentation. Laminar genotype differences are expanded 
upon for Drd1a+/CPLX3- and Drd1a+/CPLX3+ G,I) densities and H,J) counts, respectively, in: I) PFC, 
II) M1, III) RSA, IV) S1, V) GVA, and VI) pan-cortically (again corresponding to ROIs in Figure 26). 
*=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. See Table 10-Table 11 and A.2 for replicate 
and statistical details. 
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4.3.4  Interneurons and perineuronal nets 

I finally evaluated effects of PTEN-cKO on PV and VVA across cortical ROIs and layers as 

in 4.1-4.2. PV/VVA does not colocalise with Drd1a-Cre+, thus their analyses examined broader 

global effects of genetic perturbation. ~30% of inputs to Drd1a+ neurons arise from 

interneurons, and L6 neurons project to PV interneurons in L5-6; therefore, I predicted that L6-

augmentation would yield subtle activity-dependent network-level differences in interneuron 

and perineuronal net prevalence387.  Neither PV nor VVA soma areas differed upon PTEN-cKO 

(genotype: F(1,48)=0.2364, p=0.6290), yet PV+/VVA+ soma were larger than those PV soma lacking 

VVA colocalisation (VVA coexpression: F(1,48)=265.3, p<0.0001) (Figure 29A-D). Subtle changes 

emerged across PV/VVA densities and distributions (Figure 29E-L); PV did not differ upon PTEN-

cKO in any ROI, yet a trend towards decreased densities emerged across regions (genotype: 

F(1,24)=6.597, p=0.0169). Densities decreased pan-cortically in L4 (t(24)=3.476, p=0.0117) where 

significance was only reflected in S1 (t(24)=3.597, p=0.0087) (Figure 29E,I). Regional VVA densities 

did not differ upon PTEN-CKO across regions (genotype: F(1,24)=2.028, p=0.1673) (Figure 29F,J). 

PTEN-cKO decreased PV+/VVA- densities (genotype: F(1,24)=9.079, p=0.0060), most notably in M1 

(t(24)=3.956, p=0.0035). Laminar dissection revealed pan-cortical decreases in L2-3 (t(24)=3.810, 

p=0.0051), particularly in PFC (t(24)=3.472, p=0.0118) and S1 (t(24)=5.668, p<0.0001) (Figure 

29G,K). In contrast, no regional PV+/VVA+ differences occurred upon PTEN-cKO (genotype: 

F(1,24)=2.792, p=0.1078) yet decreases emerged pan-cortically in L4 (t(24)=2.930, p=0.0431), 

specifically of S1 (t(24)=3.638, p=0.0074) (Figure 29H,L). I conducted this work parallel to PCSM-

ImageJ analyses in a smaller number of pre-defined ROIs, thus comparisons between methods 

expand upon methodological validations in 4.1.4 (Figure 20C). Results across methods are 

similar; overall conclusions are identical despite differences in absolute quantities (Figure 30). 

Soma area discrepancies were rectified upon applying the manual post hoc perimeter 

corrections (Figure 30B,C) I proposed in 4.1.2 (Equation 3). See A.2 for post hoc comparisons. 
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Figure 29. PV/VVA characterisations upon L6-augmentation. A-D) Cell soma areas do not differ 
upon Drd1a-Cre-driven PTEN-cKO across PV/VVA populations and subpopulations. However, PV 

cells lacking VVA are smaller than those co-expressing VVA. E-H) Total regional PV, VVA, and 
PV+/VVA+ densities do not differ significantly upon PTEN-cKO, yet PV+/VVA- densities decrease 
across ROIs. Laminar examinations across I) PFC, II) M1, III) RSA, IV) S1, V) GVA, and VI) pan-
cortical ROIs provide further insight into overall regional analyses for: E,I) PV; F,J) VVA; G,K)= 
PV+/VVA-, and H,L)= PV+/VVA+. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. See Table 
10-Table 11 and A.2 for replicate and statistical details. 
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Figure 30. r-QUINT vs PSCM PV/VVA analyses upon L6-augmentation. A) Coronal SDCM images 
are shown for i) PTEN-CTRLs and ii) PTEN-cKOs. B) Absolute soma areas differ across methods 
yet are C) rectified upon application of Equation 3 to r-QUINT outputs. In neither case does L6-
augmentation yield significant changes. Neither method yielded regional or laminar differences 
in PV, VVA, or subpopulation analyses, save r-QUINT which indicated decreased PV+/VVA- 
densities in M1 (this trend was reflected for PSCM yet did not achieve statistical significance). 
**=p<0.01. See Table 10-Table 11 and A.2 for replicate and statistical details. 
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4.3.5  Genotype trends and indications 

Together, r-QUINT analyses of laminar and regional Drd1a-Cre-expressing neurons (i.e., 

Drd1a and NEUN), subpopulations (i.e., with or without CPLX3 colocalisation), and non-Drd1a-

expressing interneuron subtypes (i.e., PV and VVA) provide insights into the effects of genetic 

manipulations across the brain which largely reflect hypothesised ramifications. I expected 

minimal differences across cell subtypes and output metrics upon Snap25-cKO—conceivably 

decreased soma volumes and densities relative to CTRLs—while anticipating increased Drd1a+ 

cell prevalence, hypertrophy, and overall brain volume upon PTEN-cKO4, 33-35, 53, 63, 64. I 

hypothesised that this may resemble human WMIN morphologies reported in cases of PTEN 

dysfunction, particularly in subplate-remnants co-expressing CPLX3. If any, I expected only 

subtle network-level changes in PV/VVA densities and distributions, the analysis of which 

doubled as r-QUINT validation against higher-resolution PSCM-ImageJ assessments in a subset 

of pre-defined cortical ROIs. The biological relevance of subtle PV/VVA differences will be briefly 

discussed in 4.5.1, yet their inclusion remains primarily for the purpose of r-QUINT validation.  

Little to no changes in Drd1a+ soma areas, cell counts, densities, distributions, and 

proportions relative to total neuron counts emerged upon L6-silencing (Figure 26-Figure 28), 

which reflects and expands upon present knowledge. Previous literature reported no reduction 

in the total number of Drd1a+ cells in S1 L6b of 8mo adult brains upon Snap25-cKO4, which was 

replicated in present findings using 10-12wk adult brains alongside a lack of differences across 

other cortical ROIs. This was surprising as, over time, cells in which regulated synaptic vesicle 

release has been functionally abolished may either senesce due to network redundancy, thereby 

decreasing in density, or exhibit altered morphologies. I thought soma areas might therefore 

decrease subtly due to any combination of less activity-dependent growth during early postnatal 

development, less retrograde trophic support during maturation, or metabolic downregulation 

and decreased protein synthesis throughout adulthood. Qualitatively, full-coronal sections from 
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L6-silenced brains revealing Drd1a+ expression and projections profiles appear similar compared 

to CTRLs (i.e., Figure 25B vs Figure 25C, respectively) as anticipated4. Present comparisons are 

flawed, however, as Drd1a+ analyses were relative to PTEN-CTRLs—not strain-matched Snap25-

heterozygotes or Cre-drivers without Snap25-floxed loci—due to the only available Snap25-CTRLs 

being Cre-WTs which inherently lack RFP. This is an active future direction from which data will 

be included for comparison to present findings. No change in CPLX3 densities, distributions, or 

soma areas upon L6-silencing reflects data published solely in S1 of adult mice92; however, 

present evaluations were conducted across multiple cortical ROIs which indicates CPLX3 

consistency across regions and genotypes (Figure 27). Densities distinguished by Drd1a/CPLX3 

colocalisation did not differ significantly upon L6-silencing, indicating a lack of compensatory 

subtype effects (i.e., no difference in Drd1a+ soma areas alone could not preclude a lack of 

genotype differences if Drd1a+/CPLX3+ neurons increased in size while Drd1a+/CPLX3- neurons 

decreased in size) (Figure 28). Despite only subtle anatomical changes in targeted Drd1a-Cre 

cells upon Snap25-cKO, physiological differences persist as shown in prior studies detailing 

effects on cortical excitability and anxiety78, sleep75, and feeding behaviour75, 98 which will be 

discussed further (4.5.2).  

In contrast, notable changes emerged upon PTEN-cKO. Soma areas increased across 

cortical ROIs (Figure 27) which aligns with expected effects of mTOR disinhibition (i.e., enhanced 

elF4E-driven protein translation and S6-mediated cytoskeletal organisation, A.1.1). L6-

augmented cells exhibited qualitatively exhibited increased apical dendrite thickness, 

arborisation, and signal intensity as shown in Figure 26D, particularly in S1 (IV), M1 (II), and the 

PFC (I) (Figure 27B,H). In full-coronal sections, downstream regions targeted by Drd1a+ 

projections (e.g., HOTN) show greater RFP intensities upon PTEN-cKO (Figure 25D) compared to 

both PTEN-cKOs (Figure 25C) and Snap2-cKO (Figure 25B), indicating neurite hypertrophy and 

conceivably increased connectivity (including to L435, 56, 66, see Figure 26DIVii). Physiological 
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consequences should be investigated alongside detailed morphological analyses for comparison 

to the hyperactivity and hypertrophy observed in postmortem autistic and epileptic patient 

brains53-55. This could include single-cell ex vivo electrophysiological recordings to assess 

membrane properties, spike frequencies, and short-term synaptic plasticity. Hypothesised 

increases in cell counts due to greater cell proliferation or decreased postnatal apoptosis upon 

PTEN-cKO emerged across cortical ROIs, (Figure 26G), yet proportionally to neuron counts (i.e., 

consistent Drd1a/NEUN ratios, Figure 26D) and increased brain volumes, resulting in either 

maintained or slightly decreased densities upon regional (Figure 26E) and laminar (Figure 27) 

dissection. This reflects prior studies where neuron counts, soma and neurite size and 

complexity, and brain volumes increased upon PTEN-cKO in cortical neuron subpopulations (yet 

these subpopulations have never been previously restricted to deep layers)68, 69, 388-391. Regional 

heterogeneity upon PTEN-cKO may be due to either a smaller relative increase in Drd1a+ counts 

or increased/maintained regional volumes. Differences were unsurprisingly most pronounced in 

M1 and S1 as these cortical ROIs exhibit the greatest total number of Drd1a-targeted cells. 

Despite no overall changes in CPLX3+ soma areas and densities, with cell counts increasing 

proportionally to cortical area (Figure 28C-E), effects of PTEN-cKO differed across Drd1a+ 

subtypes according to CPLX3 colocalisation. Contrary to hypotheses, increased densities and cell 

counts were more prominent in Drd1a cells lacking CPLX3. Drd1a+/CPLX3+ subtypes may exhibit 

greater network stability or resilience to effects of genotype, which is conceivable given that 

these subplate remnants preferentially survive into adulthood and exhibit precise projections to 

L1, L4, and HOTN capable of critically influencing TC-corticothalamic circuitry231. Drd1a+ L6b and 

CPLX3 subplate remnant subpopulations are of particular interest given selective responsivity to 

ORX48, 50, 98 and conceivably unique network effects. The relevance of this to human WMIN PTEN 

abnormalities and mTOR pathway dysfunction, diseases of cortical hyperexcitability, and 

corresponding avenues of pharmacological interest will be discussed further (4.5.4). 
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4.4 Morphometric analogousness 

4.4.1  Polar plot distinctions 

I then conducted morphological analyses of human WMINs and mouse L6b neurons to 

evaluate analogy across species, including in subpopulations defined according to combinations 

of neuron type (i.e., pyramidal or non-pyramidal) and ORX-sensitivity (i.e., ORX-sensitive or ORX-

insensitive). To this aim, I generated polar plots using a custom script (A.10.10) which 

represented overall neuron shape and size using one of three methods (#1-3).  For each method, 

I operationally define plotted values within polar bins as representing: #1) “branch density”—the 

total number of neurite pixels in a “binarised” manner; #2) “arborisation strength”—the sum of 

all distances from the soma to each pixel in a “factorial” fashion; and #3) “neurite coverage”—

the mean distance between the soma and each constituent pixel likening “averaging”. Figure 31 

illustrates the results of group neurite analyses across conditions using each method solely for 

comparison, the biological relevance of which will be elaborated upon in 4.4.2. The “binary” 

method #1 (Figure 31A-B) reveals the directions in which the greatest number of branches exist, 

however fails to distinguish relative distances from cell soma such that radial bins may drastically 

overrepresent a high concentration of proximal dendrites or underrepresent distal extensions. 

In contrast, while the “factorial” method #2 (Figure 31C-D) accounts for distance from the soma 

by summing distances, it may overrepresent distal neurites and drastically overshadow basal 

branches. The “averaging” method #3 (Figure 31E-F) appears to be the most widely used in 

previous morphometric studies42, 392, 393; while its units are intuitive and soma distances are 

incorporated into outputted plots, distal/apical dendrites can still be underrepresented if binned 

with highly prevalent proximal/basal dendrites. As polar plot representations of L6b neuron 

subtypes primarily aim to depict apical dendrites prominence, and that nuanced branch features 

will be quantitatively analysed in 4.4.3, I chose to use method #2 for L6b/WMIN analyses. 
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Figure 31. Polar plot method comparison. Similarities and difference emerge across plots of L6b 
A) human and B) mouse I) pyramidal and II) non-pyramidal i) ORX-sensitive or ii) ORX-insensitive 
neurons as obtained using the count, distance, or average method. The count method generates 
plots where all pixels contributing to 10° mins are weighted equally, and thus a balanced trace 
representation of both proximal and distal branches. The distance method strongly favours 
proximal voxels and therefore accentuates neurites which extend large distances from the soma 
(e.g., apical dendrites). The averaging method bolsters the influence of proximal branches, thus 
may reveal more detailed primary branch characteristics.  
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4.4.2  Human and mouse branch overview 

Figure 32 illustrates representative single neurite traces of each subtype for qualitative 

inter-species comparison between human WMINs and mouse L6b cells. Traces and polar plots 

are not scaled identically as features of smaller mouse neurons would be indiscernible. Both 

human and mouse pyramidal neurons feature prominent apical dendrites and basal branches, 

neither of which differ in form with ORX-sensitivity. However, arborisation strength appears to 

increase in mouse and human ORX-sensitive cells as larger apical projections emerge in Figure 

32A)I)ii) vs A)I)i) and B)I)ii) vs B)I)i). In both species, non-pyramidal cells lack apical dendrites 

yet no differences emerge with ORX-sensitivity. Few NE currently contribute to mouse datasets; 

NE=0 for non-pyramidal ORX-insensitive subtypes, thus Figure 32B)II)ii) is merely a placeholder. 

Additional neurons have been filled and will be analysed for eventual dataset inclusion.  

 
Figure 32. Interspecies comparison of subplate-remnant cell subtypes. Representative neuron 
traces and group polar plots are shown for A) human WMIN and B) mouse L6b I) pyramidal and 
II) non-pyramidal i) ORX-sensitive or ii) ORX-insensitive neurons. B)II)ii) No mouse non-pyramidal 
ORX-insensitive neurons have yet been analysed. The QR code links to a video illustrating the 
process of neurite tracing394. 
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4.4.3  Neurite characteristics 

I then quantitatively compared human and mouse neuron subtypes. Sholl plots revealed 

no obvious differences between both human and mouse pyramidal vs non-pyramidal subtypes 

(Figure 33A,C), including according to ORX-sensitivity (Figure 33B,D), save longer tails for 

pyramidal apical dendrites which were more prominent in ORX-sensitive subtypes. This is 

consistent with polar plot indications (Figure 32). Sholl and single neurite trace feature 

extractions reveal no significant differences between either mouse or human ORX-sensitive and 

ORX-insensitive non-pyramidal neurons. Pyramidal vs non-pyramidal ORX-insensitive subtypes 

did not differ across any mouse or human neuron output; however, notable increases emerged 

in pyramidal ORX-sensitive neurons across metrics (Figure 33). Increased Sholl ramification 

indices indicate a greater number of concentric intersections relative to the number of primary 

dendrites (Figure 32E). Increased Sholl decay signifies a greater rate at which neurite densities 

decrease as distance from the soma increases (Figure 32F), while positive skewness indicates 

branching complexity being concentrated nearer soma (Figure 32G). Considered jointly, this 

suggests greater neurite complexity or growth specifically in basal regions of ORX-sensitive 

pyramidal neurons, yet not necessarily in the form of primary dendrites given increased Horton-

Strahler bifurcation ratios (Figure 32H). Indeed, the total number of pyramidal ORX-sensitive 

branches increased (Figure 32I), which is specifically reflected in the number of basal dendrites 

(Figure 32J, calculated at a soma distance of 150/100μm for human/mouse data as determined 

post hoc from Figure 31E-F), but not primary dendrites (Figure 32K, calculated at a soma 

distance of 10-15μm from tracing seeds according to ellipsoid radii length predictions, 4.4.4). 

Greater mean branch contraction values represent a greater ratio of Euclidian over total neurite 

path lengths, suggesting that ORX-sensitive pyramidal neurons are straighter or less-tortuous 

than other subtypes. 4.5.5 elaborates upon species differences or lack thereof, and A.2 details 

all statistical summary and post hoc comparisons. 
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Figure 33. Compares dendrite features of human WMIN and mouse L6b neuron subtypes. A-B) 
Human and C-D) mouse Sholl plots illustrate A,C) pyramidal vs non-pyramidal subpopulations 
which I further dissect according to ORX-sensitivity in B,D). E-L) Highlights inter-species 
consistency across summary metrics from pyramidal and non-pyramidal ORX-sensitive (!) and 
ORX-insensitive (×) neurite trace analyses, including significant differences in pyramidal neurons 
according to ORX-sensitivity. See Table 10-Table 11 and A.2 for replicate and statistical details. 
 
4.4.4  Soma morphometrics 

Soma analyses revealed identical patterns across summary metrics, including no change 

according to ORX-sensitivity in non-pyramidal neurons, significant differences in pyramidal ORX-

sensitive cells, and inter-species consistency (Figure 34). Pyramidal ORX-sensitive cells exhibited 
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increased surface area, sphericity, and elongation, which suggests that cells are larger and more 

spherical while the aspect ratio of calculated representative ellipsoid is more protracted. This is 

geometrically conceivable if triangular-prism-like edges and vertices of pyramidal neurons 

recede as soma inflate in size along a preferential axis in ORX-sensitive neurons relative to ORX-

insensitive cells (Figure 34A-B). Again, note that NE is very small and will increase when 

additional neurons are incorporated into present analyses. 

 

Figure 34. Illustrates L6b soma characteristics. A-D) Representative human neuron soma for 
each cell subtype: A) pyramidal and ORX-sensitive (!), B) pyramidal and ORX-insensitive (×), C) 
non-pyramidal and ORX-sensitive, and D) non-pyramidal and ORX-insensitive. Corresponding 
morphometric features extracted across both human and mouse neuron datasets include soma 
E) surface areas, F) sphericity, and G) elongation of the mathematically defined ellipsoid. A-D) 
Bounding boxes are shown in units=μm. See Table 10-Table 11 and A.2 for replicate and 
statistical details. 
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4.4.5  Inter-species subtype differences 

As indicated in previous literature and present results, cortical ORX-sensitivity is specific 

to L6b98 yet sensitivity is not ubiquitous across all L6b cells74, 395. This emphasises the importance 

of further characterising subtype classifications, which here I parse according to pyramidal vs 

non-pyramidal cell type and ORX-sensitivity. In both human and mouse analyses, morphometric 

differences emerge only in ORX-sensitive pyramidal neurons compared to other subpopulations.  

More prominent apical dendrite extensions in ORX-sensitive pyramidal neurons (Figure 

32, Figure 33A-D) could be explained by distinct laminar projection profiles; ORX-sensitive 

pyramidal neurons may preferentially exhibit apical dendrite extensions to L1396, while a greater 

proportion of ORX-insensitive neurons may terminate in lower layers. This could account for 

increased Sholl decay if considered in isolation yet would not explain increased Sholl skewness 

and basal branch counts which indicate increased proximal complexity that is not currently 

reflected in non-pyramidal ORX-sensitive vs ORX-insensitive subtypes. However, this lack of 

differences does not preclude the possibility of unique projections in non-pyramidal subtypes 

according to ORX-sensitivity–if present, they were indiscernible in morphometric analyses. 

However, if traces were accurate, my findings suggest a distinct ORX-sensitive pyramidal neuron 

subpopulation which is similarly present in human WMINs and mouse L6b neurons.  

Proposed subtype-specific L1-projections relate to electrophysiological findings which 

describe L6b Drd1a+ neurons which: project to L1, L6 interneurons, and L5 intratelencephalic 

and extratelencephalic neurons; receive extensive cortical inputs; lack primary thalamic inputs; 

feature efferent axons targeting HOTN; and elicit burst-firing in L5 (see 4.5.2)48, 50. However, 

subclassifications of L6b ORX-sensitive Drd1a+ neurons have previously been defined as largely 

pyramidal POm- and L5a-projecting neurons with long apical dendrites and predominantly non-

pyramidal L1-projecting neurons48 supposedly exhibiting large pial dendritic shafts resembling 

apical dendrites. My present results would be more consistent with these findings if: 1) there 
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were a greater proportion of ubiquitously-ORX-sensitive pyramidal L1-projecting and non-

pyramidal L5/Pom-projecting subpopulations, which was not the case; or 2) if pyramidal L1-

projecting and non-pyramidal L5/Pom-projecting subpopulations were proportionally sparse yet 

selectively ORX-sensitive. Alternatively, I may have erroneously characterised pyramidal vs non-

pyramidal cells (classification can be difficult) or failed to trace non-pyramidal L1-projecting 

branches due to faint image signal. Cell types should be re-classified by a blinded colleague, and 

the layer in which distal neurites terminate should be confirmed. Traces should be re-visited, 

and expanded upon following deconvolution if necessary, to identify conceivably missed 

branches and optimise analyses. 

Increased proximal branching in pyramidal ORX-sensitive subtypes aligns with increased 

basal dendrite complexity being a well-known characteristic of ORX-sensitive neurons397. ORX-

sensitive L6b neurons receive extensive inputs from local and distant cortical sources48, 50; this is 

typically associated with more receptive dendrite fields, which can dynamically increase or 

decrease in branch number and complexity with increased or decreased synaptic inputs, 

respectively398. Increases observed in L6b ORX-sensitive pyramidal neurons may indicate greater 

capacity for more numerous or more frequent afferent signal consolidation before relay to L1 

for further processing, to L5 for further intracortical or subcortical processing; or direct 

corticothalamic relay. Therefore, either statically or dynamically increased afferent inputs to 

ORX-sensitive pyramidal neurons could explain the observed interactive effect of ORX-sensitivity 

and cell type. 

Together with previous literature, present findings suggest that subpopulations of L6b 

neurons exhibiting unique signal responsivity and projection selectivity may serve as a 

neurodevelopmentally-persistent ORX-sensitive network node capable of integrating and 

potentiating wake- or attention-promoting orexigenic effects. These effects and their 

conceivable consistency across species will be discussed further in 4.5.2 and 4.5.5. 
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4.5 Indications and future directions 

4.5.1  QUINT pipeline refinements 

Improved image analysis tools and methodological pipelines are essential to more 

completely characterise biological phenomena, to enable more targeted or complex 

investigative questions, and to provide novel anatomical insights. The QUINT pipeline presents 

unique advantages within the scope of whole-brain imaging and quantification methods, and 

the revisions I developed and employed significantly advance its analysis capabilities.  

While manual cell counting or confirmation of detections in individual ROIs defined by 

targeted visual inspection may historically be deemed the ‘gold-standard’, QUINT presents the 

advantage of time in achieving similar quantifications by semi-automated detections, 

regionalisation, and atlas-mapping particularly when whole-brain analyses are desired. 

Manually counting tens of thousands of cells across multiple sections of multiple brains is simply 

not practical, and the likelihood of random human error on this scale cannot be ignored or 

necessarily deemed less than systematic errors due to automation. More advanced whole-brain 

imaging and analysis methods compared to QUINT-employed SDCM or SSFM could involve 

tissue clearance and light sheet fluorescence microscopy (LSFM)399-402. However, LSFM cell 

tagging is limited compared to slice histology; for the aims of this thesis, LSFM-suitable 

retroviruses did not exist, and L5-6b-specific antibodies were incompatible with clearance 

protocols400-402. LSFM requires immense costs across hardware usage, data storage, and 

computational processing domains, which rendered its use impractical for my present purposes.  

Further improving the capabilities and usability of higher-throughput techniques like 

SDCM or SSFM with r-QUINT—which possess sufficient resolution for cell detections and soma 

characterisation yet are not prohibitively time- and cost-consuming—is therefore warranted. 

Present QUINT refinements enable fluorophore multiplexing and coarse soma analyses via 

QuPath and Groovy/MATLAB scripts yet lack more sophisticated soma and neurite 
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morphological analysis capacity. To this aim, future software adaptations could integrate 

Cellpose as a QuPath plugin for improved cell detections403, Omnipose for complex neurite 

analyses which builds upon Cellpose architecture404, or Arivis if cell-distinguishing perimeters 

could be established (4.1.3). Any of these would considerably expand current r-QUINT 

capabilities, therefore Cellpose/Omnipose integration is an active research direction. Other glial-

specific neurite analyses scripts could be integrated and adapted for other cell types, including 

a currently unpublished algorithm which demonstrates considerable promise upon preliminary 

application405. Increased detections, resolutions, and nuanced feature extractions would require 

increasingly demanding computational resources exceeding those of typical computers which, 

if pursued, necessitates parcellation and cluster job submission with which QuPath and 

associated plugins are compatible. Several adaptations could additionally improve the r-QUINT 

user-interface. I created custom Excel sheets for Nutil piping which defined brain ROIs according 

to manual combinations of registerable Allen atlas-defined areas (A.6.4). While fully functional 

and adaptable for future applications, this sheet is cumbersome to navigate and edit. The default 

QUINT-provided spreadsheet could rather be used by Nutil, then customisations introduced by 

A.6.4 could rather be incorporated within the initialisation section of the main MATLAB script 

(A.10.7) such that users can pre-select both which ROIs are to be analysed and how each ROI 

should be defined. The same MATLAB script should be refined such that it is usable open-source 

(e.g., as an MLAPP or Shiny app after translation to R). Both alternative GUIs would further 

improve user-friendliness. Rather than outputting spreadsheets containing data specifically 

formatted for copying-and-pasting into GraphPad Prism—another proprietary platform—a 

refined script should rather directly generate plots which are customisable via the GUI. Future 

pipeline improvements could accommodate 3D z-stack imaging and morphometrics analyses 

using the same data tagging technique (4.1.3, A.10.7). This could be a worthwhile future 

direction given that present 2D image analyses merely approximate 3D morphological 
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characteristics and are inherently limited. For example, a small 2D circle may represent the edge 

or tip of a much larger cell, or a large 2D circle acquired obliquely may overrepresent cell size,. 

2D methods have been consistently shown to underestimate cell detections, yet to varying 

extents, and lack the spatial information needed for morphometric analyses406-408. Expanding 

the present r-QUINT pipeline to accommodate 3D images and analyses would require 

significantly increased imaging time, data storage capacity, and computational resources. 

However, the benefits of this and other prospective improvements may outweigh associated 

costs in future applications—increasingly so if costs decline as technologies continue to improve.   

As with any methodological adaptation, meticulous validations are required and were 

conducted throughout 4.1-4.3. r-QUINT accuracy was tested and largely supported relative to 

STPT-qBrain and PSCM-ImageJ PV quantifications (Figure 20, 4.1.4), highlighting Drd1a+ cortical 

heterogeneity (4.1.4, A.2) and the need for pan-cortical regional assessments when evaluating 

effects of genetic perturbation. Perhaps most notably, PV/VVA analyses upon L6-augmentation 

revealed identical findings relative to time- and cost-consuming PSCM-ImageJ analyses of a 

smaller number of ROIs, which in summary include: slightly increased PV soma areas in M1 and 

S1 upon PTEN-cKO; greater PV and VVA densities in M1 and S1 compared to PFC; and no overall 

regional or laminar density differences in M1 or S1 upon L6-augmentation save a trend towards 

decreased PV+/VVA- densities in M1 (Figure 30). However, absolute values often differed 

between modalities, and to a greater extent for VVA and PV+/VVA+ than PV and PV+/VVA-. While 

this did not affect conclusions, it stresses that further refinement is needed across QuPath 

detection scripts which appear to exhibit a high false-negative rate in M1 and S1 compared to 

PCSM-ImageJ (Figure 30E,G,I,K,M,O). This suggests that the present r-QUINT pipeline may 

operate more reliably when analysing stronger signal from cytoplasmic antibodies like PV—for 

which automated cell quantifications are more accurate—emphasising the need for improved 

future detection software integration403, 404. 
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Overall, if finer cell features including neurite characteristics, absolute soma area or 

volumes, and associated morphometrics are the primary desired research metric, targeted 

PSCM currently remains superior to r-QUINT. If higher-throughput and true whole-brain analysis 

is required, compatibility with LSFM should be considered. If desired outputs do not extend 

beyond coarse cell densities, counts, or soma areas or desired cell targets are incompatible with 

LSFM, r-QUINT with SDCM or SSFM may be ideal; r-QUINT accommodates broader IHC while 

maintaining relative time- and cost-efficiency, enables seamless post hoc analyses of any atlas-

defined cortical or subcortical ROI, and boasts considerable capacity for future improvement. 

While both more targeted methods like PSCM-ImageJ and higher-throughput whole-brain 

techniques like LSFM exist, r-QUINT occupies a unique intermediary space in whole-brain 

histological analyses, and therefore present as a novel and worthwhile contribution to the field.  

4.5.2  Layer 6-silencing and orexin 

A lack of gross histological differences upon Drd1a-Cre-driven Snap25-cKO must be 

considered conjunctly with the significant functional consequences previously reported75, 78, 92. 

Pharmacological interest warrants that further experiments expand upon present knowledge of 

the extent to which anatomical and physiological changes emerge, and consideration as to 

whether neurons may be therapeutically targetable. 

Previous electrophysiological studies have provided insight into the roles of the same 

Drd1a-Cre subpopulation of present interest, including upon Snap25-cKO. In vivo EEG recordings 

following sleep deprivation and ORX-administration via showed that the total proportion of time 

spent awake and asleep following sleep deprivation were not altered75. However, upon power 

spectral density analyses, L6-silenced mice exhibited decreased theta-range (6-9Hz) cortical 

waveforms during wake and REM sleep and decreased total EEG power particularly during deep 

sleep, both of which indicate an impaired capacity for sleep-rebound following sleep 

deprivation75. ORXA administration increased wakefulness in both CTRL and cKO genotypes as 
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expected, however without anticipated attenuation upon Snap25-cKO, while ORXB 

administration attenuated theta-range oscillations in L6-silenced mice75. Independent findings 

from multielectrode array recordings and power spectra examination corroborate that ORX-

sensitive L6b neuron delta-wave activation in the PFC is abolished upon Drd1a-Cre-driven 

Snap25-cKO78. However, analyses of higher frequencies were not provided due to statistically 

significant increases solely in the delta/theta-range following ORX application in Drd1a-Cre- 

slices despite increases across alpha, beta, and gamma bands. Effects due to Snap25-cKO at 

higher frequencies should be analysed post hoc as findings in the delta range are consistent with 

single-cell recordings which also show notable differences in the gamma-range48. Drd1a-driven 

channelrhodopsin expression and photoactivation yielded persistent cortical spiking, decreased 

slow-wave propensity (i.e., a 92±6% decrease in 5.2±0.4Hz high-delta/low-theta frequencies 

associated with cognitive slowing, light sleep, or meditation), and greater wake-like oscillations 

(i.e., a 3,863±1,265% increase in 102.0±3.0Hz high-gamma-range frequencies associated with 

intense cognition, selective attention, and information consolidation)48. Drd1a neurons were 

thus hypothesised to exert cortical control over higher-order processing48.  

These studies support the notion that Drd1a L6b subtypes may play a role in regulating 

levels of arousal or attention via ORX-gated thalamocortical-corticothalamic loops driving brain 

state control74, 75. Rather than acting as an ‘on’/’off’ switch, ORX-sensitive L6b neurons may 

instead “tune” input/output network gain in a feed-forward manner where: ORX-producing 

neurons reciprocally innervate L6a-b and HOTN belonging to corticothalamic-thalamocortical 

loops48, 74; ORX-producing neurons excite L6b and other brainstem arousal systems154; direct or 

indirect brainstem afferents contribute to thalamocortical relay for intracortical processing; and 

cortical L6b signal convergence physically manifests as an “integral arousal node”—integral in 

importance yet termed for what I propose is an additive and consolidatory function—to 

essentially calculate how awake or attentive an animal capable of higher-order processing must 
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be. While control over ORX-associated sleep and feeding functions are traditionally attributed 

to subcortical control centres409, 410, cortical involvement and fine-tuning simply makes sense; 

consider cases of purposefully persevering through fatigue to meet late-night work deadlines or 

feeling hungry yet refraining from eating dessert because one wishes to eat healthier or lose 

weight. These are conscious decisions requiring higher-order cortical cognition where a range of 

input signals—including sleep pressure, stress, and metabolic demand—may be coordinated by 

L6b to determine and sustain degrees of arousal. This aligns with narcoleptic and anorexic 

phenotypes in cases of ORX-network disturbance where cognitive input may be impaired; 

dysfunctional WMIN/L6b integration and L1 projection for further cognitive processing may 

contribute to a decreased drive or capacity to intentionally remain awake or seek food.  

ORXR-targeting has attracted pharmacological interest which may be informed by 

knowledge of targetable cortical neuron subtypes according to ORX-sensitivity. Dual-ORXR-

antagonists (DORAs) have been FDA-approved to treat excessive feeding411 and insomnia (e.g., 

suvorexant412, lemborexant413, and daridorexant414), and ORXR2-agonists are being developed 

as low ORXA is diagnostic criteria for type I narcolepsy51, 414; danavorexton111, cleminorexton415, 

firazorexton416, and alixorexton417 are undergoing clinical trials, and oveporexton418 is due for 

priority FDA-review in 2026. To my knowledge, agonists have not yet been studied for treating 

anorexia despite evidence of low patient plasma ORXA levels106-108. Both dual- and ORXR1-

agonists have not yet been developed, which may yield further specificity over disease-relevant 

ORX networks particularly where ORXA is implicated given ORXA-ORXR1 affinity. This is an 

important future direction as administration of DORAs, ORXR2-antagonists (e.g., seltorexant419 

and EMPA420, which are undergoing preclinical trials), or ORXR2-agonists may elicit off-target 

effects in conceivable cases of ORXR1 mutation421. ORXR1-antagonists (e.g., ACT-335827422 and 

SB-334867421, which remain in preclinical development) or agonists (e.g., YNT-3708, a novel 

discovery in 2023)110 may better-target phenotypes implicated by L6-augmentation or silencing, 
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respectively. These developments present both therapeutic potential and experimental promise 

in designing future studies to probe ORX ligand- and receptor-specific effects. 

Future experiments should continue to study subplate remnant subpopulations. This 

could include probing yet-uncharacterised roles of ORX-sensitive cells in feeding behaviour, 

anxiety, and their interaction78. For example, a cohort of NE=12 mice (3 for each combination of 

male and female Drd1a-cKOs/Drd1a-heterozygotes) maintained under a 12:12hr 03.00:15.00 

light-dark cycle could be subjected to the experimental schedule propsed in Figure 35. In a 

crossover study design and following habituation, ICV-cannula-implanted mice could undergo 

ORXA, ORXB, or saline infusion at ~14.30 (~30mins before dark-onset), then return to home-

cages for 48hr SnackerTracker recordings with 24h between consecutive acquisitions (Figure 

35A). This could then be repeated, yet alongside anxiety tests (e.g., elevated-plus maze and 

open-field test) ~30-60mins after infusion—the time at which previous studies have shown 

anxiety-related effects or ORX-administration to emerge 423 and after which effects subside75—

before similarly returning mice to home-cages for SnackerTracker recordings (Figure 35B). 

Conceivable differences in feeding behaviour, anxiety tests, and feeding behaviour with or 

without preceding anxiety tests could then be analysed across ORX-infusion and genetic 

conditions. I would expect ORX-administration to induce anxiety78, 423 and feeding behaviour98 

which should diminish upon Drd1a-driven Snap25-cKO. It would be interesting to disentangle 

whether conceivable differences are specific to any ORX isoform. Further experiments could 

probe effects of OrxR-cKO rather than Snap25-cKO in Drd1a-specific subpopulations; Drd1a-Cre 

lines could be crossed with floxed OrxR constructs to investigate effects of deficient OrxR1 

(Hcrtr1fl/fl allele)424 or OrxR2 (Hcrtr2fl/fl allele)425 transcripts in L6b subpopulations. Alternatively, 

to contrast chronic global L6-silencing, acute local Drd1a-Cre-driven DREADD manipulations (like 

those in 4.2)147 could be performed by crossing Drd1a-Cre with excitatory hM3Dq (B6N;129-

Tg(CAG-CHR3*, mCitrine)1Ute/J, The Jackson Laboratory #026220) or inhibitory hM4Di alleles 
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(B6.129-Gt(ROSA)26Sortm1(CAG-CHRM4*,-mCitrine)Ute/J, The Jackson Laboratory #026219). 

CNO injection would enable investigations into regional effects of Drd1a perturbation, including 

but not limited to the PFC which evidence suggests may particularly influence ORX-related top-

down control over arousal78. In cases of both global Drd1a-Cre-driven OrxR-cKO or local Drd1a-

Cre-driven DREADD manipulation, ORXA and ORXB agonists could be applied as in prior studies75, 

426 to evaluate effects due to receptor abolition and region-specific augmentation or silencing, 

respectively. Neuroanatomical and behavioural characterisations of wakefulness, anxiety, and 

feeding phenotypes could thus be conducted across conditions to elucidate differences due to 

combinations of global vs regional and chronic vs acute Drd1a-Cre-driven perturbation.  

 
Figure 35. Schematic of a future experiment proposal. This behavioural study may probe effects 
of Drd1a+ neurons on OR-mediated A) feeding behaviour and B) both feeding and anxiety. 
Substances 1-3 represent ORXA, ORXB, and saline in a randomised order. Numbers indicate 
experiment day. Blue=SnackerTracker (ST) recordings; purple=anxiety test (only within the first 
hour following substance administration, after which SnackerTracker recording commence); and 
grey=rest (i.e., no recording or substance administration for animal recovery). 
 
4.5.3  Receptor expression insights 

Dissecting local ORX effects and isoform specificity would be particularly interesting in 

examining cortical and pericortical regions with high concentrations of ORXRs—namely, L6, the 

insudeum griseum, and fasciola cinerea. A seminal study which characterised OrxR expression 
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in the rat brain via in situ hybridisation indicated that OrxR2 is present throughout L6, yet OrxR1 

appears more compactly expressed in deep layers (A.5.9)93. This contradicts electrophysiological 

studies claiming that cortical responses to ORX exclusively in L6b occur via ORXR298. Bayer et al. 

arrived at this conclusion by comparing the depolarising action of ORXA with that of ORXB, 

observing no significant difference, and reasoning that effects were exacted via ORXR2s as 

ORXR2 exhibits equal affinity for ORXA and ORXB while ORXR1 preferentially binds to ORXA96. 

This would be a valid assumption if exclusively ORXR1s or ORXR2s could exist in L6b. However, 

both subtypes may exist; differences due to ORXR1 could be either attenuated (i.e., if ORXR1-

expressing neurons are less-prevalent in L6b) or misrepresented (i.e., if ORXR1- expressing 

neurons were perchance not among the NE=5 neurons selected for patch clamp recordings 

which, even if representative, were <10% powered to detect reported effects). Faint OrxR1 in 

situ hybridisation signal only in the deepest cortical layers is consistent with less-prevalent yet 

present L6b-OrxR1 expression in prefrontal areas93, 427. Pericortically, the insudeum griseum and 

fasciola cinerea elicit particular interest due to striking OrxR1 expression and in that the 

insudeum griseum is mislabelled as taenia tecta (TT)93. No known research efforts have since 

targeted OrxR1-specific insudeum griseum or fasciola cinerea effects, nor is much known about 

the function of either structure. Historically considered vestigial, the insudeum griseum has 

been postulated as a hippocampal subfield associated with the dentate gyrus via the fasciola 

cinerea428. Evidence suggests a neurodevelopmental role for the insudeum griseum in 

facilitating callosal white-matter axon guidance via dopaminergic inputs, where postnatal 

remnants persist as ‘grey-matter tracts’ tracing the midline of the corpus callosum429-431. Given 

speculated similarities in OrxR1-specific-expression, dopamine signalling, and historically 

vestigial classifications, it is plausible that the insudeum griseum may play a 

neurodevelopmentally similar role relative to callosal projections as the subplate does to cortical 

networks. In observing the appearance of the insudeum griseum and fasciola cinerea across 
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present SDCM scans, strikingly obvious and perhaps defining VVA signal is apparent (Figure 16, 

Figure 22, Figure 30, Figure 79). This could indicate that resident cells contribute to highly stable 

extracellular-matrix-shielded networks exhibiting restricted plastic capacity, synaptic 

inflexibility, protection from degradation and nonspecific signals, reduced membrane 

capacitance, and capacity for high-frequency firing. Further anatomical and electrophysiological 

characterisation of the insudeum griseum and fasciola cinerea should be conducted using 

existing datasets for exploratory analyses (5.4.5) to inform future directions—a worthwhile 

endeavour given what appears to be a rare opportunity to characterise a brain region which is 

phylogenetically conserved at least in mice and humans432, 433 yet lacks a well-defined function.  

4.5.4  Layer 6-augmentation and mTOR 

PTEN-cKO yields Drd1a+ neuron hypertrophy and prevalence without altering projection 

targets, which is consistent with hypotheses. Extending upon 4.3.5, increased Drd1a+ counts in 

L6a relative to L6b (Figure 27G) may be simply explained by a greater number of Drd1a+-targeted 

cells residing in the larger L6a. Unintuitively decreased L6b densities (Figure 27G-H) may be due 

to constant CPLX3 expression such that Drd1a+ counts and cortical thickness increased, yet 

average CPLX3 signal did not, which assigned more Drd1a+ neurons to L6a. Alternatively, both 

increased L6a counts and decreased L6b densities could be explained by increased pial migration 

upon mTOR disinhibition65. Greater differences in Drd1a+ cells which lack CPLX3 co-expression 

could indicate resistance to genotype effects (4.3.3, 4.3.5). CPLX3+ subtypes may represent L1-

projecting cells described morphometrically (4.4) and electrophysiologically48, likening Ctgf+ 

populations 48, 82, 225, as CPLX3 projections in Figure 26D appear to arborise in L1 but not L5 while 

Drd1a neurites are visible in both (also see Figure 25). If true, similar densities following PTEN-

cKO suggests constant ORX-insensitive non-pyramidal L1-projecting CPLX3+82, 225 subpopulations 

which exhibit lower firing frequencies than Drd1a+ neurons48, 50. Considered alongside 

morphometric consistency in non-pyramidal L6b subpopulations, yet increased complexity and 
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arborisation strength in pyramidal ORX-sensitive neurons (4.4), perhaps CPLX3-lacking L5/POm-

projecting L6b subpopulations are more profoundly influenced by PTEN-cKO. Given the 

proposed role of L6b as an “integral arousal node”, perhaps “integration” functions—including 

L1 projections—are less-affected by PTEN-cKO yet higher-frequency relay to L5 increases. 

Visually, this may be the case as more prominent apical dendrites appear to extend to L5 but 

not L1 upon PTEN-cKO in Figure 25ci vs Figure 25di and Figure 26DIVi vs Figure 26DIViii,. 

Increased Drd1a+ neuron prevalence and hypertrophy resemble human WMINs upon 

pathological PTEN mutation55, 69, while increased L5/POm relay could relate to associated 

physiological consequences including cortical hyperexcitability and sensory sensitivity35, 56, 66. 

Increased WMIN densities are common to comorbid conditions of autism and epilepsy55, 69, 72, 73, 

yet whether projections to L1 and/or L5 increase remains unknown. This could be tested in 

mouse L6-PTEN-cKO models using techniques like monosynaptic-CaMPARI-TTX/4APChR2 circuit 

mapping48, 434, 435. I would suspect patch clamp and local field potential recordings in Drd1a-Cre-

driven PTEN-cKO neurons to yield decreased membrane resistances and increased action 

potential firing frequencies relative to CTRLs. After better characterising Drd1a+ neuron 

phenotypes following PTEN-cKO, rescue could be attempted via mTOR inhibitor administration 

(A.1.1). Rapamycin and rapalogs (‘first-generation’ inhibitors) should be tested yet may not be 

optimally effective in rectifying effects of PTEN-cKO as rapamycin targets mTOR complex 1 

(mTORC1)61 and cannot entirely preclude upstream PTEN action via mTOR complex 2 (mTORC2). 

‘Second-generation’ inhibitors (i.e., torin-1)436 may be more potent due to simultaneous 

inhibition of mTORC1, mTORC2, and PIK361, 436. Such follow-up investigations would inform 

whether attention should be directed towards mTOR inhibitor pharmacology for autism and 

epilepsy treatment. While first-generation inhibitors including rapamycin and everolimus have 

received FDA-approval for managing refractory focal seizures, proposed follow-up rescue 

experiments could test whether second-generation inhibitors should also be pursued.  
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4.5.5   Evolutionarily preserved morphometrics and networks 

Across neurite and soma analyses, human WMINs and mouse L6b neurons defined by 

cell type (i.e., pyramidal vs non-pyramidal) and ORX-sensitivity appear qualitatively similar, save 

differences due to scale (Figure 32, Figure 34A-D). However, present quantitative comparisons 

are limited by the low number of mouse neurons (Figure 33, Figure 34E-G). While current 

analyses identify no species differences due to cell type (species×type), ORX-sensitivity 

(species×ORX-sensitivity), or their interaction (species×type×ORX-sensitivity) (Table 17), this is 

not a sufficiently powered conclusion. Morphologies only provide some insight into whether 

cells are analogous. Previous studies report comparable L6b-WMIN molecular profiles4, 5, and in 

original publications which define orexin/hypocretin96, 97, human and rat homologs of OrxR1 and 

OrxR2 exhibit 94% and 95% similarity, respectively98. Present image stacks were obtained from 

biocytin-filled neurons following single-cell patch-clamp recordings, whose analyses will further 

inform subtype resemblance. Together, further morphometric analysis will complement genetic 

and physiological data to evaluate Drd1a-Cre/WMIN analogy and the notion of evolutionarily 

conserved yet incompletely characterised roles for ORX-sensitive subplate-remnant neurons. 

Table 17. Summarises comparisons between mouse and human L6b neurons. Further details, 
are provided in A.2. Green=neurite analyses; blue=soma analyses. ND=no statistical difference. 
 

Output Metric Reference Species×Type Species× 
ORX-sensitivity 

Species×Type× 
ORX-sensitivity Result 

Sholl ramification index Figure 33E F(1,55)=1.273, p=0.2641 F(1,55)=2.599, p=0.1127 F(1,55)=3.056, p=0.0860 ND 
Sholl decay Figure 33F F(1,55)=0.7898, p=0.3780 F(1,55)=0.6870, p=0.4180 F(1,55)=2.591, p=0.1132 ND 
Sholl skewness Figure 33G F(1,55)=0.4095, p=0.5249 F(1,55)=3.561, p=0.5531 F(1,55)=0.9310, p=0.3388 ND 
Horton-Strahler ratio Figure 33H F(1,55)=1.418, p=0.2388 F(1,55)=1.825, p=0.1822 F(1,55)=3.531, p=0.0655 ND 
# Branches Figure 33I F(1,55)=2.199, p=0.1438 F(1,55)=2.977, p=0.0901 F(1,55)=3.431, p=0.0694 ND 
# Basal dendrites Figure 33J F(1,55)=0.4683, p=0.4971 F(1,55)=0.0217, p=0.8835 F(1,55)=0.0476, p=0.8282 ND 
# Primary dendrites Figure 33K F(1,55)=0.0192, p=0.8904 F(1,55)=0.0868, p=0.7695 F(1,55)=0.0802, p=0.7782 ND 
Branch contraction Figure 33L F(1,55)=0.7490, p=0.3905 F(1,55)=1.668, p=0.2020 F(1,55)=2.503, p=0.1194 ND 
Soma surface area Figure 34E F(1,55)=0.5841, p=0.4480 F(1,55)=1.348, p=0.2506 F(1,55)=1.220, p=0.2743 ND 
Soma sphericity Figure 34F F(1,55)=0.3811, p=0.5395 F(1,55)=1.074, p=0.3045 F(1,55)=2.389, p=0.1279 ND 
Ellipsiod elongation Figure 34G F(1,55)=0.2096, p=0.6489 F(1,55)=0.7277, p=0.3973 F(1,55)=1.211, p=0.2760 ND 
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Chapter 5: Results – L5-silencing leads to progressive anatomical 
and motor degeneration as revealed by multimodal datasets 
 

This chapter maps the spatiotemporal progression of neuroanatomical and behavioural 

deterioration following Rbp4-Cre-driven Snap25-cKO, informing 1) the relevance of this mouse 

model to underlying mechanisms associated with motor neuron degeneration and 2) the ability 

of MRI to detect brain-wide changes upon cell-specific genetic manipulation. Upon identifying 

motor phenotypes in the L5-silenced mouse line (Preface, 5.1.1), I proposed and executed a 

longitudinal study involving behavioural, neuroimaging, and histological experiments to 

systematically determine where and when signs of degeneration emerge (1.5.5). Throughout 

postnatal weeks 4-21, I tested the motor function of CTRL and L5-cKO mice (5.1) and conducted 

up to three interspersed in vivo MRI scans (i.e., volumetric, diffusion, and resting-state fMRI) 

(5.2.1, 5.2.2). Following perfusion-fixation, I scanned brains ex vivo (i.e., volumetric, diffusion, 

and QSM) (5.2.3, 5.2.5) then processed samples for immunolabelling (Figure 4) (5.3). I predicted 

that behavioural deficits would progressively emerge (i.e., irregular feeding and home-cage 

activity, hindlimb-clasping, decreased grip strength, and gait deficits), and that these would be 

accompanied by volumetric decreases in areas of Rbp4-Cre expression (i.e., projection tracts by 

7wks, and soma by 16wks). In Rbp4-Cre projection tracts, I anticipated decreased FA with 

increased MD and susceptibility, while in areas of Rbp4-Cre soma expression I hypothesised 

decreased intracellular volume fractions and complexity with increased MD and neurite 

dispersion. I predicted this to reflect decreased L5 UMN (Rbp4-Cre+/NEUN+/SMI32+) soma 

prevalence, Rbp4-Cre+ axon integrity, and LMN CHAT expression alongside emergent tau 

aggregation, glial cell infiltration, and signs of interneuron or perineuronal net degradation in 

the brain and spinal cord (Table 7). Ultimately, I aim to characterises trajectories of motor 

degeneration in Rbp4-Cre mice upon Snap25-cKO and demonstrate methodological power in 

consolidating parallel neuroimaging, histological, and behavioural insights (5.4, 5.5). 
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5.1 Behaviour 

5.1.1  Physical features and feeding behaviour 

As detailed in the Preface, and 3.1.5, I conducted pilot SnackerTracker validation tests 

6iii) (A.3.7-A.3.8) using surplus ~18-20wk L5-silenced and CTRL mice to evaluate 1) whether 

significant crumbling emerged (3.4.4), and 2) whether SnackerTrackers were compatible with 

longer recording timeframes upon instituting the wired USB setup (3.4.1, A.4.4). Subtle changes 

in feeding patterns were not entirely unexpected; I reasoned that previously reported decreased 

body weight and sleep disturbances (i.e., increased wakefulness) in L5-silenced mice relative to 

CTRLs77, 114, may correspond to decreased food intake and feeding behaviour. By extension, I 

argued that test 6iii) may also validate whether SnackerTrackers could detect expectedly 

decreased total feeding in L5-silenced mice. 

Pilot results were unexpected. After confirming decreased body weights in L5-cKOs 

(Figure 36), SnackerTracker data showed that, while the pattern and amount of feeding 

behaviour appeared identical between groups (Figure 37A-B, Figure 37E-I), food intake 

appeared diurnal in CTRLs yet arrhythmic in L5-cKOs (Figure 37C-D). Surprisingly, despite lower 

body weights, L5-cKOs appeared to eat more than CTRLs, with increased food-intake during the 

light-phase/light-onset and decreased food-intake during the dark-phase/dark-onset (Figure 

37J-N). This is consistent with a qualitative lack of regular diurnal fluctuation in the timeline trace 

of L5-cKOs compared to CTRLs (Figure 37D).  

 
Figure 36. Rbp4-Cre animal data. Shows A-B) ages and C-D) body weights across L5-cKOs, 
heterozygote (Het) CTRLs, and WT CTRLs A,C) from prior work114 and B,D) in the present pilot. 
*=p<0.05, ***=p<0.001. See Table 10-Table 11 and A.2 for replicate and statistical details. 
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Figure 37. Daily feeding behaviour and food intake in L5 CTRL and cKO mice. 48hr A) cumulative 
and B) derivative rates of animal-device interactions (‘feeding behaviour’, FB) are shown with C) 
cumulative and D) rates of food intake (FI) for L5-cKO and both CreWT and heterozygous (Het) 
CTRLs. Summary FB data show no significant differences between WT and Het CTRLs in daily 
totals, yet cKOs differ E) across 24hr periods, F) in the light-phase, G) at light-onset, H) in the 
dark-phase, and I) at dark-onset. Identical metrics are shown in J-N) for FI. Male and female data 
are combined, yet individual sample traces are provided in Figure 39-Figure 38 due to a trend 
towards sex-differences (sex-disaggregated group data can be provided upon reasonable 
request. ZT=Zeitgeber time. See Table 10-Table 11 and A.2 for replicate and statistical details. 
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Sample individual traces from 1×M and 1×F CTRL and 1×M and 1×F cKO reflect this 

difference. Effects are more prominent in females (Figure 38) compared to males (Figure 39); 

the amplitude of feeding behaviour is greater, suggesting that female mice interact more 

intensely with SnackerTrackers as in Figure 13C, such that a more pronounced plateau in diurnal 

patterns becomes obvious (i.e., Figure 38AV vs Figure 38BV and Figure 39AV vs Figure 39BV). 

 
Figure 38. Sample female L5-CTRL/cKO SnackerTracker traces. A) CTRL and B) cKO timelines 
include I) raw mass and LDR data; II) extracted animal-device interactions; III) cumulative and V) 
derived food-intake; and IV) cumulative and VI) derived feeding behaviour. ZT=Zeitgeber time. 
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Figure 39. Sample male L5-CTRL/cKO SnackerTracker traces. A) CTRL and B) cKO timelines 
include I) raw mass and LDR data; II) animal-device interactions; III) cumulative and V) derived 
food-intake; and IV) cumulative and VI) derived food-seeking behaviour. ZT=Zeitgeber time. 
 

Given the small NE in this initial test, I conducted a second pilot using additional surplus 

mice aged 13-22wks to assess 1) the consistency of feeding irregularities, and 2) whether effects 

only emerged at ~20wks; mice employed in prior sleep studies were younger (~13-15wks, Figure 

36) and exhibited no apparent behavioural abnormalities114. Upon handling animals belonging 

to this second larger pilot cohort daily, I noticed that, with time, mice also appeared to exhibit 
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an unusual hindlimb clasp which I learned had been previously reported yet not characterised 

further77. I began qualitatively documenting whenever this hindlimb clasp emerged. After the 

final ~22wk timepoint, I downloaded and analysed data from all SnackerTrackers. Results in 

Figure 40 show that, indeed, no differences between L5-cKO and CTRL mouse feeding behaviour 

or food intake present at ~13-15wks (Figure 40A-B). Only subtle signs of a hindlimb clasp in some 

L5-cKO mice were noticeable. However, the same irregular feeding pattern as in Figure 37-

Figure 39 emerged in L5-cKOs at ~20-22wks despite no change in food-seeking behaviour, 

alongside a pronounced hindlimb clasp in 8/10 animals (Figure 40C-D). I then thought that 

perhaps this feeding phenotype precipitated due to underlying motor deficits indicated by the 

hindlimb clasp, which may hinder animals’ ability to physically reach and extract pellets from 

the food holder. I had collected SnackerTracker recordings weekly throughout the ~13-22wk 

timeframe, yet only initially analysed first and final timepoints, so I consulted my notes to see 

exactly which animals presented with a clasp and when. As a post hoc exploratory analysis, I 

extracted and combined viable traces across all animals and timepoints according to whether I 

had documented a clasp as present (Figure 40G) or absent (Figure 40E), then calculated the 

proportion of CTRL (Figure 40F) and L5-cKO mice (Figure 40H) exhibiting the phenotype. I 

predicted that more obvious differences in feeding patterns might emerge if the hindlimb clasp 

was responsible for feeding irregularities, which would suggest that differences in ‘feeding 

behaviour’ at ~20-22wks rather emerged as a consequence of motor deficits. Results in Figure 

40I-J show that rates of animal-device interactions appeared identical between mice with and 

without the hindlimb clasp; however, as suspected, traces detailing food-intake rates from mice 

with the hindlimb clasp exhibit less-pronounced daily fluctuations than those of mice lacking the 

hindlimb clasp. Further post hoc Sum of Sine decompositions (3.2.2, step III) of individual traces 

consistently identified mice exhibiting the hindlimb clasp as having primary periods of the rate 

of food-intake which diverged from τ=24h (Figure 40K-L). 
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Figure 40. The second pilot corroborates motor-related changes  upon L5-cKO. L5-cKO and CTRL 
A,C) feeding behaviour and B,D) food-intake are shown for mice aged A-B) ~13-15wks and C-D) 
~20-22wks. The proportion of mice which E) do not develop the hindlimb clasp or G) exhibit a 
prominent clasping phenotype are shown for F) CTRL and H) L5-cKO mice over time I) Feeding 
behaviour and J) food intake traces are then disseminated according to whether recordings were 
obtained from mice possessing or lacking the hindlimb clasp phenotype. Period decompositions 
show K) no deviation from the expected primary periodicity of τ=24h for feeding behaviour in 
either CTRLs or L5-cKOs, yet L) notable deviation for food intake only in cKOs with time. K-L) Data 
from the same mouse are indicted with connected lines, and data from mice exhibiting the 
hindlimb clasp are marked with a ✶. ZT=Zeitgeber time. See Table 10-Table 11 and A.2 for 
replicate and statistical details. 
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This feeding phenotype—conceivably due to the emergence of a prominent hindlimb 

clasp arising from underlying motor deficits—motivated me to design, propose, and execute 

STAMINA (1.5.5, Figure 4). I will present and discuss the results throughout the remainder of 

this chapter. Behavioural characterisations involve more detailed food intake and feeding 

behaviour quantifications from younger ages (≥4wks) alongside systematic hindlimb-clasp 

documentation and broader CAMP scoring (5.1.2), VCT testing (5.1.3), grip strength assessment 

(5.1.4), and Catwalk gait evaluation (5.1.5).  

Figure 42 depicts body weight data from the complete STAMINA cohort. As expected, 

body weights increase in both genotypes over time, however to a consistently greater extent in 

CTRLs compared to L5-cKOs (genotype: F(1,26)=33.38, p<0.0001; genotype×age: F(18,200)=0.9373, 

p=0.5344). Female mice weighed consistently less than male mice (sex: F(1,26)=97.64, p<0.0001), 

yet the effect of genotype did not differ by sex (genotype×sex: F(1,26)=0.9625, p=0.3356) (Figure 

42A). I therefore show results using combined data from both male and female mice here 

(Figure 42B) and in forthcoming behavioural plots, where no sex differences emerge unless 

otherwise stated. I provide sex-disseminated plots in A.9, and all corresponding statistics in A.2. 

 
Figure 41. STAMINA L5-cKO and CTRL mouse body weights over time. L5-cKO mice weigh less 
than CTRLs, which is consistent over time A) in males and females and B) upon combining data 
from mice of both sexes. See Table 10-Table 11 and A.2 for replicate and statistical details. 
 

Figure 42 summarises SnackerTracker results following STAMINA cohort recordings, 

which are separated by sex in A.9.4. As in the second pilot (Figure 40), no difference in the 

pattern of food-seeking behaviour emerged at any age across trendlines and period 

decompositions (Figure 42B,C,F,H). However, L5-cKO mice exhibited increased total feeding 
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behaviour which is consistent over time (genotype: F(1,26)=18.74, p=0.0002; genotype×age: 

F(18,135)=33.38, p=0.8802) (Figure 42J), greater in females (sex: F(1,26)=16.756, p=0.0152; 

genotype×sex: F(1,26)= 0.0025, p=0.9608; genotype×sex×age: F(18,135)=1.073, p=0.3862), and 

concentrated in the dark-phase (light-phase genotype: F(1,26)=13.29, p=0.0012; light-phase 

genotype×age: F(18,135)=1.144, p=0.3179; dark-phase genotype: F(1,26)=15.40, p=0.0006; dark-

phase genotype×age: F(18,135)=0.5998, p=0.8948) (Figure 42L,N). This is consistent with the 

previous sleep study which reported intact circadian rhythms yet increased overall wakefulness 

particularly in the dark phase114. In contrast, no consistent difference in the food-intake of CTRL 

vs L5-cKO mice emerged over time across daily totals (genotype: F(1,26)=2.405, p=0.1331; 

genotype×age: F(18,1220)=0.9322, p=0.5419) (Figure 42I), in the light-phase (genotype: 

F(1,26)=1.990, p=0.1702; genotype×age: F(18,120)=1.452, p=0.1203) (Figure 42K), or in the dark-

phase (genotype: F(1,26)=0.1866, p=0.6693; genotype×age: F(18,120)=1.1278, p=0.3352) (Figure 

42M). Male mice ate more than females over time and across genotypes (sex: F(1,26)=9.308, 

p=0.0052; age×sex: F(18,120)=0.9396, p=0.5333; genotype×sex: F(1,26)=0.0564, p=0.8142) (A.9.4). 

However, the pattern of food intake appeared to differ across genotypes. In young 3-4wk mice, 

feeding appears to be concentrated more closely around the time of dark-onset compared to 

CTRLs (Figure 42A). Yet, diurnal patterns appear equally prominent, are centred around τ=24h, 

and are indiscernible across genotypes (Figure 42E). In older 21wk mice, the pattern of food-

intake in L5-cKOs appears less-prominent yet maintains some diurnality (Figure 42C). This is 

indinated by the red arrow in Figure 42G, where the expected period distribution is centred at 

τ=24h for both genotypes yet is of lower amplitude in L5-cKOs. As suggested following the 

second pilot (Figure 40), this subtle shift in feeding behaviour periodicities in L5-cKO mice may 

be conceivably due to deteriorating fine motor skills which are required to reach for food. 

Therefore, I proceeded to conduct and analyse targeted and systematic characterisations of 

related motor functions (5.1.2-5.1.5). 
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Figure 42. STAMINA SnackerTracker results. A,C) Food intake and B,D) feeding behaviour in L5-
cKO vs CTRL mice are shown for A-B) 3-4wk and C-D) 21wk mice, with period decompositions in 
E-H) respectively. The red arrow in G) indicates a decreased amplitude around τ=24 in L5-cKO 
mice. Daily totals over time are shown for I) food intake in the K) light-phase and M) dark-phase, 
and J) feeding behaviour in the L) light-phase and N) dark-phase. See A.9.4 for sex-disaggregated 
plots, and Table 10-Table 11 and A.2 for replicate and statistical details. ZT=Zeitgeber time. 
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5.1.2  Continuous assessment of motor phenotypes 

CAMP scoring273 revealed the progressive emergence of significant motor deficits in L5-

cKO mice over time. Note that, while I assigned unblinded CAMP scores to each mouse each 

week throughout STAMINA, blinded analyses of de-identified videos were conducted by another 

researcher several months later (2.4.3). CAMP trajectories and derived conclusions were 

identical in unblinded vs blinded analyses; the results of blinded analyses are shown in Figure 

43 and disseminated by sex in A.9.5. No genotype differences in CAMP scores emerged at the 

earliest 4wk timepoint, yet L5-cKO scores thereafter declined substantially (genotype: F(1,26)= 

305.2, p<0.0001; genotype×age: F(18,200)=11.03, p<0.0001) (Figure 43A). The hindlimb clasp 

became increasingly prominent over time such that, by 21wks, L5-cKO mice became increasingly 

unable to extend their hindlimbs, often beginning subtly with one hindlimb or distal forelimb 

and hindlimb digits (genotype: F(1,26)=228.6, p<0.0001; genotype×age: F(18,200)=10.14, p<0.0001) 

(Figure 43B; particularly note the more subtle clasp in an 8-wk L5-cKO mouse compared to the 

pronounced clasp in a 21wk L5-cKO mouse in Figure 43BIii vs Figure 43BIIii). The ledge-walk 

revealed that L5-cKO mice became progressively unable to balance and walk along a narrow 

surface, which indicated deterioration in motor performance earlier and more prominently than 

the hindlimb clasp (genotype: F(1,26)=178.8, p<0.0001; genotype×age: F(18,200)=3.684, p<0.0001) 

(Figure 43C). Only some kyphosis was observed in L5-cKOs, though subtle differences may not 

have been documented due to my lack of knowledge and experience in identifying kyphotic 

posture (genotype: F(1,26)=12.53, p=0.0015; genotype×age: F(18,200)= 2.631, p=0.0005). Gait 

appeared slower and more unsteady in cKOs compared to CTRLs simply as observed in the home 

cage (genotype: F(1,26)= 22.02, p<0.0001; genotype×age: F(18,200)=1.588, p=0.0658). More 

nuanced differences in stride pattern, speed, and cadence appeared to emerge which could not 

be fully captured by scores of 0-3, therefore I relied on more sophisticated means of assessment 

for quantitative gait analyses (5.1.5). 
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Figure 43. STAMINA CAMP results reveal motor deterioration in L5-cKO mice. A) Total CAMP 
scores encompass motor-associated assessments of B) the hindlimb clasp, C) the ledge-walk, D) 
kyphosis, and E) gait. I show representative images of i) CTRL and ii) L5-cKO mice at I) 8wks and 
II) 21wks for the B) hindlimb clasp and C) ledge-walk. Signs of motor deficits are indicated by 
white arrows, and corresponding videos can be viewed using the F) QR code provided437. Data 
are separated by sex in A.9.5. See Table 10-Table 11 and A.2 for replicate and statistical details. 
 
5.1.3  Visual cliff test 

I conducted the VCT to test whether conceivable genotype differences emerged due to 

vision decline. RBP4 is a retinol binding protein responsible for transporting vitamin A (retinol) 
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to the eye, which may be critically disrupted if Cre is postnatally expressed off-target438, 439. I did 

not expect but nevertheless crudely tested for the possibility of vision deficits, assuming that 

increased time spent in the drop-zone (associated with risk or danger) or proportional flat/drop-

zone time differing between L5-cKOs and CTRLs may indicate visual impairment. Admittedly, this 

same trend could present if L5-cKO mice were less risk-averse, which I would have followed-up 

upon if considerable genotype differences emerged. However, results shown in Figure 44 (and 

separated by sex in A.9.6) reveal that L5-cKO mice only appear more prone to enter the edge-

zone (genotype: F(1,203)=16.63, p<0.0001; genotype×age: F(18,203)=0.8984, p=0.5812) (Figure 44D); 

VCT outputs otherwise resemble CTRLs across time in the drop-zone (genotype: F(1,203)=0.6158, 

p=0.4335; genotype×age: F(18,203)=0.7233, p=0.7850) (Figure 44A), the flat-zone (genotype: 

F(1,203)=0.3340, p=0.5582; genotype×age: F(18,203)=0.7498, p=0.7563) (Figure 44B), and at the 

edge (genotype: F(1,203)=0.8016, p=0.3717; genotype×age: F(18,203)=0.3737, p=0.9911) (Figure 

44C). The pattern of increased time in the drop-zone with age appears consistent across 

genotypes. Together with the fact that both CTRL and L5-cKO mice appeared responsive to light, 

handling, and SnackerTrackers upon food-holder refills, VCT results suggest that no obvious and 

severe vision deficits emerged. 

 
Figure 44. Summarises STAMINA VCT results. No obvious differences between L5-cKO and CTRL 
mice emerge in time spent in the A) drop-zone, B) flat-zone, or C) edge-zone, although L5-cKO 
mice appear to exhibit D) a greater number of edge entries. See A.9.6 for sex-disaggregated 
plots, then Table 10-Table 11 and A.2 for replicate and statistical details. 
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5.1.4  Grip strength and nesting 

Grip testing similarly revealed that L5-cKO mice exhibit progressively decreased strength 

compared to CTRLs (Figure 45, A.9.7). CTRLs and L5-cKO mice performed similarly at younger 

ages (i.e., <10wks), and both showed increased grip strengths over time as expected of growing 

mice; however, the degree to which L5-cKOs improved was less than that of CTRLs (genotype: 

F(1,22)=16.02, p=0.0006; genotype×age: F(18,184)=0.7233, p=2.498) (Figure 45A). Results show that, 

overall, L5-cKO mice exhibit poor nesting-behaviour compared to CTRLs (genotype: F(1,26)=148.6, 

p<0.0001; genotype×age: F(18,191)=2.505, p=0.0011) (Figure 45B). Sample nest images are 

provided, where those corresponding to lower scores of 0-2 and higher scores of 3-4 are from 

L5-cKO and CTRL nests, respectively. This suggests that L5-cKO mice lack the fine motor skills 

needed to build more complex nests, which together with higher activity and distributed feeding 

patterns (Figure 42) may importantly confound previous reports of sleep disturbance114. 

 
Figure 45. STAMINA results following grip strength and nesting tests. A) While initially 
indiscernible, L5-cKO mice exhibit weaker grip strength compared to CTRL mice over time. B) L5-
cKO mice exhibit consistently poor nesting behaviour. See A.9.7 for sex-disaggregated data, then 
Table 10-Table 11 and A.2 for replicate and statistical details. 
 
5.1.5  CatWalk 

CatWalk tests enabled detailed examination of L5-cKO vs CTRL mouse gait, elaborating 

upon CAMP observations (5.1.2). Indeed, L5-cKO mice progressively exhibit gait deterioration 
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across several distinct yet complimentary outputs (Figure 46, A.9.8). Speed decreases over time 

where, although initially equivalent CTRLs, L5-cKO mice become relatively slower (genotype: 

F(1,210)=278.6, p<0.0001; genotype×age: F(18,210)=3.009, p<0.0001) (Figure 46A). Gait cadence—the 

frequency of steps taken traversing the CatWalk platform—also decreases in L5-cKOs (genotype: 

F(1,210)=152.5, p<0.0001; genotype×age: F(18,210)=0.4103, p=0.9848) (Figure 46B) which is not 

unexpected given that speed decreases. However, cadence differs notably across genotypes 

even at the youngest timepoints before differences in speed emerge. That is, before 6wks (see 

A.2 for post hoc statistics), L5-cKO mice require fewer steps to traverse the same distance and 

may initially adopt longer strides to compensate for an early inability to move limbs at a higher 

frequency. Further subtle differences emerge as, at ~6wks, the step pattern of L5-cKO mice shifts 

to favour alternate (genotype: F(1,210)=144.3, p<0.0001; genotype×age: F(18,210)=1.011, p=0.4490) 

over cruciate step sequences (genotype: F(1,210)=159.6, p<0.0001; genotype×age: F(18,210)=0.9065, 

p=0.5713) (Figure 46C-I,K). Similarly, after ~6wks, a greater percentage of L5-cKO strides are 

taken with a three-paw base of support (genotype: F(1,210)=58.20, p<0.0001; genotype×age: 

F(18,210)=0.7926, p=0.7079) corresponding to decreased single-paw strides (genotype: 

F(1,213)=31.91, p<0.0001; genotype×age: F(18,213)=0.6730, p=0.8357) (Figure 46L-M). The alternate 

sequence is typically considered a more stable step pattern typical in healthy mice275, 294 yet, 

combined with decreased speed and increased three-paw support over time, suggests that L5-

cKO mice may gradually adopt a more cautious stereotypical gait strategy to mitigate increasing 

hindlimb rigidity and instability over time (i.e., as indicated by CAMP hindlimb-clasping and 

ledge-walking, 5.1.2). Images of sample CatWalk runs are shown in Figure 46N-Q (I link 

corresponding videos in Figure 46J) where genotype differences are subtle at younger ages and 

more profound at older ages. Together, behavioural tests strongly indicate the progressive 

emergence of motor deficits in L5-cKO mice, prompting further functional and anatomical 

dissection of conceivable underlying networks (5.2-5.3). 
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Figure 46. STAMINA CatWalk gait evaluations reveal motor deficits in L5-cKO mice. Summary 
metrics comparing L5-cKO vs CTRL gait features include A) average speed, B) step cadence, C) 
time in the cruciate step pattern, D) time in the alternate step pattern, L) time with single-paw 
support, and M) time spent with three-paw support. I illustrate E,G,I) cruciate and F,H,K) 
alternate step sequences, where a greater percentage of CTRL and L5-cKO strides are of the 
cruciate and alternate patterns, respectively. Images of representative CatWalk runs are shown 
for N) 8wk CTRL, O) 21wk CTRL, P) 8wk L5-cKO, and Q) 21wk L5-cKO mice. J) I provide 
corresponding videos via the QR code437. See A.9.8 for sex-disaggregated data, then Table 10-
Table 11 and A.2 for replicate and statistical details. 
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5.2 MRI 

5.2.1  In vivo T1W anatomical scans 

Throughout STAMINA (1.5.5, Figure 4), I acquired repeated in vivo MRI scans from L5-

cKO and CTRL mice across three timepoints—4-7wks, 11-14wks, and 18-21wks—to determine 

whether neuroimaging could detect predicted motor-related neurodegeneration in cortical and 

subcortical regions (Figure 2). If so, this could provide longitudinal insight into conceivable 

spatiotemporal patterns of deterioration. I will first describe results of T1W anatomical analyses, 

then  in vivo DTI and fMRI in 5.2.2., and finally ex vivo T2W, DTI, and QSM in 5.2.3-5.2.5. As 

shown in Figure 47, in vivo T1W imaging quality-control checks confirmed that the bed nucleus 

of the stria terminalis is smaller in females compared to males (which is expected, and a common 

readout for overall scan fidelity, Figure 47A). More notably, L5-cKO mice exhibit smaller overall 

brain volumes (Figure 47B) which is not surprising given lower body weights (Figure 41). Brain 

maps in Figure 47C overlaid with t-statistics represent the difference between L5-cKO relative 

to CTRL volumes; I centred analyses at 21wks both to extract information at the age where I 

expected the largest genotype differences, and to enable more direct comparisons to ex vivo 

findings. T1W maps show regional decreases across nearly all areas, yet to various extents 

throughout the brain. In the hippocampus and amygdala, volumetric increases emerge, which is 

unexpected considering smaller whole-brain volumes. Figure 47D shows the same brain maps 

yet overlaid with t-statistics representing effects following total brain volume covariance. I show 

p-values in Figure 47E, and FDR-adjusted q-values in Figure 47F, to illustrate convergence of 

statistical significance after covariance (Figure 47C). I highlight this distinction as, in upcoming 

plots, I show regional and voxelwise maps with statistical representations of combinations of 

genotype, age, and sex differences as p-values. I provide maps with t-statistics and FDR-adjusted 

q-values, accompanied by regional graphs in A.2 if not in the main text, then additional statistical 

tables and replicate values in A.10.19 and Table 10 respectively.  
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Figure 47. T1W in vivo MRI overview. Illustrates decreased total brain volumes in L5-cKO mice. 
A) volumes in the bed nucleus of the stria terminalis are consistently smaller in females; anything 
else would suggest poor scan quality. B) Decreases in L5-cKO vs CTRL brain volumes emerge over 
time. C-F) Heat maps show blue-purple=decreased or red-yellow=increased volumes in cKOs 
relative to CTRLs. C) T-statistic maps represent mostly decreasing volumetric changes before and 
D) after total brain volume covariance, then E) as p-values and F) as q-values following FDR-
correction. I predominantly employ p-value brain maps in upcoming figures, with t-statistic and 
q-value equivalents in A.2. See Table 10 and A.2 further for replicate and statistical details. 
 

With covariance, regional and voxelwise analyses reveal volumetric differences across 

genotypes at 21wk (Figure 48). Regional maps show that descending motor-related pathways 

through which L5 axons traverse exhibit volumetric reductions ( Figure 48A,B,D,E) in M1, CST, 

internal capsule, cerebral peduncles, medial lemniscus, thalamus, motor-associated nuclei, 

pallidum, pontine reticular nuclei, rubrospinal tract, fastigial nuclei, and interposed and dentate 

nuclei (Figure 49). While regional maps enable ROI analyses, voxelwise plots better-represent 

raw data which may otherwise appear obsolete if diluted by averaging across atlas-defined 
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regions. Further, the Dorr-Steadman-Ullman atlas (2.5.5.4) does not distinguish cortical layers 

or HOTN from FOTN. Figure 48C,F shows that, while some differences in the thalamus are 

indicated regionally, voxelwise maps show that differences converge in HOTN—nuclei to which 

Rbp4-Cre corticothalamic axons are known to selectively project (1.3.1)77, 120, 144, 145.  

 
Figure 48. T1W in vivo MRI maps. Volumetric differences emerge across ROIs upon L5-cKO.  A-
C) P-values and D-F) q-values represent increases (yellow-red) and decreases (purple-blue) due 
to genotype at 21wks. I overlay A,D) sketches from Figure 2 to reference motor-related ROIs:  
M1; ii) S1; iii) PFC; iv) dentate gyrus; v) CST; vi) internal capsule; vii) cerebral peduncles; viii) 
medial lemniscus; ix) thalamus; x) midbrain and xi) medullar motor-related nuclei; xii) pallidum; 
xiii) pontine reticular nuclei; xiv) rubrospinal tract; xv) fastigial nuclei; and xvi) interposed and 
dentate nuclei. Arrows indicate these ROIs in B,D,E). I analysed images A,D) regionally and B,E) 
voxelwise, where C,F) voxelwise data studies ROIs lacking atlas definition: dLGN=dorsolateral 
geniculate; VPM=ventral posteromedial; Po=posterior; LD=lateral dorsal; LP=lateral posterior; 
CL=centrolateral; MD=mediodorsal; VM=ventromedial; and VPL=ventral posterolateral. 
FOTN=yellow, HOTN=red. See Table 10 and A.2 for replicate and statistical details. 
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Where Figure 48 illustrates effects due to genotype at 21wks—where behavioural 

phenotypes emerge most prominently—Figure 49 reveals age-related trends both via regional 

maps of interpolated effects at 4wks, 12wks, and 21wks (Figure 49A), and via graphs detailing 

measurements in pre-selected motor-related ROIs over time (Figure 49B). Graphs are useful to 

visualise effects related to Figure 48, Figure 49A, and genotype×age effects for comparison to 

behavioural trends (5.1, 5.4). Figure 49B shows that, indeed, genotype×age differences emerge 

in M1, S1, and PFC where L5-cKO volumes decline over time (Figure 49i-iii) while in the CST 

(including the internal capsule and cerebral peduncles) L5-cKO volumes fail to increase to the 

same extent as CTRLs (Figure 49Bv-vii). This indicates selective volumetric decline in the tracts 

traversed and regions targeted by Rbp4-Cre+ axons. Downstream deterioration may be due to 

axon degeneration (previously indicated77 and analysed in 5.3.1) or activity-dependent effects, 

both of which I will discuss further (5.4-5.5). Yet, T1W data also indicates volumetric increases 

in regions of high Rbp4-Cre expression (e.g., throughout the cortex and hippocampus). I did not 

expect this, as I rather thought volumes may decrease with L5-degeneration77. However, 

increased volumes could conceivably result from compensatory neuroinflammatory responses 

(e.g., microglial or astrocytes infiltration which I explore in 5.3.4), intracellular edema preceding 

apoptosis (considered in 5.2.4), or extracellular edema (also considered in 5.2.4). Interestingly, 

the only other region to increase in volume—even before total brain volume covariance—was the 

subventricular zone (A.2). The subventricular zone is a neural stem cell niche which persists 

through adulthood and can respond to damage by upregulating progenitor proliferation440, 441. 

In cases of motor degeneration, subventricular zone cells have been shown to differentiate into 

astrocytes rather than neurons, contributing to glial scar formation yet limiting functional 

neuron re-integration. Increased volumes in the hippocampus and some cortical ROIs emerged, 

yet could neither be resolved laminarly due to atlas limitations or voxelwise due to in vivo 

resolution limits. Higher-resolution ex vivo scans and histology then proceeded (5.2.3-5.2.5). 
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Figure 49. Volumetric ROI analysis following T1W in vivo MRI in L5-cKO vs CTRL mice. A) 
Illustrates interpolated volumetric differences at I) 4wks, II) 12wks, and III) 21wks. B) ROIs 
belonging to i-iv) cortical and hippocampal ROIs housing Rbp4-Cre+ soma; v-viii) Rbp4-Cre+ axon 
projection tracts (5.3.1); ix-xii) motor-related subcortical targets, and xiii-xvi) motor-related 
medullar and cerebellar targets correspond to those in Figure 48. Connected points represent 
data from the same mouse. See Table 10 and A.2 for replicate and statistical details. 
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5.2.2  In vivo DTI and resting state fMRI 

To briefly note before proceeding to ex vivo MRI results: I acquired in vivo DTI and 

resting-state fMRI scans yet have not fully analysed these due to time constraints. I describe 

planned future analyses in 5.5.3, which broadly includes DWI (as in 5.2.4) to inform the time-

trajectory of differences which emerge ex vivo (albeit at lower resolution), diffusion 

tractography to test regional connectivity or lack thereof, and RABIES-based BOLD signal 

evaluation to evaluate conceivable changes in functional networks over time. 

5.2.3  Ex vivo T2W anatomical scans 

Following perfusion-fixation, dissection, and solely in-skull sample preparation (2.5.2.1), 

higher-resolution ex vivo MRI scans (75μm3/vx) largely replicate in vivo findings (60μm3/vx) 

centred at 21wks (Figure 50). Similar patterns of volumetric changes emerge, yet to less-

significant extents; FDR corrections render nearly all voxels sub-threshold (Figure 50A-B,D-E). 

Despite attempts to achieve volumetric laminar discrimination by averaging 2×T2W 3D fast-

spin-echo acquisitions, ex vivo voxelwise maps did not reveal layer-specific changes, if existent, 

across coronal, horizontal, or sagittal planes (Figure 50B,E,G). Voxelwise horizontal and sagittal 

maps further indicate decreased volumes in motor trigeminal nuclei (Figure 50G) which I analyse 

accordingly in 5.3.2. Ex vivo thalamic dissections resemble in vivo observations where volumetric 

decreases appear highly localised to HOTN yet are diluted when averaged across the atlas-

defined thalamus (Figure 50C,F) 302, 318-321. Analyses over time are considerably underpowered 

due to a limited NE at younger ages (none currently <8wks). Nevertheless, age-related trends 

and regional graphs are illustrated in Figure 51, and ill-powered statistical reports throughout 

A.2. Incorporating additional replicate data from 4-7wk brains remains an active future direction 

(see 5.5.3). 
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Figure 50. T2W ex vivo MRI reveals volumetric differences upon L5-cKO. These resemble in vivo 
results (Figure 48), yet are comparatively tapered and more clearly confined to motor-related 
ROIs. Heat maps of A-C,G) p-values and D-F) q-values represent volumetric increases (yellow-
red) and decreases (purple-blue) due to genotype at 21wks across A,D) regional and B,E,G) 
voxelwise analyses. A,D) Overlaid sketches from Figure 2 reference ROIs corresponding to data 
in Figure 51: i) M1; ii) S1; iii) PFC; iv) hippocampal dentate gyrus; v) CST; vi) internal capsule; vii) 
cerebral peduncles; viii) medial lemniscus; ix) thalamus; x) midbrain and xi) medullar motor-
related nuclei; xii) globus pallidus; xiii) pontine reticular nuclei; xiv) rubrospinal tract; xv) fastigial 
nuclei; and xvi) interposed and dentate nuclei. G) Voxelwise I-II) horizontal and III-IV) sagittal 
maps illustrate localised patterns. *=motor trigeminal nucleus; **=cerebellar peduncles. C,F) 
Voxelwise data enable sub-regional evaluation of smaller areas (i.e., thalamic nuclei) which 
otherwise lack regional discrimination: dLGN=dorsolateral geniculate; Po=posterior; LP=lateral 
posterior; VPM=ventral posteromedial; VM=ventromedial; and VPL=ventral posterolateral. 
FOTN=black, HOTN=red. See Table 10 and A.2 for replicate and statistical details.  
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Figure 51. Volumetric ROI analysis following T2W ex vivo MRI in L5-cKO vs CTRL mice. A) 
Illustrates interpolated volumetric differences extrapolated at I) 4wks and interpolated at II) 
12wks and III) 21wks. B) ROIs belonging to i-iv) cortical and hippocampal areas housing Rbp4-
Cre+ soma; v-viii) Rbp4-Cre+ axon projection tracts (5.3.1); and ix-xvi) motor-related subcortical 
targets correspond to definitions in Figure 48. Note that, unlike Figure 49, points are not 
connected as ex vivo data are not repeated measures. See Table 10 and A.2 for replicate and 
statistical details.  
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Overall, similar trends towards decreased volumes emerge in L5-cKO mice across motor-

related ROIs (the dentate gyrus remaining an exception). However, neither overall genotype nor 

genotype×age effects are statistically significant in cortical or hippocampal regions (Figure 51Bi-

iv), while overall and interactive differences in white matter tracts clearly emerge and diverge 

over time (Figure 51Bv-viii). Other subcortical ROIs (Figure 51Bix-xvi) show the same pattern of 

consistently decreased L5-cKO volumes over time as indicated in vivo (Figure 49Bix-xvi). Having 

established overall regional effects of Rbp4-Cre-driven Snap25-cKO, ex vivo T2W anatomical 

scans provide a standard-space reference towards which more complex DWI (5.2.4) and QSM 

(5.2.5) data may be mapped.  

5.2.4  Ex vivo DTI 

Ex vivo diffusion analyses encompass FA, MD, MK, OD, ICVF, and FISO metrics, each of 

which complimentarily inform tissue properties. FA describes the variance of eigenvalues (λ1-3) 

representing water diffusion along each of three axes per voxel, where high variance indicates 

high diffusion directionality (e.g., in white matter tracts containing greater axon alignment 

relative to grey matter). I predicted that decreased FA would accompany axon degeneration in 

motor-related tracts upon L5-cKO442. Relatedly, MD denotes water diffusivity as the average of 

constituent eigenvalues, being typically consistent across white and grey matter regions. I 

expected values to increase with Rbp4-Cre+ degeneration. MK—with eigenvector directionality 

according to eigenvalue diffusivity—is calculated as the ratio of diffusion variance to the square 

of mean diffusion such that higher MK indicates greater deviation from Gaussian signal decay. 

Normal decay is expected if voxels represent homogeneous areas of uniformly moving water. I 

hypothesised decreased MK in Rbp4-Cre+ regions where, in the cortex where cytoarchitectural 

heterogeneity may prevent uniform water displacement, structural neurite barrier deterioration 

due to Rbp4-Cre+ degeneration would intuitively result in decreased structural complexity and 

kurtosis. Distinctly, OD is derived from the NODDI model (2.5.3.3)310 and defines the distribution 
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of neurite orientations within voxels as the degree of clustering about a mean orientation, 

thereby informing neurite dispersion rather than density. I expected increased OD in organised 

white matter tracts (OD=1 for perfectly orientated neurites), with decreases emerging upon 

Rbp4-Cre+ axon degeneration (OD=0 for entirely random branching)77. NODDI mathematically 

compartmentalises water across imaged voxels as being ‘trapped’ within neurites or ‘freely 

moving’ extracellularly or in cerebrospinal fluid. The proportion deemed restricted within 

neurites, encompassing axons and dendrites, is measured by the ICVF (also known as the neurite 

density index) where high values indicate regions of dense white matter or neurite networks. 

The proportion deemed to exhibit free triaxial diffusion is indicated by FISO (also termed the 

isotropic volume fraction) which should be high in ventricular areas and low in neurite-restricted 

tissue. If detectable, I initially predicted that decreased ICVF and increased FISO may emerge in 

regions of Rbp4-Cre+ neuron degeneration; however, locally increased ICVF could provide insight 

into whether in vivo T1W volumetric increases (5.2.1) may be due to neuroinflammation or 

edema. Together, diffusion analyses inform how tissue microstructure may change upon L5-cKO. 

Results of L5-cKO vs CTRL ex vivo diffusion analyses across each metric are summarised 

regionally in Figure 52 and voxelwise in Figure 53. Effects in the same selection of motor-related 

ROIs (5.2.1, 5.2.3), age-related trends, and reduced-threshold t-statistic maps are provided in 

Figure 54-Figure 59 for exploratory appraisal (FA=Figure 54, MD=Figure 55, MK=Figure 56, 

OD=Figure 57, ICVF=Figure 58, and FISO=Figure 59). Given the large number of brain regions 

and metrics analysed, the capacity for false-negatives following FDR corrections warrants 

underpowered exploratory speculation. No statistically significant differences emerged 

following FDR corrections, save decreased FA in the internal capsule and globus pallidus (Figure 

52BI). However, voxelwise p-value (Figure 53) and t-statistic maps (Figure 54-Figure 59B) reveal 

prominent and consistent trends which were seldom indicated regionally. Critically, across 

voxelwise plots, laminar distinctions emerge which appear to be localised to areas of expected 
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Rbp4-Cre-expression (Figure 53, Figure 54-Figure 59BII,IV). Traces of increased FA in L5 appear 

in Figure 54BII,IV, yet no consistent regional or voxelwise trends emerge elsewhere over time 

(Figure 52-Figure 53I, Figure 54A,C). Minimal decreases in MD are regionally indicated in 

prefrontal areas (Figure 52AII), yet this is more prominent in Figure 53II and Figure 55BII where 

L5-localised sub-threshold effects extend rostrocaudally (Figure 55BIV). Increased MD emerges 

through the CSTover time (Figure 55v,vi,xv) while no genotype or age×genotype effects appear 

elsewhere (Figure 52-Figure 53II, Figure 55A,C). Similarly, increased MK appears in prefrontal 

areas of sub-threshold p-value and t-statistic voxelwise maps, yet effects do not extend 

throughout L5 (Figure 53III, Figure 56BII,IV). ROI analyses indicate no significant influence of 

genotype over time (Figure 52-Figure 53III, Figure 56A,C). While assumptions for modelling 

tissue compartments via NODDI310 are not maintained in grey matter, voxelwise maps indicate 

subtly increased OD and ICVF throughout L5 (Figure 57-Figure 58BII,IV), particularly in the PFC 

and M1 (Figure 52-Figure 53IV-V, Figure 57-Figure 58BII). As with MK, no obvious region-specific 

differences in OD and ICVF emerged due to genotype (Figure 57-Figure 58A,C), nor did any 

differences in FISO across regional or voxelwise analyses (Figure 52-Figure 53VI, Figure 59). 

Considered jointly, diffusion findings reveal distinct patterns across 1) areas of expected 

Rbp4-Cre+ soma expression, 2) tracts through which Rbp4-Cre+ axons project, and 3) motor-

related subcortical targets. I was not originally optimistic that either in vivo or ex vivo isotropic 

resolutions of >75µm and >60µm, respectively, could resolve changes in L5 or specific thalamic 

nuclei. I reasoned that voxels were too large, and that the need to qualitatively rely on voxelwise 

maps due to limited atlas definitions would render such insight indiscernible. While this was the 

case in ex vivo T2W maps (5.2.3), ex vivo diffusion maps proved otherwise as voxelwise bands in 

L5 indicated decreases in MD (Figure 55BII,IV) and increases in MK (Figure 56BII,IV), OD (Figure 

57II,IV), and ICVF (Figure 58BII,IV). This warrants follow-up investigation as to whether MRI can 

achieve laminar resolution and, with further development, cell-specific effects (5.5.5).  
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Figure 52. Ex vivo DWI regional analyses reveal brain-wide changes upon L5-cKO. Voxelwise 
equivalents are provided in Figure 53. A) p-value and B) q-value heat maps represent increases 
(yellow-red) and decreases (purple-blue) due to genotype at 21wks across I) FA; II) MD; III) MK; 
IV) OD; ICVF; and VI) FISO metrics. ROI-specific plots and features for each metric are elaborated 
upon in Figure 54-Figure 59, respectively. Sketches from Figure 2 reference motor-related ROIs 
labelled i-xvi) as in Figure 48. See Table 10 and A.2 for replicate and statistical details. 
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Figure 53. Ex vivo DWI voxelwise analyses. Reveals localised differences upon L5-cKO which are 
seldom captured regionally (Figure 52). A) p-value and B) q-value heat maps represent increases 
(yellow-red) and decreases (purple-blue) due to genotype at 21wks across I) FA; II) MD; III) MK; 
IV) OD; ICVF; and VI) FISO metrics. ROI-specific plots and features for each metric are elaborated 
upon in Figure 54-Figure 59, respectively, and sketches from Figure 2 reference motor-related 
ROIs labelled i-xvi) as in Figure 48. *=L5-specific differences which only appear to emerge upon 
voxelwise dissemination. See Table 10 and A.2 for replicate and statistical details. 
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Figure 54. Ex vivo FA analyses. Reveals decreases in motor-associated tracts over time and 
voxelwise patterns suggesting increases in L5 upon L5-cKO. A) Illustrates regional differences in 
FA extrapolated at I) 4wks and interpolated at II) 12wks and III) 21wks. B) Sub-threshold t-
statistic maps consider effects of L5-cKO across I,III) regional and II,IV) voxelwise I-II) sagittal and 
III-IV) coronal perspectives to highlight voxelwise insights (compare to Figure 52-Figure 53I). C) 
Analysis of ROIs belonging to i-iv) cortical and hippocampal areas housing Rbp4-Cre+ soma; v-
viii) Rbp4-Cre+ axon projection tracts (5.3.1); and ix-xvi) motor-related subcortical targets (Figure 
48). A-B) Statistical increases and decreases are indicated by yellow-red and blue-purple 
gradients, respectively. See Table 10 and A.2 for replicate and statistical details. 
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Figure 55. Ex vivo MD analyses. Reveals no regional differences in motor-associated areas over 
time, yet voxelwise patterns suggest decreases in L5 and PFC upon L5-cKO. A) Illustrates a lack 
of regional differences in MD extrapolated at I) 4wks and interpolated at II) 12wks and III) 21wks. 
B) Sub-threshold t-statistic maps compare effects of L5-cKO across I,III) regional and II,IV) 
voxelwise I-II) sagittal and III-IV) coronal maps to highlight voxelwise insights (compare to Figure 
52-Figure 53II). C) Analysis of ROIs belonging to i-iv) cortical and hippocampal areas housing 
Rbp4-Cre+ soma; v-viii) Rbp4-Cre+ projection tracts (5.3.1); and ix-xvi) motor-related subcortical 
targets (Figure 48). A-B) Statistical increases and decreases are indicated by yellow-red and blue-
purple gradients, respectively. See Table 10 and A.2 or replicate and statistical details. 
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Figure 56. Ex vivo MK analyses. Reveals minimal regional differences in motor-associated areas 
over time, yet voxelwise patterns suggest increases in the PFC upon L5-cKO. A) Illustrates a lack 
of regional MK differences extrapolated at I) 4wks and interpolated at II) 12wks and III) 21wks. 
B) Sub-threshold t-statistic maps compare L5-cKO effects across I,III) regional and II,IV) voxelwise 
I-II) sagittal and III-IV) coronal maps to highlight voxelwise insights (compare to Figure 52-Figure 
53III). C) Analyses of ROIs belonging to i-iv) cortical and hippocampal areas housing Rbp4-Cre+ 
soma; v-viii) Rbp4-Cre+ axon projection tracts (5.3.1); and ix-xvi) motor-related subcortical 
targets (Figure 48). A-B) Statistical increases and decreases are indicated by yellow-red and blue-
purple gradients, respectively. See Table 10 and A.2 for replicate and statistical details. 
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Figure 57. Ex vivo OD analyses. Reveals minimal regional differences in motor-associated areas 
over time, yet voxelwise patterns suggest increases in L5 and PFC upon L5-cKO. A) Illustrates a 
lack of regional change in OD extrapolated at I) 4wks and interpolated at II) 12wks and III) 21wks. 
B) Sub-threshold t-statistic maps compare L5-cKO effects across I,III) regional and II,IV) voxelwise 
I-II) sagittal and III-IV) coronal maps to highlight voxelwise insights (compare to Figure 52-Figure 
53IV). C) Analyses in ROIs belonging to i-iv) cortical and hippocampal areas housing Rbp4-Cre+ 
soma; v-viii) Rbp4-Cre+ axon projection tracts (5.3.1); and ix-xvi) motor-related subcortical 
targets (Figure 48). A-B) Statistical increases and decreases are indicated by yellow-red and blue-
purple gradients, respectively. See Table 10 and A.2 for replicate and statistical details. 
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Figure 58. Ex vivo ICVF analyses. Reveals minimal regional differences in motor-associated areas 
over time, yet voxelwise patterns indicate increases in L5 and PFC upon L5-cKO. A) Illustrates a 
lack of differences extrapolated at I) 4wks and interpolated at II) 12wks and III) 21wks. B) Sub-
threshold t-statistic maps compare effects of L5-cKO across I,III) regional and II,IV) voxelwise I-
II) sagittal and III-IV) coronal maps to highlight voxelwise insights (compare to Figure 52-Figure 
53V). C) Analyses in ROIs belonging to i-iv) cortical and hippocampal areas housing Rbp4-Cre+ 
soma; v-viii) Rbp4-Cre+ axon projection tracts (5.3.1); and ix-xvi) motor-related subcortical 
targets (Figure 48). A-B) Statistical increases and decreases are indicated by yellow-red and blue-
purple gradients, respectively. See Table 10 and A.2 for replicate and statistical details. 
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Figure 59. Ex vivo FISO analyses. Reveals minimal differences in motor-associated areas upon 
L5-cKO. A) Illustrates a lack of consistent regional differences in FISO extrapolated at I) 4wks and 
interpolated at II) 12wks and III) 21wks. B) Sub-threshold t-statistic maps compare effects of L5-
cKO across I,III) regional and II,IV) voxelwise I-II) sagittal and III-IV) coronal planes (compare to 
Figure 52-Figure 53VI). C) Depicts analyses in ROIs belonging to i-iv) cortical and hippocampal 
areas housing Rbp4-Cre+ soma; v-viii) Rbp4-Cre+ axon projection tracts (5.3.1); and ix-xvi) motor-
related subcortical targets (Figure 48). A-B) Statistical increases and decreases are indicated by 
yellow-red and blue-purple gradients, respectively. See Table 10 and A.2 for replicate and 
statistical details. 
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5.2.5  Ex vivo QSM 

I pre-processing and analysed of ex vivo MGE acquisitions to generate T2*, R2*, and Χ 

maps alongside anatomical and diffusion outputs. QSM mapping returns physical measurements 

rather than relative anatomical contrasts; susceptibility in ppm indicates the proportion of 

change in the external magnetic field due to intrinsic tissue properties upon scanning, and T2* 

in ms represents effective relaxation time. T2* is sensitive to tissue capable of magnetic 

distortion—susceptibility, or magnetisability—where the magnitude of nuclear spin dephasing 

decreases relative to T2 in paramagnetic tissues with high susceptibility (e.g., iron content) and 

increases in diamagnetic tissues with low susceptibility (e.g., high myelin content or calcium 

deposits, respectively) relative to T2. R2* results simply from T2* inversion (i.e., R2*=1/T2*) 

which, though representative of the same underlying properties, can be interpreted as the rate 

by which tissues induce changes in magnetic fields. R2* is therefore linearly proportional to 

tissue paramagnetism and presents unique advantages upon interpretation; in cases where high 

field distortions induce fast signal decay, low T2* values converge upon zero rendering 

differences more difficult to detect, while R2* rather continually increases. Therefore, 

considering both T2* and R2* may differentiate whether the magnitude of induced changes 

result due to high iron content with very short T2*, rather than variable myelin content lending 

to comparatively longer T2*, if changes are detectable upon R2* analyses but not T2*. In 

addition to magnitude discernment, additionally considering susceptibility enables classification 

according to phase, where imaginary signal components are either augmented by 

paramagnetism or opposed by diamagnetism. Biologically, this can distinguish pathological iron 

accumulation from calcium deposits; both  induce field distortions and shorten T2*, yet by iron 

positively reinforcing or mineralised calcium negatively counteracting the external magnetic 

field, lending to increased or decreased susceptibility, respectively. If pathological iron 

accumulation emerges in projection tracts or subcortical nuclei associated with high baseline 
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iron levels (i.e., thalamus and globus pallidus) upon Rbp4-Cre-induced Snap25-cKO, QSM 

analyses should reveal increased R2*, potentially but not necessarily decreased T2*, and 

increased susceptibility. In contrast, abnormal calcium deposits would be indicated by increased 

R2*, likely decreased T2*, and decreased Χ. If present, demyelination in motor-related tracts 

would be indicated by increased T2*, decreased R2*, and decreased Χ. 

Figure 60 summarises ex vivo QSM analyses both regionally and voxelwise. I illustrate 

effects in the same selection of motor-related ROIs (5.2.1, 5.2.3, 5.2.4) only as reduced-

threshold t-statistic maps due to NE being otherwise underpowered to detect statistically 

significant differences upon sample exclusion following quality control checks (A.7.2-A.7.7). 

Results here are therefore exploratory, where incorporating data from additional samples 

remains an active future direction (5.5.3). Note that T2* maps are inverted such that colour 

schemes match R2* for comparison; T2* and R2* genotype differences are expected to emerge 

to opposite effects, yet T2* inversion improves the extent to which conceivably biologically 

relevant differences between T2* and R2* due to T2* scaling can be visually assessed. Figure 60 

shows a trend towards increased T2* in the hippocampal dentate gyrus, and indications of 

decreased T2* in CST regions only voxelwise (Figure 60AIa-b). R2* appears to decrease in the 

dentate gyrus yet increase both regionally and voxelwise in the CST, internal capsule, and medial 

lemniscus more prominently than suggested by T2* maps (Figure 60AIIa-b). Susceptibility maps 

further reveal: decreases in hippocampal regions regionally and voxelwise (Figure 60AIIIa-b); 

signs of regional decreases in the CST and internal capsule (Figure 60AIIIa,BIII) despite voxelwise 

increases (Figure 60AIIIb); only voxelwise decreases in prefrontal regions—particularly L5 which 

extends at least to S1 (Figure 60AIIIb); and what appear to be decreases in thalamic HOTN areas 

only in the voxelwise sagittal plane (Figure 60AIIIb). I provide extended regional and voxelwise 

maps, ROI plots, and statistical analyses in A.10.19 and A.2.  
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Figure 60. Ex vivo QSM analyses. Reveals sub-threshold indications of regional and voxelwise 
T2*, R2*, and susceptibility (Χ) differences in motor-associated areas upon L5-cKO. A) t-statistic 
maps compare effects of Rbp4-Cre-driven Snap25-cKO on I) T2*, II) R2*, and III) Χ across a) 
regional (reg) and b) voxelwise (vox) maps for comparison to sketches from Figure 2. Statistical 
increases and decreases are indicated by yellow-red and blue-purple gradients, respectively. B) 
Individual plots are provided for the v) CST, vi) internal capsule, ix) thalamus, and xii) globus 
pallidus. Further motor-related ROIs are labelled i-xvi) in A) according to previous definitions 
(Figure 48). I provide extended figures and statistics in Table 10 and A.2. 
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5.3 Histology 

5.3.1  Rbp4-Cre characterisation 

Following ex vivo MRI, I then sliced, stained, and imaged, and qualitatively analysed L5-

cKO and CTRL brains to provide cellular-level insights at 21wks according to Figure 2, Figure 4, 

and Table 13. This first required Rbp4-Cre+ characterisation throughout the central nervous 

system (5.3.5 considers peripheral organs). Figure 62 shows Rbp4-Cre+ expression in the brain 

and spinal cord of L5-cKO and CTRL tissues. As previously characterised77, Rbp4-Cre+ cells are 

prominently expressed throughout L5, the dentate gyrus, and the cerebellum with trace 

expression in the hypothalamus77, 114. However, additional Rbp4-Cre+ signal appears in the 

amygdala (also see Figure 64). Contrary to prior reports77, soma also appear scattered 

throughout spinal grey matter (refer to Figure 65, Figure 71, and Figure 75). Rbp4-Cre+ 

projections resemble prior characterisations, being clearly visible in descending major tracts 

including the internal capsule, cerebral peduncle, and CST throughout the brain and spinal cord. 

As anticipated, fibres appear to bypass FOTN, selectively target HOTN, and pass through regions 

corresponding to midbrain and medullar motor nuclei, reticular nuclei, and both rubrospinal and 

lemniscal tracts. In the spinal cord, axons most densely traverse the dorsal-CST, yet are also 

present in lateral and ventral regions. This is consistent with the possibility of Rbp4-Cre+ neurons 

directly contributing to other tracts (Figure 62VI-VII). These patterns are consistent in both CTRL 

and L5-silenced tissues, yet signs of neurodegeneration clearly emerge upon Snap25-cKO. 

Profound soma loss emerges in L5 across the cortex in L5-cKOs, and axons deteriorate 

throughout cerebral and spinal projection tracts. Degeneration is accompanied by signs of 

punctation previously posited to represent lipofuscin deposits due to autofluorescent broad-

spectrum emissions77. Interestingly, Rbp4-Cre+ soma in the dentate gyrus and cerebellum do not 

appear to degenerate (at least at the ages presently assessed), the relevance of which I consider 

alongside behavioural and neuroimaging insights in Figure 64 and 5.4-5.5.  
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Figure 61. Rbp4-Cre+ expression in the brain and spinal cord. Cre+ neurons exhibit degeneration 
in across AP-levels upon Snap25-cKO. Arrows indicate areas of prominent degeneration in cKO 
samples compared to CTRLs (Figure 62, Figure 63), while white arrows indicate where Rbp4-Cre 
soma show comparatively little to no degeneration (Figure 64). A) Rbp4-Cre+;Snap25+/- CTRL and 
B) Rbp4-Cre+;Snap25-/- cKO tissues are shown in the I-V) brain, VI) cervical spinal cord, and VII) 
lumbar spinal cord according to Figure 4E#1.  Scale bars: I-V) =1mm; VI-VII) =500μm. 
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5.3.2  Motor neurons 

Two stain combinations informed how Rbp4-Cre-driven Snap25-cKO may influence Cre-

expressing subpopulations, putative UMNs, and LMNs (Table 7, A.5.1). NEUN/SMI32 co-staining 

(#1 in Figure 4 and #3 in Table 13) aimed to distinguish neurons (NEUN+) with or without NF-H 

peptide expression (SMI32+) associated with large myelinated extratelencephalic neurons, 

including UMNs in M1118. I expected Rbp4-Cre+ cells to co-express NEUN+, yet this must be 

confirmed in regions of previously undocumented soma expression (Figure 62). The extent to 

which Rbp4-Cre+ neurons overlap with extratelencephalic subtypes has been evaluated 

transcriptomically (Figure 4B) but not yet histologically, and whether cortical Rbp4-Cre+ neurons 

exhibit subtype-selective degeneration remains unknown. If large pyramidal tract Rbp4-Cre+ 

projection neurons are selectively vulnerable to effects of Snap25-cKO as hypothesised 

(1.3.1,1.3.5), signs of degeneration should arise earlier or more prominently in SMI32 co-

expressing populations. Furthermore, increased SMI32+/Rbp4-Cre- prevalence in L5-cKO brains 

could indicate a compensatory means by which other neurons adapt to Rbp4-Cre+ infarct. Better 

intratelencephalic-extratelencephalic neuron discrimination could be theoretically achieved via 

CTIP2119/SATB248, 125, 126 co-staining (A.5.1), which I attempted (A.5.5) unsuccessfully (A.5.7). 

CTIP2 antibodies were incompatible with tissues from this cohort likely due to mouse age 

(antibodies were only optimised using younger animals in developmental studies), extended 

post-perfusion-fixation storage (required for ex vivo MRI), or the process of overnight scanning 

at room temperature. SMI32 therefore presented as the next-best available option following 

optimisation (A.5.6). Rbp4-Cre+ soma co-expressed NEUN+, indicating that targeted cells indeed 

represent neurons (Figure 62-Figure 64). Rbp4-Cre+ soma appear to degenerate by 21wks, 

perhaps more prominently in SMI32 co-expressing subpopulations (Figure 62ii-iii), supporting 

the possibility of increased vulnerability (1.3.5). Again note that  Rbp4+ cells in the dentate gyrus, 

cerebellum, and amygdala do not appear to similarly degenerate (Figure 64). 
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Figure 62. Rbp4-Cre/NEUN/SMI32 degeneration in cortical ROIs at 21wks. SMI32 colocalisation 
with L5b Rbp4-Cre+ neurons appears to decrease upon Snap25-cKO, suggesting selective 
vulnerability. Arrows indicate areas of degeneration in cKO samples compared to CTRLs. A) 
Rbp4-Cre+;Snap25+/- CTRL and B) Rbp4-Cre+;Snap25-/- cKO tissues are shown at I-V) coronal AP-
levels according to Figure 4E#1. RFP is clear in L5 of the i) PFC; ii) M1; and iii) S1, where B) cells 
degenerate upon Snap25-cKO. All Rbp4+ soma appear to co-express NEUN, yet Rbp4-Cre+ soma 
only represent a portion of NEUN+ neurons in L5 (~15%)77. Scale bars: I-V) =1mm; i-iii) =200μm.  
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Figure 63. Rbp4-Cre/NEUN/SMI32 degeneration in motor projection tracts at 21wks. Arrows 
highlight where cKO samples show notable signs of degeneration compared to CTRLs. A) Rbp4-
Cre+;Snap25+/- CTRL and B) Rbp4-Cre+;Snap25-/- cKO tissues are shown at I-V) AP-levels according 
to Figure 4E#1. RFP is clear throughout CTRL tracts including the i) internal capsule, ii) midbrain 
CST, and iii) medullar CST. RFP+ debris appears scattered throughout L5-cKO tracts. Scale bars: I-
V) =1mm; i-iii) =200μm. 
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Figure 64. Rbp4-Cre/NEUN/SMI32 non-L5 expression at 21wks. A) Rbp4-Cre+;Snap25+/- CTRL and 
B) Rbp4-Cre+;Snap25-/- cKO tissues at I-V) target coronal AP-levels (Figure 4E#1) show off-target 
subcortical expression in the i) dentate gyrus, ii) cerebellum (Purkinje fibres), and iii) amygdala. 
Most Rbp4-Cre+ cells here—but not all—co-express NEUN, and only some in the cerebellum co-
express SMI32. Across i-iii), Rbp4-Cre+ cells do not appear to degenerate upon Snap25-cKO 
(white arrows) compared to CTRLs, suggesting that Rbp4-Cre+/SMI32+ L5 neurons may be 
particularly vulnerable to effects Snap25-cKO. Scale bars: I-V) =1mm; i-iii) =100μm. 
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CHAT/SMI32 co-staining (#2 in Figure 4 and #4 in Table 13) aimed to distinguish LMNs 

(CHAT+) and prototypically large, myelinated, NF-H-expressing lower α-MNs (CHAT+/SMI32+) in 

the brainstem and spinal cord118 for two reasons: firstly, to determine whether Rbp4-Cre+ cells 

unexpectedly co-express CHAT in the spinal cord, which would contradict evidence supporting 

top-down hypotheses via direct LMN-silencing (1.4.5); and secondly, whether CHAT+/SMI32+ 

neurons degenerate as a downstream consequence Rbp4-Cre-driven Snap25-cKO, which would 

be consistent with the behavioural decline observed in 5.1. In the brainstem, the oculomotor, 

pedunculopontine, and trigeminal motor nuclei were strategically selected for more detailed 

observation (Figure 65i-iii). Oculomotor and motor trigeminal nuclei co-express SMI32, thus 

may be more susceptible to degeneration upon Snap25-cKO, however prior work suggests that 

oculomotor nuclei are uniquely spared from degeneration in ALS196, 233, 246. Pedunculopontine 

nuclei do not largely co-express SMI32, therefore may be more resistant to degeneration. 

Pedunculopontine and motor trigeminal nuclei can conveniently be found in the same coronal 

plane, and therefore act as mutual within-subject controls against technical confounds (e.g., 

staining and imaging quality). 

CHAT staining indeed labels both CTRL and L5-cKO brainstem and spinal cord LMN 

(Figure 65-Figure 66). Rbp4-Cre+ expression was unexpectedly yet clearly present in the spinal 

cord (Figure 66III) where, though infrequently, some CHAT+/Rbp4-Cre+ neurons were observed 

(Figure 65Ai, Figure 66Biv). Signs of CHAT+ membrane punctation consistently emerged—

predominantly in L5-cKO mice—in the motor trigeminal nucleus (Figure 65iii) and spinal motor 

nuclei (Figure 66D vs Figure 66F), yet to a much lesser extent in pedunculopontine (Figure 65ii) 

and oculomotor nuclei (Figure 65i) which appeared largely indistinguishable   across genotypes. 

However, without quantitative analyses, the extent to which the density, distribution, or 

morphology of CHAT+/SMI32+ and CHAT+/SMI32- neurons changes upon L5-cKO remains 

unknown and is therefore an ongoing future direction (5.5.3). 
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Figure 65. Rbp4-Cre/CHAT/SMI32 expression and colocalisation in the brainstem at 21wks. In A) 
Rbp4-Cre+;Snap25+/- CTRL and B) Rbp4-Cre+;Snap25-/- cKO tissues at III-V) target coronal AP-
levels (Figure 4E#2), degeneration is clear in Rbp4-Cre+ tracts. Signs of CHAT+ LMN deterioration 
appear to emerge in iii) motor trigeminal nuclei (cyan arrows), but not ii) pedunculopontine or 
i) oculomotor nuclei (white arrows) which have previously been reported as resistant to 
degeneration in ALS196, 233, 246. Scale bars: III-V) =1mm; i-iii) =30μm. 
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Figure 66. Rbp4-Cre/CHAT/SMI32 expression and colocalisation in the spinal cord at 21wks. 
Across A) Rbp4-Cre+;Snap25+/- CTRL and B) Rbp4-Cre+;Snap25-/- cKO I) cervical and II) lumbar 
spinal cord coronal sections and III) horizontal thoracic slices (Figure 4E#2), signs of 
degeneration (arrows) clearly emerge in the i) dorsal-CST or L5-cKOs compared to CTRLs. CHAT+ 
LMN membrane punctation appears in ii) ventral horn motor nuclei ofL5-cKO mice. Scale bars: 
I-III) full spinal sections=250μm; i-ii) nuclei=50μm. 
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5.3.3  Myelination and protein aggregates 

MBP/AT8 co-staining (#3 in Figure 4 and #5 in Table 13, A.5.1) served three purposes: 

1) to determine whether decreased myelin degeneration is observable in older ~21wk mice 

upon Rbp4-Cre-driven Snap25-cKO, where a lack of genotype differences had only been 

previously evaluated before postnatal day 2179; 2) to assess whether pathological AT8 protein 

aggregates are detectable upon L5-silencing; and 3) if AT8 is present, to distinguish grey vs white 

matter distribution via MBP colocalisation (Table 7). AT8 is associated with neurodegeneration 

and motor dysfunction and may inform which brain regions are affected by L5-silencing—

predictably in M1 and motor-related white matter tracts187, 188, 191, 193. I predicted myelin loss in 

Rbp4-Cre+-projecting pathways given indications of neurodegeneration (5.3.1)77 and motor 

deficits (5.1), both of which could be associated with decreased myelin due to soma and axon 

infarct upon Snap25-cKO, failed maintenance via oligodendrocytes443, or glial-mediated 

phagocytosis (5.3.4)444. I strategically stained myelin to secondarily enable comparisons 

between histological and neuroimaging data—namely, to support or refute QSM interpretations 

(5.2.5). I expand upon the methodological relevance of this in 5.5.5. 

No changes in the expected pattern or intensity of MBP expression were qualitatively 

obvious between genotypes at ~21wks (Figure 67-Figure 68). However, AT8 immunoreactivity 

emerged in select areas through which Rbp4-Cre+ axons project (Figure 67)—most notably the 

cerebral peduncles (Figure 67Bii)—indicating pathological tau phosphorylation within MBP-

colocalised white matter upon Snap25-cKO. I did not consistently observe AT8 in the spinal cord 

in either CTRLs or L5-cKOs; however, some L5-cKO samples exhibited cells with AT8 expression 

(Figure 68E-F). This should be replicated before testing for colocalisation with microglia, 

astrocytes, and oligodendrocytes, which may conceivably uptake AT8 as a neuroprotective 

measure. I considered and optimised oligodendrocyte CC1 co-staining for this purpose (A.5.6) 

yet did not pursue its full-cohort analyses.  
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Figure 67. Rbp4-Cre+/MBP/AT8 expression in motor-related projection tracts at 21wks. As in 
Figure 4E#3, A) Rbp4-Cre+;Snap25+/- CTRL and B) Rbp4-Cre+;Snap25-/- cKO tissues are shown at I-
V) target AP-levels. No obvious differences in MBP expression emerge in the i) internal capsule, 
ii) cerebral peduncle, and iii) CST. However, AT8 appears to accumulate (magenta arrows) upon 
Snap25-cKO. Scale bars: I-V) =1mm; i-iii) =200μm. 
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Figure 68. Rbp4-Cre/MBP/AT8 expression and colocalisation in the spinal cord at 21wks. Across 
A) Rbp4-Cre+;Snap25+/- CTRL and B) Rbp4-Cre+;Snap25-/- cKO I) cervical and II) lumbar spinal cord 
coronal sections (Figure 4E#3), no obvious differences in MBP expression emerge in the i) dorsal-
CST or ii) ventral horn grey matter of L5-cKOs compared to CTRLs. However, signs of AT8 
accumulation sparsely appear in cells in the ii) grey matter (magenta arrow). Scale bars: I-II) full 
spinal sections=250μm; i-ii) ROIs=50μm. 
 
5.3.4  Glial cells and interneurons 

Stain combinations involving IBA1/GFAP (#4 in Figure 4 and #6 in Table 13) and PV/VVA 

(#5 in Figure 4 and #1 in Table 13) then considered roles of microglia, astrocytes, interneurons, 

and perineuronal nets in local (i.e., areas of Rbp4-Cre expression) and global (i.e., subcortically 

and in the spinal cord) network responses to effects of Snap25-cKO (1.1.4, Table 7, A.5.1).  
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Glial cells are well-known to maintain network function, stability, and plasticity where 

significant evidence shows neuron-to-glial and glial-to-neuron interactions under both normal 

conditions and following perturbation to either cell subtype147, 405, 445, 446. Therefore, I used 

IBA1/GFAP staining to assess whether microglia and astrocytes exhibit increased densities or 

altered distributions as a reactive consequence of Rbp4-Cre Snap25-cKO. This has been shown 

to occur under acute147 and chronic conditions405, however these studies did not consider 

analyses throughout the hindbrain, cerebellum, and spinal cord. Changes in glial prevalence and 

reactivity have been previously reported in spinal cords of genetically modified mice exhibiting 

motor dysfunction447 and may conceivably corelate to phenotype progression. 

Upon Snap25-cKO, IBA1 and GFAP staining showed strikingly increased microglial and 

astrocyte infiltration across cortical layers and in white matter tracts through which Rbp4-Cre+ 

axons project in CTRLs and degenerate in L5-cKOs (Figure 69-Figure 71). This was especially 

prominent in PFC and M1 (Figure 69). In the spinal cord, microglia concentrated in the grey 

matter while astrocytes perused the white matter. Microglia densities appeared to decrease in 

L5-cKO tissues compared to CTRLs; however, this is likely a staining artifact due to the lack of 

surveillance microglia as in CTRLs (Figure 71B), therefore spinal cord microglial staining should 

be repeated (5.5.4). White matter astrocyte prevalence increased upon L5-cKO, yet the quality 

of this observation is also poor due to unfocussed SSFM rendering neurites indiscernible. Given 

DWI and QSM insights, I qualitatively looked for any signs of altered microglial densities and 

morphologies in L5 (but not astrocytes due to poor staining quality) across the PFC, M1, and S1 

(Figure 72). Indeed, microglia interestingly appeared to adopt different forms across regions 

upon L5-cKO; those in the PFC were perhaps larger and more circular, while cells in S1 appeared 

more elongated. These findings contribute to and expanded upon more extensive morphological 

and functional characterisations of local and global glial effects upon Rbp4-Cre-driven Snap25-

cKO, which have now been accepted for publication405.  
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Figure 69. Rbp4-Cre+ degeneration is accompanied by glial infiltration upon L5-cKO. A) Rbp4-
Cre+;Snap25+/- CTRL and B) Rbp4-Cre+;Snap25-/- cKO tissues are shown at I-III, V) coronal planes 
according to Figure 4E#4. In the i) PFC, ii) M1, and iii) S1, B) both microglia and astrocytes emerge 
across cortical layers (highlighted with arrows), not being limited to expression in L5 where 
Rbp4-Cre+ cells deteriorate. Scale bars: I-III, V) =1mm; i-iii) =200μm. 
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Figure 70. Rbp4-Cre+ tract degeneration prompts microglia and astrocyte infiltration. A) Rbp4-
Cre+;Snap25+/- CTRL and B) Rbp4-Cre+;Snap25-/- cKO tissues are shown at I-III, V) coronal AP-
levels according to Figure 4E#4, where microglia and astrocytes invade the i) internal capsule, ii) 
midbrain CST, and iii) medullar CST upon Rbp4-Cre-driven Snap25-cKO (highlighted with arrows). 
Scale bars: I-III, V) =1mm; i-iii) =200μm.  
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Figure 71. Changes in glial expression emerge in the spinal cord at 21wks. Across A) Rbp4-
Cre+;Snap25+/- CTRL and B) Rbp4-Cre+;Snap25-/- cKO I) cervical and II) lumbar spinal cord coronal 
sections and III) thoracic horizontal slices (Figure 4E#4), no obvious differences in IBA1 or GFAP 
expression appear in the i) dorsal-CST or ii) ventral horn of L5-cKOs compared to CTRLs, save 
increased GFAP in white matter. These stains should be repeated due to what I think were 
unreliable IBA1 antibodies across cKO histology experiments. Scale bars: I-II) full spinal 
sections=250μm; i-ii) ROIs=50μm. 
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Figure 72. Cortical heterogeneity in microglial infiltration emerges upon L5-cKO. A) CTRL and B) 
L5-cKO I) PFC, II) M1, and III) S1 L5 regions of Rbp4-Cre expression are shown, where astrocytes 
appear to converge to various extents. Scale bars=20μm. 
 

PV/VVA staining then tested whether L5-cKO influences interneuron and perineuronal 

net density, distribution, and integrity. Interneuron deterioration has been implicated in motor 

neuron disease progression, specifically in the spinal cord, as has perineural net organisation447. 

In qualitatively observing VVA expression patterns in 4.1.4, 4.2, and 4.3.4, signals appeared most 

prominent in regions related to motor and somatosensory function. Therefore, whether signs of 

interneuron or perineural net deficits in these areas emerge—also in the yet-unexplored 

brainstem and spinal cord near degenerating LMN nuclei (5.3.2)—may indicate their 

involvement as a downstream consequence of Rbp4-Cre-driven Snap25-cKO.  

PV/VVA expression patterns in the cortex and subcortical nuclei did not appear to 

notably differ between CTRL and L5-cKO mice (Figure 73), nor did changes appear in or around 

projection tracts (Figure 74). This does not preclude more subtle changes in morphologies or 

distributions which may only be detectable with higher-magnification imaging and quantitative 

analyses (5.5.3). This broadly aligns with more extensive published findings146. In the spinal cord, 

however, some PV+ cells appear to show signs of membrane punction and potentially decreased 

cell densities in L5-cKO mice relative to CTRLs (Figure 74). 
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Figure 73. No obvious changes in cortical PV/VVA expression emerge at 21wks. Red arrows again 
highlight patterns of Cre+ degeneration across cortical areas. A) Rbp4-Cre+;Snap25+/- CTRL and 
B) Rbp4-Cre+;Snap25-/- cKO tissues are shown in I-III, V) according to Figure 4E#5 in the i) PFC, ii) 
M1, and iii) S1. Scale bars: I-III, V) =1mm; i-iii) =200μm. 
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Figure 74. No obvious changes in PV/VVA emerge in motor tracts upon Snap25-cKO. Red arrows 
show degeneration in Rbp4-Cre+ axons. A) Rbp4-Cre+;Snap25+/- CTRL and B) Rbp4-Cre+;Snap25-/- 
cKO tissues are provided in I-III, V) according to Figure 4E#5 in the i) internal capsule, ii) cerebral 
peduncle, and iii) CST. Scale bars: I-III, V) =1mm; i-iii) =200μm. 
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Figure 75. Illustrates Rbp4-Cre/PV/VVA expression in the spinal cord at 21wks. In grey matter 
regions of A) Rbp4-Cre+;Snap25+/- CTRL and B) Rbp4-Cre+;Snap25-/- cKO I) cervical and II) lumbar 
spinal cord coronal sections and III) thoracic horizontal slices (Figure 4E#5), PV+ interneurons 
show signs of membrane punctation in L5-cKOs relative to CTRLs. This appears to be 
accompanied by decreased VVA expression, indicating the possibility of perineuronal net 
degradation. Scale bars: I-II) full spinal sections=250μm; i-ii) ROIs=50μm. 
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5.3.5  Peripheral expression 

When performing perfusions (2.3.2), striking differences emerged in the appearance of 

L5-cKO internal organs which had not been previously characterised. CTRL anatomy appeared 

normal, yet cKO organs were pink. Figure 76A-B illustrates CTRL and L5-cKO tissues including the 

liver (Figure 76I), duodenum (Figure 76II), and pancreas (Figure 76III). The presence of TdTom 

in peripheral organs indicates off-target Cre-expression, where functional consequences are 

conceivable if Snap25 is truncated. Snap25-cKO can lead to liver impairment, increased insulin 

secretion from pancreatic beta cells, and metabolic dysfunction438, 448. RBP4 is produced in the 

liver and notably transports vitamin A to the kidney, pancreas, adipose tissue, eye, and skeletal 

muscles438, 449, thus broader ramifications of Rbp4-Cre cKO may include phenotypes associated 

with vitamin A deficiency438, 448-450. Further experiments (5.5.4) should characterise the extent to 

which off-target expression manifests as this may drastically confound result interpretation. 

 
Figure 76. Rbp4-Cre+ expression emerges in peripheral organs at ~21wks. Shows Rbp4- A) CreWT 
CTRL and B) Cre+ Snap25-cKO I) liver, II) duodenum, and III) pancreatic tissue. Scale bars=250μm. 
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5.4 Multimodal insight 

5.4.1  Experimental strategy 

STAMINA combined MRI, histology, and behavioural data to characterise consequences 

of silencing Rbp4-Cre L5-projection neurons. I hypothesised that this would yield progressive 

behavioural changes due to underlying degeneration in both local (Cre-expressing) and global 

(downstream target) regions which could be detected by MRI and confirmed histologically. This 

multimodal framework providesmethodological cross-validation (Figure 77). Anatomical results 

informed neuroimaging, particularly as 2×MGE acquisitions were acquired to resolve cortical 

layers. In vivo and ex vivo results informed histology (5.3) by corroborating targeting areas I had 

initially predicted to be affected (i.e., where Rbp4-Cre soma and axons, Figure 2) and revealing 

additional ROIs exhibiting genotype differences. Future histology will target the striatum, FOTN 

vs HOTN, and indusium griseum (5.4.5) due to these novel unbiased neuroimaging insights. Yet, 

here I focus on interpreting results in ROIs selected a priori throughout 5.4-5.5 in the context of 

behavioural, MRI, and histological findings. Considered jointly, my results provide proof-of-

concept that behavioural, neuroimaging, and histology data can interactively drive hypotheses 

and reveal convergent evidence of neuromotor phenotypes. This presents as an improved 

means of understanding biological underpinnings of diseases using preclinical models.  

 
Figure 77. Illustrates STAMINA’s multimodal experimental strategy. This encompasses 
complimentary behavioural, neuroimaging, and histological domains.  
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5.4.2  Model characterisation 

Behavioural, neuroimaging, and histological techniques convergently identify and 

collectively characterise anatomical and functional effects of chronically ablating Snap25-

dependent cellular mechanisms (namely, regulated synaptic vesicular release) from Rbp4-Cre-

expressing cells. I summarise known effects of L5-cKO studied to date—including both those 

previously published and currently presented in this thesis—in Figure 78.  

Rbp4-Cre-driven Snap25-cKO resulted in multiple adverse motor-related functional 

consequences which onset along various trajectories, while some behaviours did not differ 

compared to CTRLs (Figure 78A). Body weights (Figure 41) and nesting scores in L5-cKO mice 

were consistently lower (Figure 45) at all ages evaluated throughout STAMINA which aligns with 

prior reports77, 114. At no age did total food intake or the diurnal pattern of food-seeking 

behaviour differ across genotypes (Figure 42), the latter of which is consistent with published 

findings114. However, total activity was slightly and consistently greater in L5-cKO mice 

compared to CTRLs over time (Figure 42), which aligns with previously reported sleep 

disturbances documented only at ~10-12wks114. In contrast, diurnal patterns of food intake in 

L5-cKOs began to plateau and differ from CTRLs at ~14wks (A.9.4), becoming more prominent 

by 21wks (Figure 42), which could be explained by the progressive deterioration of fine motor 

skills required for regular SnackerTracker feeding. Upon further CAMP evaluation, subtle signs 

of uncoordinated ledge-walking emerged in L5-cKO mice at ~5wks, and hindlimb-clasping at 

~7wks (Figure 43). More sophisticated CatWalk gait assessments revealed a shift towards the 

alternate step pattern and decreased cadence in L5-cKO mice at ~5wks, then decreased speed 

at ~8wks (Figure 46). Decreased grip strength in L5-cKO mice only emerged later at ~13wks 

(Figure 45). These behavioural timelines can be directly compared to those which emerged upon 

analyses of multimodal in vivo and ex vivo neuroimaging data and histology (Figure 78B-C). 
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Figure 78. Rbp4-Cre+::Snap25fl/fl model characterisation. Summarises previously published and 
presently reported A) behavioural, B) neuroimaging, and C) histological effects of L5-cKO. 
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In cortical ROIs where Rbp4-Cre+ is expected in L5 (i.e., M1, PFC, and S1), T1W/T2W 

volumes increase over time in CTRLs yet, from ~15wks onward, to a lesser extent in L5-cKO mice 

(Figure 48-Figure 51). The time course of genotype differences across ex vivo diffusion metrics 

are currently only observable from 12wks onward given the limited number of samples at 

younger ages (5.5.3); nevertheless, speculations can be derived. While no change in FA or FISO 

is observable over time (Figure 52-Figure 54, Figure 59), trends towards decreased MD (Figure 

52-Figure 53, Figure 55) and increased MK, OD, and ICVF emerge in L5 of L5-cKO mice—notably 

in prefrontal regions—upon visual inspection of ROI plots and voxelwise maps (Figure 52-Figure 

53, Figure 56-Figure 58). In motor-related tracts through which Rbp4-Cre+ axons project (Figure 

62), T1W/T2W volumes appear smaller in L5-cKO mice as early as ~4wks; both CTRL and L5-cKO 

volume then increase yet to a lesser extent in L5-cKOs (Figure 48-Figure 51). L5-cKOs exhibit 

consistently decreased FA across ~12-21wks (Figure 52-Figure 54), with no differences emerging 

across other diffusion metrics (Figure 52-Figure 53, Figure 55-Figure 59). Downstream motor-

related nuclei exhibit decreased volumes from ~4wks onward (Figure 48-Figure 51) and no clear 

changes across diffusion metrics at ~12-21wks (Figure 52-Figure 53, Figure 55-Figure 59). QSM 

results are underpowered for data interpretation; however, sub-threshold voxelwise patterns 

across T2*, R2*, and susceptibility maps at ~21wks indicate: 1) decreased susceptibility not 

accompanied by T2*  or R2* changes in prefrontal and L5 areas of expected Rbp4-Cre+ soma 

expression; 2) increased susceptibility in tracts through which Rbp4-Cre+ axons project, 

accompanied by little change in T2* yet a more notable increase in R2*; and 3) decreased 

susceptibility not accompanied by obvious T2*  or R2* differences in HOTN (Figure 60).  

Histologically, qualitative observations corroborate and expand upon numerous prior 

studies (Figure 78C)77, 79, 114, 145-147, 405. Present Rbp4-Cre+ characterisations indicate NEUN+ 

colocalisation (with no obvious changes NEUN+ expression otherwise) and expression across L5 

and the dentate gyrus77, yet critically reveal the presence of soma in the amygdala, cerebellum, 
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spinal cord, and peripheral organs (Figure 61-Figure 76). As reported previously, Rbp4-Cre+ 

intratelencephalic and extratelencephalic projections appear to develop normally (Figure 62); 

however, axons begin to show signs of fragmentation at 3wks and disappear by 7wks, which is 

not accompanied by obvious changes in soma density77, 145, 146, 405. Previous work also identified 

that, while synaptogenesis appears normal from P8 to P14, specialised hypertrophic synapses 

fail to develop in the posteromedial HOTN by P18145. Later, from ~16-21wks, synaptic densities 

and puncta size in cortical, hippocampal, and colliculi ROIs increase in L5-cKOs compared to 

CTRLs405. As early as ~16wks yet profoundly by ~8mo (indicated in Figure 78  at 21wks), Rbp4-

Cre+ soma densities decrease (Figure 62) and Rbp4-Cre+ axons appear disintegrated in the spinal 

cord77, 146, 405. It remains possible that SMI32 colocalisation may confer selective vulnerability, 

though further quantitative analyses are needed (5.5.3). At ~21wks, fragmented neurites exhibit 

lipofuscin deposits, autophagosome-like structures, and increased microglial prevalence (Figure 

69)77, though more recent work indicates increased IBA1 expression as early as ~16 wks405. This 

recent publication documents changes in glial cell populations in L5-cKO mice compared to 

CTRLs at ~16-24wks using tissues I provided from the present STAMINA cohort. Analyses were 

conducted in the primary visual cortex (V1), S1, superior colliculus, and hippocampal CA1 and 

CA3 to compare effects in areas of Rbp4-Cre+ expression to those in both directly- and indirectly 

targeted downstream ROIs. While notable heterogeneity was observed and is described in detail 

in the publication405, general findings are consistent with my qualitative indications in Figure 69-

Figure 72. Here, neuroinflammation emerges most prominently in frontal cortical areas and 

descending projection tracts (Figure 69-Figure 70) with microglial morphologies appearing 

heterogeneous across cortical ROIs upon Snap25-cKO (Figure 72). In the publication, L5-cKO 

mice exhibit decreased microglial cell volumes accompanied by increased reactivity with a 

significant age×genotype interaction upon CD68 co-staining (A.5.1)405. IBA1 expression was 

documented throughout spinal cord (Figure 71), where densities appeared to decrease non-
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preferentially in L5-cKO mice at ~21wks405. Similarly, astrocyte densities were consistently 

greater upon L5-cKO and more reactive upon S100β co-staining over time405. Interestingly, 

astrocyte morphologies were highly variable and clustered distinctly according to genotype and 

circuit topology upon t-stochastic neighbour embedding analyses; heterogeneity increased over 

time upon Snap25-cKO and was most pronounced in regions of Rbp4-Cre+ expression405. Here, 

increased GFAP densities emerged most profoundly in frontal cortical ROIs and descending 

motor tracts (Figure 69-Figure 70). Unlike microglia, astrocytes were predominantly found in 

the spinal cord white matter and were significantly more prevalent upon Rbp4-Cre-driven 

Snap25-cKO (Figure 71)405. Further analyses of spinal cord CHAT immunoreactivity revealed no 

changes in density405; however, morphological quantifications and qualitative appearances were 

not evaluated, nor were midbrain ROI considered, which together indicate selective LMN 

degeneration in locomotive-associated brainstem and spinal cord nuclei at ~21wks. Additional 

signs of degeneration emerged upon AT8 staining for pathological tau protein aggregates, where 

deposits appeared in the cerebral peduncle and sparsely in spinal cord ventral horn grey matter 

soma  by ~21wks. Prior studies have established that myelination exhibits normal 

spatiotemporal developmental trajectories451 in both CTRLs and L5-cKO mice, with no notable 

differences in the pattern or intensity of MBP expression across P8-P2279. However, a trend 

emerged towards decreased node of Ranvier lengths in the corpus callosum at P14, and 

decreased g-ratios in the dorsal-CST at P18 (1.3.2)79. No visually obvious differences in PV 

densities appeared to emerge upon L5-cKO (Figure 73-Figure 74); however, subtle differences 

have been previously reported, which present findings do not refute and may simply be unable 

to discern. These differences include decreased VVA+ only in L2/3 and L5 of M1; increased VVA+ 

only in L4 of S1; and decreased PV+/VVA- only in M1 L5146. Together, these insights provide 

immense capacity for multimodal comparisons across behavioural, neuroimaging, and 

histological domains (Figure 78).  
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5.4.3  Local degeneration 

Together, behaviour, neuroimaging, and histological insights enable spatiotemporal 

characterisation of patterns of degeneration in local areas of Rbp4-Cre+ expression which may 

otherwise remain undetected (Figure 78). The multimodal strategy employed (5.4.1) enhances 

methodological confidence by revealing parallel trends across independent experiments. 

Analyses of Rbp4-Cre+ soma expression patterns—which both reflect published reports 

and reveal additional areas of extracortical soma expression—reflect regions indicated by both 

in vivo and ex vivo neuroimaging to selectively exhibit either volumetric increases or decreases 

upon L5-silencing (5.2.1-5.2.3) according to both the timing and severity of histologically 

observed neurodegeneration (5.3.1). Cortical regions (e.g., M1, PFC, and S1) where Rbp4-Cre+ 

soma are expressed and degenerate by 21wks (Figure 62) appear to decrease in volume over 

time following T1W/T2W analyses (Figure 48, Figure 49), though voxelwise laminar resolution 

could not be achieved to discern whether regional decreases were localised to L5. Strikingly, 

T1W longitudinal trends indicate the emergence of volumetric decreases around ~15ws, which 

is only one week before the first signs of Rbp4-Cre+ soma degeneration have been documented 

in present literature (Figure 78B-C). In white matter projection tracts, T1W/T2W show 

volumetric decreases even at the earliest ~4wk timepoint, which aligns with the histologically-

reported first signs of axon degeneration (Figure 78B-C). T1W/T2W analyses also indicated 

volumetric increases in the dentate gyrus (Figure 48-Figure 51) where Rbp4-Cre+ expression had 

been previously documented77. This is reflected in Figure 62 where, notably, no degeneration is 

obvious at 21wks. Voxelwise maps interestingly indicated volumetric increases in the amygdala 

and cerebellum (Figure 50B), which prompted me to consider whether Rbp4-Cre+ soma are 

expressed in this previously uncharted territory. I indeed found this to be the case (Figure 62). 

As in the dentate gyrus, Rbp4-Cre+ neurons in the amygdala and cerebellum do not appear to 

degenerate (Figure 62). This critically indicates that both ex vivo and in vivo neuroimaging may 
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be sensitive to cell-specific genetic manipulations. Neuroimaging blindly drove the identification 

of extracortical Rbp4-Cre+ expression in the amygdala and cerebellum and appears to indicate 

whether cells degenerate (i.e., volumetric decreases where soma degenerate, and volumetric 

increases where soma do not). Volumetric decreases were also observed in areas lacking Rbp4-

Cre+ soma, however these strikingly corresponded to motor-associated nuclei and projection 

tracts where further insight is gleaned upon ex vivo diffusion and quantitative analyses.  

Rbp4-Cre-expressing cortical areas exhibit nonsignificant trends—exclusively observable 

in voxelwise maps—towards decreased MD and Χ yet increased FA, MK, OD, and ICVF (5.2.4-

5.2.5). This could be due to combinations of several possible explanations. MD, FA, and Χ trends 

could suggest increased myelination in non-degenerating axons; while I saw no notable changes 

in MBP (Figure 67-Figure 68), subtle yet functionally significant differences would likely not be 

observable simply by qualitative assessment of SSFM-obtained images (rather requiring higher-

resolution confocal imaging and quantitative analyses)79. Yet, differences in myelination would 

not alone explain prefrontal MK, ICVF, and OD patterns which could alternatively be attributed 

to neuroinflammation. Histological findings support this notion, where striking increases in 

microglial and astrocyte infiltration throughout the cortex emerge particularly in prefrontal 

regions (Figure 69, Figure 72). Astrocytes may specifically contribute to these MRI signatures 

given their markedly increased prevalence upon L5-silencing, capacity to adopt highly complex 

and heterogeneous morphologies upon Rbp4-Cre-driven Snap25-cKO, and capacity for 

heterogeneity to spatiotemporally amplify (Figure 71-Figure 72)405. This is relatable to MK, OD, 

and ICVF, which were initially hypothesised to decrease due to Rbp4-Cre degeneration (5.2.4). 

Increased MK suggests greater tissue complexity, cellularity (corroborated by ICVF), and 

heterogeneity driving non-Gaussian signal decay. Increased OD indicates higher degrees of 

randomly orientated neurite branching. All the above is consistent with astrocyte histology 

(Figure 71-Figure 72)405. More prominent differences in microglial in older L5-silenced mice 



 - 236 - 

could be due to immune cells exhibiting increased sensitivity to effects of Snap25-cKO with 

age405, or reacting proportionally to infarct severity over time. Volumetric increases in Rbp4-Cre-

expressing regions lacking degeneration (e.g., the dentate gyrus) appear to be accompanied by 

similar patterns in MD, OD, and ICVF. Neuroinflammation could similarly explain this trend. 

Initially, I hypothesised that conceivable volumetric increases could be explained at least in part 

by extracellular edema; however, a lack of decrease in FISO supports glial explanations. 

The most prominent effect across diffusion metrics presented in the major descending 

motor tracts through which Rbp4-Cre+ axons project—notably, the CST and internal capsule—

where FA decreased significantly (Figure 52-Figure 54). Decreased anisotropy, or increased 

isotropy, indicates white matter disorganisation in L5-cKOs relative to CTRLs which may directly 

correspond with Rbp4-Cre+ axon degeneration (Figure 62). In these same tracts, alongside 

volumetric decreases, subtle nonsignificant trends indicated decreased Χ and R2*, but only 

slightly increased T2* (Figure 60). This suggests the possibility of pathological iron accumulation 

over alternative explanations of decreased calcium deposition or demyelination due to the 

inverted and skewed nature of T2* signal, where paramagnetic tissues show fast susceptibility-

induced signal decay; differences reported by T2* maps are proportionally smaller than R2* 

maps (5.2.5). Interestingly, iron accumulation has been linked to AT8 aggregation as a cofactor 

promoting protein hyperphosphorylation, neurofibrillary tangle formation, and pathological 

accumulation452. Indeed, qualitative histological finding indicate AT8 expression prominently in 

the cerebral peduncles, and more subtly in the dorsal-CST (Figure 67-Figure 68).  

Together, these motor-degenerative indications are relevant in determining 1) the 

human disorders which the phenotypes presented by this mouse model may resemble (5.5.1), 

2) the underlying cell populations deemed responsible via targeted Rbp4-Cre Snap25-cKO, and 

3) the multimodal methodological ramifications which indicate that MRI can uncover subtle 

histologically-confirmed biological insights (Figure 78).  
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5.4.4  Downstream degeneration 

While no regional or voxelwise DWI metrics reveal changes in motor-related subcortical 

nuclei (Figure 52-Figure 53, Figure 2), T1W/T2W signatures identify interesting thalamic 

distinctions (Figure 48, Figure 50). In the thalamus, volumetric decreases emerge across HOTN 

only upon voxelwise T1W analyses; however, following FDR corrections both in T1W and T2W 

maps, differences appear to further converge in the ventromedial nucleus (Figure 48C,F and 

Figure 50C,F). Critically, the ventromedial nucleus is commonly termed the ‘motor thalamus’; it 

is responsible for relaying information from basal ganglia to M1, enabling sensorimotor 

integration and mediating feed-forward inhibition from the PFC453. Further signs of increased FA 

in the ventromedial thalamus are shown in Figure 53AI and Figure 54BIV. Decreased T1W/T2W 

yet increased FA may seem paradoxical yet can be explained by selective axon degeneration 

(i.e., if smaller or less-myelinated fibres degenerate, resulting in volume loss yet consolidated 

anisotropy) or crossing tracts (i.e., if white matter pathways cross, yet one degenerates 

selectively, volume would decrease and FA would increase)454. I will revisit the potential disease 

relevance of this in 5.5.1. 

5.4.5  A note out of interest 

 This STAMINA dataset now serves as a resource for future follow-up investigations. I 

have now imaged and archived all histology slides (2.3.2) if higher-resolution images and 

analyses are to be conducted in the future. Additional brain, spinal cord, and peripheral tissues 

remain available in storge for both exploratory and targeted follow-up analyses. One such 

follow-up experiment relates to my prior observation of VVA expression in the insudeum 

griseum and fasciola cinerea in 4.5.3. Figure 79 illustrates regionally overlapping VVA expression 

patterns, OrxR-in situ hybridisation (A.5.9)93, and MRI-derived metrics which question historical 

opinions deeming the insudeum griseum and fasciola cinerea vestigial structures428.   
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Figure 79. Exploratory insudeum griseum (IG) and fasciola cinerea (FC) illustration. A) VVA 
express appears localised to both the IG and FC, as does B) OrxR1 in situ hybridisation93. C) Using 
cropped images from the STAMINA dataset, differences in i) T1W, ii) FA, and iii) MD appear to 
emerge in regions aligning with the FC and IG. 
 
5.5 Indications and future directions 

5.5.1  Motor neuron degeneration 

Results strongly suggest that chronically silencing L5 neurons induces a cascade of 

progressive degenerative changes affecting both cortical and L5-projection regions—including 

motor-associated projection tracts and nuclei (Figure 2)—corroborating a top-down cortical 

contribution to motor system integrity. In the context of human degenerative conditions 

associated with motor neuron dysfunction (1.3.4-1.3.5), the phenotypes revealed upon Rbp4-

Cre-driven Snap25-cKO across multiple experimental modalities resemble comorbid features of 

FTD and ALS, or ALS-FTD as a distinctly defined disease162, 187, 190-194, 455-458. Similarities between 

findings in this thesis and clinical presentations of ALS-FTD include: L5b extratelencephalic-

pyramidal tract neuron deterioration particularly in the frontal cortex (5.3.1)187, 188, 455-457; a 
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putatively cortical origin, then conceivably accompanied by peripheral influences (5.4.2)77, 160-162, 

190-192, 196, 232-236; degeneration in both LMNs and UMNs (5.3.1-5.3.2)190-194; highly specific 

degeneration in only a subset of lower motor nuclei, excluding extraocular and pelvic sphincter 

nuclei (5.3.2)196, 233, 246; pathological protein aggregates including TDP-43 and 

hyperphosphorylated tau (AT8) in the axons of spinal cord MNs (5.3.3)187, 188, 191, 193; increased 

neuron progenitor proliferation and differentiation in the subventricular zone accompanied by 

volumetric increases (5.2.1)459, 460; neuroinflammation (5.3.4), including astrocyte complexity244, 

247, 405, 461; increased microglial activation191, 245, 405, 461, 462; perineuronal net plasticity and 

reorganisation146, 461; PV+/VVA- neuron deterioration and reorganisation (5.3.4)146, 462; prefrontal 

cortical volumetric reductions (5.2.1, 5.2.3)462, 463; signs of thalamic atrophy (5.2.1, 5.2.3)464; 

motor decline with age (5.1)77, 160, 162, 191-194, 247, 248, 458; activity and sleep disturbance (5.1.1)114, 465, 

466; decreased FA in motor-associated corticospinal projection tracts reflecting functional 

deficits, which has been indicated as capable of clinically evaluating degrees of UMN impairment 

in ALS (5.2, 5.3.1)442, 463, 467; and susceptibility-R2*-indicated and histologically-corroborated 

indications of iron accumulation in motor-associated tracts, which is also posited as a potential 

future biomarker and clinical indicate of early disease presentation (5.2.5, 5.3.3)315, 468; and—

notably—globus pallidus, thalamic, and striatal atrophy identified by both neuroimaging and 

histological techniques which is suggested to differentiate ALS-FTD from 1) FTD without motor 

decline, 2) behavioural-variant FTD, and 3) ALS lacking cognitive impairment (5.2-5.4)457, 467. 

Collectively, while anatomical regions corresponding to major motor tracts (Figure 2) appear to 

show signs of degeneration upon Rbp4-Cre-driven Snap25-cKO (5.2-5.3), present multimodal 

findings considered in the context of this literature are perhaps more anatomically and 

functionally consistent with the degeneration of a broader integrative network involving 

prefrontal corticothalamic-thalamocortical loops, basal ganglia, and descending motor 

pathways. Critically, my results do not definitively suggest that this Rbp4-Cre line may be 
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deemed a mouse model of ALS-FTD: rather, I argue that behavioural phenotypes which emerge 

upon Rbp4-Cre-driven Snap25-cKO resemble aspects of human disease presentations; that 

present neuroimaging and histological signatures are consistent with preclinical, clinical, and 

postmortem indications in present literature; and that further research is warranted. 

5.5.2  The seemingly contradictory notion of hyperexcitability 

A flaw in comparing Rbp4-Cre-driven Snap25-cKO to ALS models emerges in that L5 

glutamatergic hyperexcitability is typically associated with degeneration in ALS-FTD—not 

silencing/hypoexcitability160, 187, 190-192, 196, 232, 244. However, an alternative perspective may 

reconcile this contradiction. Snap25-cKO only abolishes neurotransmission induced by regulated 

presynaptic vesicle release; cells maintain capacity for neurotransmission via spontaneous 

miniature excitatory postsynaptic currents (mEPSCs)77, 80, 145. While prior work has operationally 

deemed Rbp4-Cre Snap25-cKO mice functionally ‘silenced’ (therefore I maintained this term 

throughout this thesis), this may not be fully true.  Rbp4-Cre Snap25-cKO does not preclude the 

possibility that, due to abolished regulated neurotransmission, compensatory increases in 

mEPSCs render neurons hyperexcitatory. Consistent with this, previous work has suggested that 

“excessive spontaneous synaptic excitatory neurotransmission in [M1] is correlated with 

dendritic regression of [L5 pyramidal neurons] before neuronal death and other ALS-like 

symptoms”192. This may be relevant to the first study79 to follow the initial characterisation of 

the Rbp4-Cre+;Snap25fl/fl;Ai14fl/fl line77, which reported decreased callosal node of Ranvier 

lengths. The authors reason that whether counteracts L5-cKO axon hypoexcitability by reducing 

action potential firing thresholds, or provokes failure where nodes are excessively close, remains 

indiscernible148, 149. However, both phenomena are plausible: perhaps node of Ranvier lengths 

initially decrease and lower firing thresholds; neurons then become increasingly capable of 

eliciting mEPSCs; hyperexcitability thereafter leads to excitatory neurotoxicity; neurites then 

disintegrate, and soma degeneration follows. mEPSCs-induced excitatory neurotoxicity is a 
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documented phenomenon where, in cases of chronic action potential abolition following injury, 

mEPSCs can increase in amplitude and trigger NMDA-receptor-mediated apoptotic pathways 

(prototypically linked to ALS-FTD)469-471. Excitotoxic mEPSCs have been specifically shown to 

trigger neuroinflammatory astrocyte responses470, which then accelerate neurodegenerative 

processes; this is consistent with present histological and MRI findings (5.2.4-5.2.5, 5.3.4, 5.4). 

My alternative hypothesis is merely speculative and I think would be interesting to test (5.5.4). 

5.5.3  Limitations and ongoing analyses 

Several notable limitations limit the interpretation of STAMINA results and analyses. 

While data from behavioural experiments were blinded and assessed by another researcher 

whenever possible (i.e., for nesting scores, all CAMP assessments, and CatWalk analyses) (2.4, 

5.1), I was not blinded while collecting the data itself. Unintentional bias is therefore possible. 

Particularly across histological and neuroimaging domains, NE is insufficient to spatiotemporally 

resolve trajectories of changes in cellular densities (i.e., Rbp4-Cre+ soma, CHAT, AT8, IBA1, and 

GFAP) or MRI signatures (i.e., ex vivo T2W, DWI, and QSM) which entirely lack data of sufficient 

quality <8wks (5.2.3-5.2.5, A.2). While it would have been ideal to simply collect more in vivo 

and ex vivo data, prohibitive ethical (i.e., minding the 3Rs)276, 472, financial (i.e., high associated 

experimental costs), and time considerations (i.e., both in breeding new mice and my physical 

capacity to conduct experiments in ≤24 simultaneously, A.4.4) prevented higher in vivo and ex 

vivo NE throughout the STAMINA timeline (Figure 4).  I strategically selected MRI timepoints 

according to expected neuroanatomical and functional genotype differences (Figure 4, Figure 

78)77, 79, 114, 145-147, 405; however, these foundational studies are themselves spatiotemporally 

limited. Further investigations to improve temporal resolution would prove insightful 

particularly in relating the timing of the emergence of changes in MRI-derived metrics to the 

those of behavioural and cellular characteristics. Analyses are presently underpowered to 

ascertain the statistical significance of changes at younger timepoints and age×genotype 
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interactions, despite the clear emergence of trends towards both. Histologically, I acquired data 

from each of two cohorts—4-7wks and 18-21wks—yet only present the latter here due to time 

constraints. I intended to analyse all histology data using r-QUINT as in 4.1 and 4.3, however this 

proved overly ambitious due to the large number of sections stained (i.e., ≈3280 for STAMINA 

alone). MBP and AT8 analyses will require special handling as r-QUINT is currently optimised for 

soma detection and regionalisation; this could involve intensity-based MBP thresholding, AT8 

particle-counting (whether obtained via QuPath detections or intensity-based thresholding), 

and AT8 white matter vs grey matter allocation according to MBP masking. Therefore, while I 

only include qualitative observations from ~21wk mice in 5.3, such future quantitative analyses 

will enable correlations between the histological, behavioural, and neuroimaging-derived 

ramifications of Rbp4-Cre-driven Snap25-cKO. Additional future analyses include that of resting-

state fMRI data (e.g., via RABIES, 2.5.3.5)317 and tractography (e.g., via probtrackx301, 473 using 

outputs of bedpostx311 preprocessing, 2.5.3.3), which will be particularly useful in discerning 

progressive deterioration in motor-related pathways (5.5.1). Analysis discrepancy presents in 

the use of Akaike vs Bayesian statistical model selection (2.5.5.3) as voxelwise analyses cannot 

accommodate GAMs. Therefore, where Akaike/Bayesian information criteria dictate regional 

GAM analyses, voxelwise processing remains linear rendering comparisons between voxelwise 

and regional maps—which are currently attributed to voxel-averaging across atlas-defined 

regions (5.2.1)—potentially confounded by statistical model selection (Figure 54-Figure 59). Both 

factors likely contribute to differences observed. Nevertheless, considering both regional and 

voxelwise maps proved useful throughout 5.2. T1W, T2W, and DWI analyses employed an 

updated .Rmd script which removes outliers and integrates Akaike/Bayesian model selection 

(2.5.5.2), yet I have not yet used this to re-run QSM analyses. Regional QSM results therefore 

appear highly skewed, particularly given the small NE at younger ages due to data exclusion upon 

quality control checks (A.7.2-A.7.7). Despite this, voxelwise signs of susceptibility-induced 
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differences nevertheless emerge and are discussed for exploratory merits (5.2.5). To address 

limitations due to NE, I recently perfused an additional NE=6 Rbp4-CreWT CTRL and NE=6 Rbp4-

Cre+ Snap25-cKO mice aged ~4-6wks for ex vivo scanning and histology. All experiments are now 

complete, yet analyses remain an active future direction such that this <7wk dataset can be 

integrated with present STAMINA results. 

5.5.4  Future experiments 

Additional electrophysiological, histological, morphological, metabolic, and spatial 

transcriptomic experiments would provide further insight into the results presently observed. 

Electrophysiologically, obtaining single-cell patch-clamp recordings from Rbp4-Cre+ neurons 

could discern whether mEPSCs indeed increase upon Snap25-cKO (5.5.2). This could involve a 

whole-cell voltage-clamp setup, fresh cortical tissue (i.e., the PFC, where neuroimaging results 

indicated the greatest differences), and tetrodotoxin application to block regulated inputs. 

Resulting recordings could be observed and analysed to evaluate conceivable genotype 

differences in the frequency (proportional to the number of functional synapses) or amplitude 

(proportional to postsynaptic cell receptor prevalence or neurotransmitter sensitivity) of 

mEPSCs, expectedly around ~7-30pA474. Further histological investigations should involve 

higher-resolution imaging and analyses of astrocytes and microglia specifically in the PFC and 

M1—including multidimensional assessments of glial complexity resembling that which was 

conducted in V1 and S1405—for targeted comparison to regional neuroimaging signatures (5.2.4, 

5.2.5, 5.3.4, 5.4.3, 5.5.2). Simply out of interest, DiI crystals should be inserted into the area of 

the insudeum griseum and fasciola cinerea to determine projection patterns and inform possible 

future directions (A.8.6). Future research should explore the underlying mechanisms by which 

cortical silencing initiates degeneration, and test whether restoring cortical activity can mitigate 

motor decline. Phenotype rescue could theoretically be attempted via viral delivery of Snap25 

genes with functional exons a-b into L5-cKO neurons, which has been shown to restore stimulus-
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evoked neurotransmitter release and prevent axon degeneration475, 476. Other silencing 

modalities could be tested (e.g., Kir2.1 electroporation, Munc13-cKO, or tamoxifen-inducible 

Fezf2-CreER) to evaluate whether similar phenotypes emerge. Electrophysiological and 

behavioural Fezf2-CreER studies are currently underway to characterise this alternative L5-cKO 

model, which lacks off-target dentate gyrus expression and is notably inducible. Parallel to Rbp4-

Cre histology, I conducted the same combination of immunohistochemistry experiments using 

a complete cohort of Fezf2-CreER tissues, yet have only partially analysed the results (A.8.5). 

More extensive characterisations should be conducted across models to systematically evaluate 

off-target expression—particularly in skeletal muscles, which have been previously documented 

in some Rbp4-Cre lines438, 449—which could mislead present interpretations (5.3.5). Physiological 

consequences of off-target expression could be tested by measuring average blood glucose and 

blood insulin levels in CRTL and L5-cKO animals, which may indicate regarding whether Rbp4-

Cre+ expression results in functional impairment more directly associated with Snap25-cKO in 

the liver or pancreas. Conceivably, Rbp4-Cre-driven Snap25 truncation in the pancreas could 

lead to increased insulin secretion438, 448, which alone may explain increased food-seeking 

behaviour (5.1.1) and sleep disruptions114. Spatial transcriptomic experiments have been 

conducted using coronal sections from both Drd1a-Cre and Rbp4-Cre lines, in collaboration with 

Dr. Chiaki Ohtaka-Maruyama at the Tokyo Metropolitan Institute of Medical Science, using 

sections at the level of HOTN (Xenium, with the standard 300+ genes). Analyses will compliment 

histological and neuroimaging datasets yet are beyond the scope of this present thesis. This may 

provide further insight into the single-cell properties of Rbp4-Cre+ neurons455, 456 (e.g., in the PFC 

compared to other cortical regions, then to non-degenerating dentate gyrus, cerebellar, and 

amygdalar Rbp4-Cre-expressing cells) and downstream projection targets (e.g., LMN 

subpopulations) and conceivable differences between CTRL and L5-cKO cells. However, 

incorporating spatial transcriptomics holds greater methodological relevance.  
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5.5.5  MRI-histology insights 

My findings throughout STAMINA contributed to a Wellcome Bioimaging grant 

application, which proposed developing in vivo MRI technology to achieve cell-specificity. A 

major component of this project involves “combining high resolution diffusion and quantitative 

MRI with 2D and 3D microscopy and spatial transcriptomics to generate models that can predict 

cell distribution”. By characterising the behavioural, neuroimaging, and histological effects of 

Rbp4-Cre-driven Snap25-cKO, my results in this chapter provide proof-of-concept that MRI can 

detect network-level differences which emerge due to targeted cell manipulations. In then 

presenting a model in which we know when and where specific and highly diverse cellular 

differences are expected to emerge, and how behaviour deteriorates accordingly, newly 

developed MRI sequences can be tested to evaluate the accuracy and specificity of cell density 

and morphology predictions. The ability to distinguish cell-subtypes in vivo would have 

tremendous experimental relevance in enabling whole-brain anatomical investigations over 

time at a level currently only obtainable via histological processing, which obviously lacks 

capacity for repeated measures. Eventually, these sequences will be tested in postmortem 

human tissues to determine translatability to clinical applications with immense potential: 

consider the capacity to detect cancerous masses in the brain or elsewhere without the need 

for biopsy; to monitor glial-subtype-specific responses to therapies; to diagnose autoimmune 

conditions solely via in vivo cellular signatures; to cellularly track degrees of graft integration 

with host tissue; to identify early brain changes associated with neurodegenerative diseases, 

enabling earlier therapeutic interventions; and to offer all the above without the need for 

radiation. This project grant was awarded in March. I greatly anticipate joining the team, having 

accepted a postdoctoral position, and to contributing to this work in the years to come. 
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Conclusions 

Behavioural home-cage monitoring 

Chapter 3 introduces the SnackerTracker-TracKIT platform and tests its capacity to 

continuously measure and analyse mouse food intake, feeding behaviour, and ambient cage 

lighting (3.1). Operational and processing software accommodate a range of data collection and 

filtering options according to user-specifications (3.2). Validations indicate SnackerTracker 

precision over time across benchtop (3.1.5) and in vivo applications (3.3). Experiments using 

mice with known circadian differences demonstrate the SnackerTracker’s ability to record and 

reveal biologically relevant behaviours, identifying light suppression of food intake in CTRL but 

not arrhythmic mice and detecting ultradian rhythms in the control of feeding behaviour (3.3.1-

3.3.3). Advantages of using SnackerTrackers with parallel DVC, PIR, and video-based systems are 

demonstrated (3.3.1-3.3.4), which further reveal phase-delayed behavioural patterns under DLE 

conditions (3.3.4) and compatibility in HCs of other laboratory rodents (e.g., hamsters) (3.3.5). 

Inherent limitations and design considerations stress the importance of thorough 

methodological documentation and continued platform improvement (3.4) for use across a 

range of future HCM applications (3.5). All material information, 3D-printable files, electronics 

schematics, construction details, and operational/analysis software are provided on open-

access platforms such that researchers can download, customise, and build SnackerTrackers 

according to future experiment-specific requirements (A.3). The ability of the SnackerTracker to 

reveal subtle biological differences, alongside its low-cost and ease-of-operation, demonstrates 

its usefulness as a methodological contribution to the field of animal HCM. 

Layer 6b: Characterising subplate remnant neuroanatomy 

Chapter 4 proposes refinements to the QUINT image analysis pipeline, uses this method 

to characterise cellular densities and distributions of cortical L6b neuron subtypes upon Drd1a-
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Cre-driven genetic augmentation (i.e., PTEN-cKO) and silencing (i.e., Snap25-cKO), and provides 

morphological comparisons supporting the analogy of mouse L6b cells and human WMIN 

subplate remnants. After introducing QUINT pipeline modifications enabling fluorophore 

multiplexing and morphometric tagging (4.1.1-4.1.3), the resulting workflow is tested against 

prior datasets to support detection and regionalisation validity (4.1.4-4.1.5, 4.3.4). Pilot 

experimental applications using excitatory and inhibitory DREADD mouse lines identify subtle 

changes in PV/VVA densities and distributions, suggesting capacity for rapid activity-dependent 

interactions between neuron networks, interneurons, and perineuronal nets (4.2). Upon 

confirming expected laminar cell expression patterns (4.3.1), the r-QUINT pipeline demonstrates 

only subtle differences upon Drd1a-Cre-driven Snap25-cKO. However, PTEN-cKO results in 

profoundly increased soma areas, more prominent apical dendrites, and notably altered Drd1a+ 

densities and distributions specifically in CPLX3 co-expressing subpopulations (4.3.2,4.3.3). 

These differences compound across regions and layers, emphasising the importance of 

accounting for cortical heterogeneity when conducting experiment and interpreting results. 

Morphometric similarity between mouse Drd1a-Cre neurons and human WMINs supports their 

presumed homology. PTEN manipulation may be relevant to conditions of mTOR pathway 

dysfunction, diseases of cortical hyperexcitability, and corresponding avenues of 

pharmacological interest. More broadly, subpopulations of subplate remnants exhibiting unique 

signal responsivity and projection selectivity may serve as a neurodevelopmentally-persistent 

and evolutionarily preserved network node capable of integrating and potentiating wake- and 

attention-promoting ORX-gated CT-TC loops driving brain state control91. Subplate remnants are 

likely to influence adult cortical circuitry and neurodevelopmental origins of brain disease. 

Layer 5: Multimodal methods reveal progressive neuromotor degeneration 

Chapter 5 characterises trajectories of neuromotor degeneration resulting from 

genetically silencing a subpopulation of cortical L5 neurons (i.e., Rbp4-Cre) using complimentary 



 - 248 - 

behavioural, histological, and multimodal neuroimaging techniques, which both provides 

biological insights into networks putatively associated with motor neuron degeneration and 

demonstrates the capacity of advanced MRI to detect nuanced anatomical genotype 

differences. Ultimately, from what began as a subtle observation of abnormal SnackerTracker 

feeding behaviour and a hindlimb clap (5.1.1), STAMINA evolved as a comprehensive 

longitudinal multimodal investigation (1.5.5) having both biological and methodological 

relevance. Here, this previously reported77 yet uncharacterised phenotype drove biological 

questions regarding 1) the features and trajectories of motor decline (5.1), 2) whether 

neuroimaging may be able to detect corresponding anatomical, structural, and functional 

change over time (5.2), and 3) which underlying cell populations exhibit signs of 

neurodegeneration, directed migration, or otherwise altered expression patterns (5.3). The 

trajectory of neuroimaging-determined volumetric changes over time largely reflects and even 

precedes the extensive motor decline observed behaviourally across HCM, CAMP, VCT, grip 

strength, and CatWalk assessments (5.4). Together alongside diffusion- and QSM-derived 

microstructural changes detected ex vivo—which reflect patterns of histologically observed 

Rbp4-Cre+/+:Snap25fl/fl neuron degeneration, LMN punctation, pathological protein aggregation,  

glial infiltration, and signs of interneuron and perineuronal net degeneration—this suggests that 

neuroimaging may be used in the future to identify structural or microstructural changes before 

behavioural effects materialise and prior to histological confirmation (5.4). Together, the data 

collected across these three distinct domains complimentarily provided more comprehensive 

insight into the underlying networks associated with observed neuromotor degeneration than 

any modality would have in isolation (5.4). Thus, while our findings corroborate that L5 neuron 

degeneration can precipitate progressive functional deficits, supporting top-down theories of 

motor degeneration160, this experimental strategy holds greater implications for the scope of 

advanced MRI techniques in preclinical studies and future clinical applications (5.5). 
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Appendices 

A.1  Genetic strategies and mechanisms 

A.1.1  PTEN mechanisms 

 

Appx-Figure 1. Schematic representation of mTOR pathway functionality under A) normal, B) 
PTEN-deficient, and C) pharmacologically rescued conditions. Products eukaryotic translation 
initiation factor 4E (elF4E) and ribosomal protein S6 promote translation and cell 
survival/replication, respectively. Green=proliferative states; red=inhibited states; and yellow= 
drugs (e.g., first-generation mTORC1 inhibitors rapamycin/rapalogs and second-generation 
mTORC1/mTORC2/phosphatidylinositol 3-kinase (PI3K) inhibitors torin-1/vistusertib)61, 436, 477. 
PIP2=phosphatidylinositol 4,5-bisphosphate; PIP3=phosphatidylinositol (3,4,5)-trisphosphate; 
PDK1=3-phosphoinositide-dependent protein kinase 1; S6K1/2=S6 kinase 1/2; AKT=protein 
kinase B; mSIN1=mammalian stress-activated protein kinase-interacting protein 1; 
Rictor=rapamycin-insensitive companion of mTOR; Proctor=protein observed with Rictor; 
Deptor=DEP domain-containing mTOR-interacting protein; mSLT8=mammalian lethal with 
SEC13 protein 8; Raptor=regulatory-associated protein of mTOR; PRAS40=proline-rich AKT 
substrate of 40kDa. 
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A.1.2  Snap25 mechanisms 

 
 
Appx-Figure 2. Illustrates Cre-mediated Snap25 truncation resulting in cell ‘silencing’77. A) i-iv) 
shows normal synaptic physiology as expected in CTRLs, and B) i-iv) shows thwarted synaptic 
transmission in Cre+ Snap25-cKOs. In CTRLs, A) i) all Snap25 exons are transcribed, and a stop 
codon blocks Ai14 expression. A) ii) and functional SNARE proteins A) iii) associate to facilitate 
A) iv) presynaptic vesicle fusion Synaptic components and neurotransmission. B) i) In cKOs, B) i) 
Cre excises LoxP-flanked Snap25 exons 5a-b and the stop codon such that the Ai14 RFP is 
expressed and cells glow red. B) ii) The truncated SNAP25 protein is nonfunctional and B) iii) 
cannot facilitate SNARE assembly. B) iv) Membrane fusion and SNARE-mediated 
neurotransmission cannot occur, resulting in cells which cannot communicate with afferent 
targets. Note that some CTRLs are Cre+ heterozygotes possessing one functional SNAP25 domain 
(Table 9); these animals exhibit normal neurotransmission as in A) ii-iv) yet transcribe Ai14 and 
glow red (i.e., necessary for IHC controls). 
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A.1.3  DREADD mechanisms 

 

 

 
Appx-Figure 3. DREADD mechanisms of action underlying acute cell A) excitation and B) 
inhibition. A) CNO is a synthetic ligand which, when administered, binds to the extracellular 
domain of hM3Dq—a designer G-protein-coupled receptor which mimics the human muscarinic 
acetylcholine receptor M3. CNO-bound hM3Dq undergoes a confirmational change which 
activates the Gq protein, which in turn activates phospholipase C (PLC). PLC hydrolyses 
phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and 
diacylglycerol (DAG). IP3 binds to the IP3 receptor (IP3R), which is a Ca2+ channel enabling the 
release of ions from endoplasmic reticulum (ER) stores into the cytosol. DAG associates with 
protein kinase C (PKC) which increases intracellular Ca2+ levels. This results in membrane 
hypopolarisation, decreasing the threshold required to fire an action potential, thereby 
increasing neuron excitability. B) CNO binds to the extracellular domain of hM4Di—another 
designer g-protein coupled receptor mimicking human muscarinic acetylcholine receptor M4— 
which activates the Gi protein. The Gi protein α-subunit inhibits adenylyl cyclase (AC), which 
otherwise converts ATP to cAMP. Decreased intracellular cAMP leads to reduced activation of 
protein kinase A (PKA) and correspondingly reduced activation of its downstream targets which 
otherwise promote neuron excitability. Gi protein βγ-subunits activate G protein-gated inwardly 
rectifying potassium channels (GIRKs), which allows K+ to exit the cell. Decreased intracellular K+ 

results in membrane hyperpolarisation, increasing the threshold required to fire an action 
potential, thereby decreasing neuron excitability265, 268, 478. 
 
A.2  Statistics 

The details and results of all statistical tests in this thesis, including power calculations, have 
been deposited to Figshare479, 480.  
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A.3  SnackerTracker development 

A.3.1  Bill of materials 

Appx-Table 1. Lists active components (green), mounting/accessory elements (blue), and 
construction equipment (yellow) needed to build one SnackerTracker (V10). The 
number/amount of each item required is provided with linked supplier websites. 
N/A=components which can be re-used in constructing other devices and are therefore excluded 
from price calculations. At the time of writing, the total material cost for one device was £104.77 
(VAT included). 
 

Category Shorthand Name # per 
Device Category Shorthand Name # per 

Device 

Chassis 3D Printing Material - 
ABS Black 

222g 

Fasteners 

Hex Standoff F-F - LDR 
Mount 

1 

Electronics 
Agents 

Arduino MKR WiFi 1010 1 Screws - LDR Mount 1 
Arduino MKR MEM 
Shield 

1 Hex Nut - Food Mount Plate 6 

Load Cell and Amplifier 1 Screws - Food Mount Plate 6 

Load Cell 1 Hex Standoff M-F - 
Microchip 

4 

HX711 Amplifier 1 Hex Nut - Microchip 4 
Protoboard - LDR Mount 1 Hex Nut - Load Cell Interior 2 
LDR 1 Washers - Load Cell Interior 2 
Resistor 1 Screws - Load Cell Interior 2 
Toggle Switches 2 Velcro - Loop Tape 1 
LiPo Battery 1 Velcro - Hook Tape 1 
Micro SD Card and 
Adapter 

1 

Accessories 

Glass Cover Slides 1 

Wires 

Peripheral Connector 
Wires 

10 Grommet - Cable Retention 2 

Push Crimp Connector 4 Grommet - Closed 2 
Pin Headers M-F 5 USB Cable 1 
Pin Headers M-M 8 Micro SD Card and Reader 1 
Heat Shrink Wrap 8 10-Port USB Hub N/A 

JST Connector Housing 1 Microchip PCB Solder Wire 
Kit 

1 

JST Wire Crimp 
Connector 

2 USB Flash Drive N/A 

Assembly 
- Wiring 

Wire Cutter N/A 

Assembly- 
Operation 

3D Printer N/A 
Wire Stripper N/A 3D Printing Glass Care - Glue N/A 
Solder N/A Chassis Care - Acetone N/A 
Solder Station N/A USB Flash Drive N/A 
Crimper - JST N/A Super Glue N/A 
Crimper - Push Plugs N/A Screw Driver N/A 
Multimeter N/A Scale N/A 
Heat Gun N/A USB-UK Adapter N/A 

 

 

 

 

https://uk.farnell.com/ultimaker/1621/filament-abs-black-750g/dp/2992638
https://uk.farnell.com/ultimaker/1621/filament-abs-black-750g/dp/2992638
https://thepihut.com/products/m2-5-nylon-standoff-packs?variant=41056882327747&currency=GBP&utm_medium=product_sync&utm_source=google&utm_content=sag_organic&utm_campaign=sag_organic&gclid=CjwKCAiAv9ucBhBXEiwA6N8nYMALsTAdnJaEfqRm8rlGHIkw8k_-wddpUlsjskTBw0Nt-zeI4IdqRBoC2hEQAvD_BwE
https://thepihut.com/products/m2-5-nylon-standoff-packs?variant=41056882327747&currency=GBP&utm_medium=product_sync&utm_source=google&utm_content=sag_organic&utm_campaign=sag_organic&gclid=CjwKCAiAv9ucBhBXEiwA6N8nYMALsTAdnJaEfqRm8rlGHIkw8k_-wddpUlsjskTBw0Nt-zeI4IdqRBoC2hEQAvD_BwE
https://www.mouser.co.uk/ProductDetail/Arduino/ABX00023?qs=%252BEew9%252B0nqrAwxv2YQYWyPw%3D%3D&_gl=1*r1zmcw*_ga*MTkzODk4Nzg3MS4xNjkxNzg4MzU3*_ga_15W4STQT4T*MTY5NDQwMDIwNi42LjEuMTY5NDQwMDIxNi4wLjAuMA..*_ga_1KQLCYKRX3*MTY5NDQwMDIwNi42LjEuMTY5NDQwMDIxNi41MC4wLjA.
https://uk.farnell.com/tr-fastenings/trnse-1207-m2-5-10/set-screw-slotted-cheese-m2-5/dp/2472698
https://www.mouser.co.uk/ProductDetail/Arduino/ASX00008?qs=%252BEew9%252B0nqrB6JgKBlp7dtg%3D%3D
https://www.mouser.co.uk/ProductDetail/Arduino/ASX00008?qs=%252BEew9%252B0nqrB6JgKBlp7dtg%3D%3D
https://uk.rs-online.com/web/p/standoffs/1026429
https://www.fruugo.co.uk/digital-load-cell-weight-sensor-4-sets-1kg-load-cell-hx711-ad-weighit-amplifier-module-pressure-sen/p-158471165-336116188?language=en&ac=croud&asc=pmax&gclid=CjwKCAjw_uGmBhBREiwAeOfsd2Tte1J7DV2BnS36Kg06w9KA5tCizeWKm5fCU2_G8qSP8UY_3eaP3RoC95IQAvD_BwE
https://uk.farnell.com/tr-fastenings/trnse-1207-m4-10/set-screw-slotted-cheese-m4-x/dp/2472717
https://www.digikey.co.uk/en/products/detail/adafruit-industries-llc/4540/12323569?utm_adgroup=&utm_source=google&utm_medium=cpc&utm_campaign=PMAX%20Shopping_Product_Higher%20Performing&utm_term=&productid=12323569&gclid=Cj0KCQjwoeemBhCfARIsADR2QCvjQtq8xGB7zNIjsWEW115X1vtfFKRMJCEBZncin5CkRDHvQ6EQkaQaAmG1EALw_wcB
https://uk.rs-online.com/web/p/standoffs/5006621
https://uk.rs-online.com/web/p/standoffs/5006621
https://www.radwell.co.uk/Shop?source=GoogleShopping&IgnoreRedirect=true&ItemSingleId=126663068&gad=1&gclid=Cj0KCQjwoeemBhCfARIsADR2QCuKDzuiaM1iKrTecpj8N4HGdJV4Tma0wJoQnfWdpZ-vHplmi3T-cDcaAo65EALw_wcB
https://uk.rs-online.com/web/p/hex-nuts/4830316
https://www.mouser.co.uk/ProductDetail/SparkFun/PRT-08808?qs=WyAARYrbSnYE9naQ%252BrkzGQ%3D%3D
https://uk.rs-online.com/web/p/hex-nuts/2326976?gb=b
https://uk.farnell.com/lprs/n5ac501085/light-dependent-resistor-5mohm/dp/7482280?st=light%20dependent%20resistor%20100%20mw
https://uk.rs-online.com/web/p/washers/2326959?gb=s
https://uk.rs-online.com/web/p/through-hole-resistors/7078300?gb=b
https://uk.farnell.com/multicomp-pro/mp008089/screw-cheese-head-slotted-m5-20mm/dp/3804805
https://uk.rs-online.com/web/p/hook-loop-tapes/8904168?redirect-relevancy-data
https://uk.rs-online.com/web/p/speciality-size-rechargeable-batteries/1449405?cm_mmc=UK-PLA-DS3A-_-google-_-CSS_UK_EN_Batteries_%26_Chargers_Whoop-_-Speciality+Size+Rechargeable+Batteries_Whoop-_-1449405&matchtype=&pla-333331382340&cq_src=google_ads&cq_cmp=9771206617&cq_term=&cq_plac=&cq_net=g&cq_plt=gp&gclid=Cj0KCQiAsdKbBhDHARIsANJ6-jf3nMgkCwvYTzl2j2WtkJIAQyilDJtsAUqV8st_BAal3MbOIhjSvBQaAp6hEALw_wcB&gclsrc=aw.ds
https://uk.rs-online.com/web/p/hook-loop-tapes/8904161
https://cpc.farnell.com/integral/inmsdx64g10-90u1/64gb-ultimapro-microsd-c10-90/dp/MD00799
https://cpc.farnell.com/integral/inmsdx64g10-90u1/64gb-ultimapro-microsd-c10-90/dp/MD00799
https://www.scientificlabs.co.uk/product/MIC2162
https://uk.rs-online.com/web/p/hook-up-wire/1964211
https://uk.rs-online.com/web/p/hook-up-wire/1964211
https://onecall.farnell.com/essentra-components/pgsd-2/grommet-nylon-6-6-15-9mm-black/dp/3823522?ICID=I-RP-STM7REC-0
https://uk.rs-online.com/web/p/spade-connectors/0534351
https://www.mouser.co.uk/ProductDetail/Harwin/M20-7821146?qs=ulE8k0yEMYbQu%2FkhQ6%2FqUg%3D%3D
https://uk.rs-online.com/web/p/usb-cables/1828872
https://uk.rs-online.com/web/p/pcb-headers/6705073
https://uk.farnell.com/tripp-lite/u452-000-sd-a/usb-c-memory-card-reader-sd-micro/dp/3493850?cjevent=12c595d8391811ee804701780a18ba72&cjdata=MXxZfDB8WXww&CMP=AFC-CJ-UK-8989328&gross_price=true&source=CJ
https://uk.rs-online.com/web/p/heat-shrink-tubing/7004532
https://uk.rs-online.com/web/p/wire-housings-plugs/8201466
https://thepihut.com/products/u-shape-jumper-wires-box?variant=27740782353&currency=GBP&utm_medium=product_sync&utm_source=google&utm_content=sag_organic&utm_campaign=sag_organic&gclid=CjwKCAjw29ymBhAKEiwAHJbJ8hk9khkutfURx2oyj5Px1zCxHWfQV-vHsQe22xYs5rl9MD5t0eVUPRoCXGgQAvD_BwE
https://thepihut.com/products/u-shape-jumper-wires-box?variant=27740782353&currency=GBP&utm_medium=product_sync&utm_source=google&utm_content=sag_organic&utm_campaign=sag_organic&gclid=CjwKCAjw29ymBhAKEiwAHJbJ8hk9khkutfURx2oyj5Px1zCxHWfQV-vHsQe22xYs5rl9MD5t0eVUPRoCXGgQAvD_BwE
https://uk.rs-online.com/web/p/crimp-contacts/8201456
https://uk.rs-online.com/web/p/crimp-contacts/8201456
https://uk.rs-online.com/web/p/usb-sticks/2304402?gb=b
https://uk.farnell.com/duratool/9p057r/cutter-diagonal-110mm/dp/3125397?st=wire+cutter
https://uk.rs-online.com/web/p/3d-printers/1925469
https://www.viking-direct.co.uk/en/uhu-glue-stick-40-g-p-3583323?customerType=consumer&utm_source=google&utm_medium=organic&utm_campaign=surface_google&cm_mmc=Google-_--_--_-3583323&gclsrc=aw.ds&gclid=CjwKCAjw29ymBhAKEiwAHJbJ8uTgx7kKxn6nbHusQiRFdakibM5nQ46gGbbzKmTG5DiIC01LaVmLUBoCaWcQAvD_BwE
https://www.fishersci.co.uk/shop/products/acetone-99-spectroscopy-thermo-scientific/10666182
https://uk.rs-online.com/web/p/usb-sticks/2444594?gb=b
https://cpc.farnell.com/multicomp/ht-225d/crimp-tool-ratchet-30-18awg/dp/CN16614?st=crimper
https://uk.rs-online.com/web/p/glues/0473461?cm_mmc=UK-PLA-DS3A-_-google-_-CSS_UK_EN_Adhesives_%26_Sealants_%26_Tapes_Whoop-_-Glues_Whoop+(2)-_-473461&matchtype=&pla-303528991439&gclid=CjwKCAjw_uGmBhBREiwAeOfsd297_F9xYgSO5MgBDpwNa0UkyoCh6nTju7DDNqcA7ivu4tSqJRSPpxoCsRUQAvD_BwE&gclsrc=aw.ds
https://uk.farnell.com/ck-tools/430024/crimping-plier-250mm/dp/1283220
https://uk.farnell.com/wera/05118014001/slotted-screwdriver-tip-4mm-80mm/dp/2832409
https://cpc.farnell.com/duratool/d03047/multimeter-digital/dp/IN07221
https://cpc.farnell.com/steinel/hl1620/heat-gun-hot-air-gun-1600w/dp/TL18121?st=steinel%20heat%20gun
https://uk.farnell.com/hama/73014150/power-supply-ac-dc-2o-p-12w-5v/dp/4132862?cjevent=04bd5a8b3e9111ee83deff920a18ba72&cjdata=MXxZfDB8WXww&CMP=AFC-CJ-UK-7947610&gross_price=true&source=CJ
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A.3.2  Ultimaker Cura print settings 

Appx-Table 2. Lists custom Ultimaker Cura settings for SnackerTracker chassis 3D-printing as 
determined by iterative testing. Automatically assigned values were maintained for parameters 
not listed here. Parameters are grouped by those influencing chassis body quality and 
composition (green); overhang and build plate supports, which are later removed (blue); and 
the mesh, which is an immaterial computational construct (yellow). 
 
Classification Specification Value Classification Specification Value Classification Specification Value 

Quality 

Layer Height 0.2 mm 
Material 

Printing Temp 250 °C 

Support 

Join Distance 2.0 mm 
Initial Layer 
Height 0.27 mm Build Plate 

Temp 85 °C Horizontal 
Expansion 1.0 mm 

Line Width (All) 0.4 mm Speed Print Speed 
60.0 
mm/s 

Infill Layer 
Thickness 0.2 mm 

Walls 

Wall Thickness 0.8 mm 

Travel 

Enable 
Retraction Yes Gradual Infill Steps 0 

Wall Line Count 2 Combing Mode Not Out Min Area 9.0 mm2 
Optimize Printing 
Order 

Yes 
Z Hop When  

Yes Enable Interface Yes 
Retracted 

Wall Ordering Out to In 
Cooling 

Enable Yes Enable Roof/Floor Yes 
Alternate Extra 
Wall No Fan Speed 2.00% 

Interface 
Thickness (All) 0.4 mm 

Min Line Width 
(All) 0.34 mm 

Support 

Generate 
Support Yes Interface 

Resolution 0.2 mm 

Print Thin Walls Yes Structure Normal Interface Density 
(All) 

80.00% 

Min Feature Size 0.1 mm Placement All Line Distance (All) 0.5 mm 
Horizontal 
Expansion -0.02 mm 

Overhang 
Angle 60 ° 

Interface Pattern 
(All) Concentric 

Initial Layer 
Expansion 

-0.02 mm Support 
Pattern 

Lines Min Interface Area 
(All) 

1.0 mm2 

Hole Horizontal 
Expansion 0.00 mm 

Wall Line 
Count 0 

Interface 
Horizontal Expand 
(All) 

1.0 mm 

Top/Bottom 

Thickness (All) 1.2 mm Connect Lines Yes Fan Speed 
Override 

No 

Layers 6 Density 15.00% Use Towers No 

Ironing Pattern Concentric 
Line Distance 
(All) 

2.66 
mm Build Plate 

Adhesion 

Enable Prime Blob No 

Enable Ironing, 
Highest Only Yes Enable Brim Yes Build Plate 

Adhesion Type Brim 

Infill 

Density 20.00% Brim Width 8.0 mm 

Mesh Fixes 

Union Overlapping 
Volumes 

Yes 

Line Distance 6.0 mm Z/Top/XY 
Distance 0.3 mm Remove All Holes No 

Pattern Triangles Bottom 
Distance 

0.15 
mm 

Extensive Stitching No 

Layer Thickness 0.2 mm Distance 
Priority 

Z over 
XY 

Disconnected 
Faces No 

Gradual Steps 1 Stair Step 
Height  

0.3 mm Meshes Overlap 0.0 mm 

Gradual Step 
Height 

1.0 mm 
Stair Max 
Width 5.0 mm 

Remove 
Intersection Yes 

Stair Min Angle 10.0 ° Alternate Removal Yes 
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A.3.3  Chassis schematics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appx-Figure 4. SnackerTracker chassis schematics for the I=body.  



 - 255 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appx-Figure 5. SnackerTracker chassis schematics for the II=case cover.  
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Appx-Figure 6. SnackerTracker chassis schematics for the III=mount plate.  
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Appx-Figure 7. SnackerTracker chassis schematics for the IV=food holder.  
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A.3.4  Electronics schematics 

 
 
Appx-Figure 8. SnackerTracker electronics schematics. This is freely available via Figshare376 and 
can be used for contracted construction. 
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A.3.5  Component assembly 

Microchips and major inputs: Videos below depict SnackerTracker assembly as follows. 
Electronics were sourced (see A.3.1 for the BOM), soldered, and mounted to the chassis. 2 rows 
of 4-per-row 2.54mm pitch M-M pin headers (PH) (Molex, Lisle, USA) were inserted into E+/E-
/A-/A+ and GND/DT/SCK/VCC through-holes on a HX711 signal amplifier (Radwell, Newcastle-
under-Lyme, UK) and soldered with load cell (LC)(Adafruit, New York, NY, USA) wires (red/E+, 
black/E-, white/A-, and green/A+). HX711 headers were soldered to the Arduino MKR MEM 
protoboard (Arduino, Redmond, USA), with three 2.54mm pitch M-F PHs (Harwin, Portsmouth, 
UK) and a 10kΩ resistor (RS PRO, Corby, UK). The protoboard underside was soldered to facilitate 
circuitry detailed in A.3.4 using u-shaped jumper wires (3M). The MEM shield stacked atop an 
Arduino MKR Wi-Fi 1010 microcontroller (Arduino) with an on-chip RTC such that MKR 1010 I/O 
pins operate through MEM proxies.  

 
Wire connections: Four 0.2mm2 7/0.2mm connective wires (RS PRO) were cut to 10cm 

and stripped at each end. One bare end was crimped to a vinyl-insulated female receptacle 
spade connector (6.3×0.8mm tab size) (RS PRO) which joined to one of the two contacts on 
‘on’/’off’ SPST 19.4×13mm panel-mount toggle switches (E-SWITCH, Minneapolis, USA). The 
other bare end was soldered to single M-M PHs. Two connective wires were cut and stripped at 
both ends for soldering to M-M PHs. 3mm diameter (3:1) heat shrink wrap (RS PRO) was cut into 
1cm segments and bonded around all wire-PH junctions. Two M-F PHs were soldered to a 1in2 
accessory protoboard (SparkFun, Boulder, USA) with each end of a LDR (LPRS, Witney, UK) 
affixed in each M-pin through-hole. Bare lithium-polymer battery (RS PRO) wires were crimped 
to 30-24 AWG JST-PH female crimp terminals (JST, Doshomachi, JP) and inserted into JST-PH 
housing (2mm pitch, 2 way, 1 row) (JST) such that, upon inserting into the Arduino MKR 1010’s 
JST-PH port, the black battery wire was closest to (and red furthest from) the AREF PH. The most 
updated version of the SnackerTracker employs pre-crimped JST-PH leads, which is highly 
recommended for future applications. 

 
Microchip inserts and mounting: A U3 micro-SDXC card (Integral, Bristol, UK) was 

inserted into the MEM shield after being re-formatted from exFAT to FAT-32 format using 
MiniTool Partition Wizard (v12.7, MiniTool, Vancouver, CA) for system compatibility. 
Cyanoacrylate glue (RS PRO) affixed the following standoffs and nuts to the chassis for 
electronics mounting: four 10+5mm M2 F-M hex standoffs (Mac 8, Canoga Park, USA) to the 
chassis body wall; one 10mm (cut in half to 5mm) M2.5 F-F hex standoff (The Pi Hut, Haverhill, 
UK) to the opposite chassis body wall above the LDR opening (pushed in, but not so far as to 
obstruct the vertical slot above the opening); two M5 hex nuts (7.8mm width, 4mm height) (RS 
PRO) to the interior chassis body bridge for LC attachment; and six 6mm M4 standoffs (Essentra 
Components, UK) to the mount plate. The MKR 1010 was vertically mounted to the four M-F 
standoffs with M2 hex nuts (RS PRO) with the stacked MEM configuration.  

 
Input mounting and configuration: The LC was inserted through the chassis body and 

secured to the bridge using two trimmed 20mm M5 screws (MultiComp Pro, London, UK) and 
two M5 washers per screw (RS PRO) between the LC and bridge. 20mm hook and loop Velcro 
tape (RS PRO) were trimmed to 3cm segments and adhered to the base of the chassis interior 
and lithium-polymer battery, respectively. This secured the battery such that wire leads 
emerged directly underneath the MKR 1010’s JST port. An 18×18mm glass cover slide (Scientific 
Laboratory Supplies, Nottingham, UK) was placed into the vertical slot above the LDR opening 
in the chassis wall. The LDR-mounted protoboard attached to chassis interior, with the sensor 
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visible from the exterior through the glass cover, using trimmed 10mm M2.5 screws (TR 
Fastenings, Uckfield, UK). Toggle switches and wires pushed through each of the two rectangular 
through-holes from the outside-in below the LDR. One M-pin lead extending from each switch 
connected to a F-pin header soldered nearest the HX711 on the MEM protoboard. The other 
lead from the top toggle switch was plugged into pin 7 on the MEM shield, and from the bottom 
toggle switch to pin 6. One end from each of the two remaining wires (M-pins at both 
extremities) plugged into F-pin headers on the LDR-mounted protoboard. The opposite end of 
one was plugged into the third F-pin header on the MEM protoboard, and the other into the 
MEM’s DAC0/A0 pin. Two trimmed 10mm M4 screws (TR Fastenings) extended through the LC 
holes protruding under the chassis and affixed to the hex nuts along the mount plate midline.  

 
Usage: Food pellets press through the food holder (inside-out) with tape affixed to 

secure the top of each pellet tip to the chassis interior (Thorlabs, Newton, USA). The food holder 
was tightened to the upper side of the mount plate using four 10mm M4 screws (TR Fastenings). 
Two 15.9mm diameter cable retention grommets (Essentra Components) were pushed into the 
case cover, which inserted into the chassis body after plugging the lithium battery into the MKR 
1010’s JST port. 
 

 

Appx-Figure 9. Videos depict SnackerTracker assembly and in vivo function. A) A 10-minute 
video illustrates SnackerTracker construction. The device is then shown in a mouse cage 
operating both B) wirelessly and C) wired through open-top cages. 
 
A.3.6  SnackerTracker calibration 

SnackerTracker initialisation first involves removing the case cover and ensuring that a 
charged battery is connected to the JST power port. The food holder should be empty and placed 
on the mount plate. The weight of pellets which are to be added should be recorded. After 
opening the Arduino Editor script and running the Arduino Create Agent, code can be uploaded 
via USB (only in the first instance). The setup() function first connects to the HX711 and RTC, 
then prompts the user to enter the mass of food which is to be added in the Editor’s serial 
monitor. After providing this calibration mass, the user has 3 minutes to add taped pellets to the 
food holder to then screw to the mount plate. This 3-minute timeframe can be adjusted within 
the script if needed. setup() then tares and calibrates the device, connects to on-board LED 
lights, checks that an SD card is present, creates an output .csv file on the SD card, then passes 
control to the loop() function for data recording. Loop() reads and writes input load cell, LDR, 
and RTC data to the output .csv file. The program continually checks that the SD card is present 
and indicates connectivity or data logging errors flashing the red on-board LED light.   
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A.3.7  Preliminary test details 

Preliminary SnackerTracker validation tests assessed 1) device calibration accuracy, 2) 
measurement consistency, 3) time-sensitivity, 4) LDR function, 5) combined operation, and 6) 
correlation to manual measurements of daily food intake upon in vivo introduction: 

 
1) Calibration testing involved initialising SnackerTracker using pellet-masses roughly equivalent 

to that of a i) empty (28g), ii) half-full (55g), and iii) full (82g) food holder, then sequentially 
removing and manually weighing pellets for comparison to SnackerTracker recordings. This 
assessed both the accuracy of SnackerTracker measurements and whether this accuracy 
depends on the calibration mass selected (which it should not). 

2) Measurement consistency was tested by assessing drift and tap recovery. Drift is a 
phenomenon wherein device performance deteriorates after calibration. This presents as 
erroneously fluctuating measurements over time281. To evaluate drift, a known mass was 
placed on the food holder. Data was collected without interference to determine whether 
measurements ideally remain constant or incorrectly shift over time. Applied forces (herein 
termed a ‘tap’) can also induce a form of drift, wherein strain gauges deviate during 
mechanical deformation but may not reliably return to the pre-load state. A post-hoc 
recording was extracted wherein the food holder was loaded with pellets as with in vivo 
recordings, subjected to ‘taps’ (i.e., lightly pushing or pulling upwards or downwards on 
pellets without any pellet removal/consumption), and analysed for post-tap recovery to pre-
tap values. 

3) Time-sensitivity tests assessed the accuracy of SnackerTracker timestamps compared to 
manual recordings. The SnackerTracker’s Arduino MKR 1010 microchip features two means 
by which time can be registered in operational code: via script-based frequency loops, or by 
extracting information directly from the on-chip RTC. Loop() records data at a user-defined 
frequency (e.g., 1Hz), however hardware and processor burden may cause software lag. This 
can result in mass/light measurements being erroneously reported as occurring earlier in 
time. Alternatively, RTCs register time independent of peripheral mass/light measurements 
and should prevent lag. To test this and confirm RTC performance over looped LC 
timestamps, SnackerTracker data was collected, using both RTC and load cell recordings, 
during the sequential removal of 12 food pellets (one every 30 minutes). Pellets were 
manually weighed and removal times were documented for comparison to SnackerTracker 
load cell/RTC data. 

4) LDR recordings are intended to confirm scheduled light-dark cycles, which is important when 
assessing or controlling for circadian and homeostatic functions (e.g., sleep). To test LDR 
function, a researcher first lowered an opaque box overtop the SnackerTracker, then then 
repeatedly flipped the room’s light switch to test the ability of the SnackerTracker to identify 
‘ramping’ and absolute periods of lights being ‘on’ or ‘off’, respectively. 

5) The combined test simulated cage light conditions (i.e., turning lights ‘on’ and ‘off’), animal 
food consumption over time (i.e., manually removing pellets from the food holder), and 
switch functionality (as switches can be used for event-marking and data-filtering during 
post-processing). Lights were scheduled at two cycles of 30s ‘off’ and 60s ‘on’, followed by 
a final 30s ‘off’. Pellets were removed during the light-phase, and switches 1 (top) and 2 
(bottom) were flipped directly before lights turned ‘on’ or ‘off’, respectively. This was 
repeated with and without IoT connectivity. The test mimicked in vivo patterns (i.e., pellet 
removal occurring in the dark phase for nocturnal animals) and evaluated SnackerTracker 
function before exposing the device to animals. 
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6) Three experiments then evaluated in vivo compatibility and performance following at least 
one day of habituation. i) Devices were loaded with pellets, weighed, placed in cages with 
singly housed WT mice for 24h, then weighed afterwards. The difference between the mass 
of the SnackerTracker with food before and after recordings was documented and compared 
to values returned by the SnackerTracker itself to assess in vivo accuracy. ii) Food intake was 
measured manually by weighing pellets, adding them to cages with singly housed WT mice, 
then removing and weighing the remaining pellets after 24h. Manual cage-floor vs 
SnackerTracker-obtained data were paired and compared to evaluate whether the method 
of food presentation and measurement altered daily food intake. iii) 47-92h SnackerTracker 
recordings were obtained using surplus Rbp4-Cre mice (see Preface), which were singly 
housed with fresh alpha-dry bedding, to test device performance with extended recording 
durations and to evaluate conceivable effects of pellet crumbling. After recordings 
terminated, bedding was sieved to isolate crumbs (having been removed from the food 
holder but not eaten) which could erroneously inflate SnackerTracker-documented food 
consumption. Crumb masses were normalised by time to determine average crumbling per 
day, and all mice were weighed before and after recordings.  

 

 
 

Appx-Figure 10. Preliminary benchtop test configurations. Setups are shown for: A) device 
calibration accuracy, measurement consistency, and time-sensitivity (1-3 above); B) LDR 
function and combined operation (4-5 above), and 6) correlation to manual measurements of 
daily food intake upon in vivo introduction (6i-iii above). 
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A.3.8  Preliminary test results 

Results from the six sets of preliminary validation tests are shown below. Collectively, test 
outcomes support SnackerTracker measurement validity as follows: 
 

1) The calibration test (A) shows good alignment between SnackerTracker-recorded 
masses and known values, irrespective of the initial mass used for calibration. That is, 
expected masses correlate well with SnackerTracker-obtained values and 
corresponding trendline slopes do not differ significantly from an expected value of 1 
(i.e., y = x) across all calibration masses (r2=0.9987, F(1,14)=3.286, p=0.0913 for 28g; 
r2=0.9987, F(1,14)=0.01674, p=0.9990 for 55g; and r2=0.9996, F(1,14)=0.05310, 
p=0.8211 for 82g). This indicates that the SnackerTracker precisely returns the mass 
expected irrespective of the calibration mass selected.  

2) No notable deviance from the initial values or random fluctuation was observed in the 
drift test (B). This suggests that simply performing regular device calibrations should 
suffice for reliable device performance (e.g., at the start of each SnackerTracker 
recording). Mean random fluctuations were functionally negligible (±0.045g) and 
informed the value to which the band-pass filter (bufferHere) should be initialised (i.e., 
2×0.045≈0.1g).  

3) In the step test (C), the SnackerTracker recordings closely matched those of known 
mass values upon sequential load removal (r2=0.9999). However, while masses plotted 
against RTC-time precisely reflected the manually documented times at which food 
was removed (final time difference≈2s), LC-time differed notably (time 
difference≈54min). This shows that frequency-based timestamps do not reliably 
correlate with real-time. Operational code was modified solely to extract RTC 
timestamps.  

4) In the LDR test (D), both lights ‘dimming’ light and absolute periods of lights being ‘on’ 
and ‘off’ can be identified in SnackerTracker outputs.  

5) In the combined test (E), and as expected, mass measurements decreased during the 
light-phase with pellet removal. LDR recordings reflected light-status in the room, and 
switches are accurately shown as flipping either just before (switch 1) or after (switch 
2) a change in lighting. When outside the recording room, the researcher successfully 
connected to the Arduino IoT and monitored recordings both from a networked laptop 
and mobile phone. 

6) Then progressing to in vivo testing, Fi) shows very high correlation between 
SnackerTracker daily food intake (X) and the manually-obtained mass of the 
SnackerTracker (including food, Y) before and after 24h in a mouse cage (not differing 
significantly from a direct 1:1 relationship; Y=1.000X vs Y=X, r2=0.9925, 
F(1,23)=0.004299, p=0.9483). This indicates good device accuracy in vivo. Fii) shows data 
comparing SnackerTracker outputs (Y) to manual mass recordings from cage-feeding (Y) 
from the same mouse over independent 24h periods. These do not significantly differ 
from an ideal direct relationship and demonstrate moderate correlation (i.e., Y=0.9736X 
vs Y=X, r2=0.6291, F(1,23)=2.158, p=0.1554), suggesting that the method of food 
presentation does not consistently alter animal food intake in wild-type animals (i.e., in 
the SnackerTracker food holder as opposed to from the cage food-hopper or cage floor, 
notwithstanding likely error due to practical difficulties in recovering food manually). Iii) 
In the separate animal cohort, daily crumbling a manually measured at 
𝑥̅=0.219±0.016g/d. Animals did not show any signs of weight loss during recordings.  
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Appx-Figure 11. Shows the results of SnackerTracker benchtop validations and preliminary in 
vivo testing. A) The load cell calibration and range validation test shows near-perfect agreement 
between SnackerTracker recordings and manually obtained measurements, regardless as to 
which calibration mass was used (here tested at 28g, 55g, and 82g corresponding to a food 
holder which is near-empty, half-full, and full respectively). B) The drift test shows insignificant 
measurement fluctuation when subjected to a load for 7h without further perturbation, which 
indicates good system performance. C) The step test demonstrates close agreement between 
manually obtained expected mass-time values and those resulting with use of the RTC. LC 
timestamps appear inaccurate and temporally compressed, therefore indicating the RTC as the 
superior time-measurement method. D) The LDR test shows that the SnackerTracker can both 
report dimming light and absolute periods of lights being ‘on’ or ‘off’. E) The combined test 
indicates that all outputs function as expected. Switch data is accurately returned to reflect 
switches 1 and 2 changing status directly before and after each time the lights are turned ‘on’ 
or ‘off’. Reported masses align with 6 pellets being sequentially removed during each light 
phase, during which LDR recordings increase as expected. F) SnackerTracker data correlates i) 
very closely with the manually-weighed difference in the mass of the device with food before 
and after a 24h period, indicating good in vivo measurement accuracy; and ii) moderately with 
manual measurements obtained without the SnackerTracker during an independent 24h period 
in the same mouse cage (i.e., paired SnackerTracker vs non-SnackerTracker daily food intake, 
where manual data was obtained the traditional way by simply adding, removing, and weighing 
pellets). Daily measurements are not consistently increased or decreased with cage floor vs 
SnackerTracker food presentation. 
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A.3.9  Software variables 

Appx-Table 3. Lists and describes TracKIT processing variables employed across steps I-V) 
(3.2.2). Effects of increasing or decreasing each are described with sample values where 
applicable. 
 

Step Variable ID Variable 
Name Description Effect of 

Increasing 
Effect of 
Decreasing 

Input 
Details 

 

alignLight Light 
alignment 

Enables users to shift 
and align 24-hour 
outputs to begin at 
light/dark onset 

N/A (yes or no 
input) 

N/A (yes or no 
input) Y/N 

do24HStart Manual 24-h 
crop onset 

If 24-hour cropping is 
not applied, indicate the 
index of the first data 
point to be retained 

N/A (yes or no 
input) 

N/A (yes or no 
input) Y/N 

do24H/ 
Truncation 

24-hour 
cropping 

Indicates whether raw 
data should be cropped 
to 24-hour timeframe(s) 

N/A (yes or no 
input) 

N/A (yes or no 
input) 

Y/N 

endPoint End data 
exclusion 

Specifies the number of 
indexed datapoints 
which are to be 
truncated from the end 
of recordings  

Retains more 
data by ending 
recordings later 

Retains less data 
by ending 
recordings earlier 

Index 

howMany24H 24-hour 
duration 

If 24-hour cropping is 
applied, indicates how 
many to keep 

Increases total 
duration in 24-
hour blocks 

Decreases total 
dataset duration 
in 24-hour blocks 

Integer 

lightFor24H/ 
Crop Light cropping 

If any cropping is to be 
applied, this allows data 
retention to begin when 
lights turn ‘on’ or ‘off’ 

N/A (yes or no 
input) 

N/A (yes or no 
input) Y/N 

lightFor24H/ 
CropONOFF 

Light cropping 
specification 

If light cropping is 
applied, this indicates 
whether data retention 
should begin when 
lights turn 'on' or 'off' 

N/A (yes or no 
input) 

N/A (yes or no 
input) Y/N 

massUnit Mass unit The unit of mass for 
inputs and outputs 

N/A (constant) N/A (constant) g 

skrtkrFile/ 
Location 

File folder 
location 

Directs the program to 
the folder containing 
raw SnackerTracker 
data files 

N/A (constant) N/A (constant) N/A 

startDate Start date 
The date on which data 
recording began N/A (constant) N/A (constant) N/A 

startPoint 
Initial data 
exclusion 

Specifies the number of 
indexed datapoints to 
be truncated from the 
start 

Retains less 
data beginning 
later in time 

Retains more 
data beginning 
earlier in time 

Index 

timeFormat Time format The unit of time for final 
outputs  N/A (constant) N/A (constant) w/d/h/min/s 

timeLightOff Lights ‘off’ Defines when lights turn 
‘off’ 

Shifts dark 
regions later in 
time (to the 
right) relative 
to mass data 

Shifts dark 
regions earlier in 
time (to the left) 
relative to mass 
data 

24-h time 

timeLightOn Lights ‘on’ Defines when lights turn 
‘on’ 

Shifts light-
regions later in 
time (to the 
right) relative 
to mass data 

Shifts light-
regions earlier in 
time (to the left) 
relative to mass 
recordings 

24-h time 

timeStart Start time Defines the time at 
which recordings began 

Shifts data to 
the right (later 
in time) relative 

Shifts data 
recordings to the 
left (earlier in 
time) relative to 

24-h time 
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to unaltered 
light- regions 

unaltered light 
regions 

truncateEnd Final cropping 
If applied, the user can 
exclude measurements 
at the end of recordings  

N/A (yes or no 
input) 

N/A (yes or no 
input) 

Y/N 

truncateStart Initial 
cropping 

If applied, the user can 
exclude measurements 
from recording onset 

N/A (yes or no 
input) 

N/A (yes or no 
input) 

Y/N 

II) 

bufferHere Band-pass 
filter 

Removes datapoints 
greater or less than the 
prior value by that 
which is specified 

Yields a less-
restrictive filter 
(removes fewer 
data) 

Results in a 
restrictive filter 
(removes more 
datapoints) 

e.g., 0.1g 

chipEndTime 
Chip end 
index 

Defines the end-point 
defining the flanked 
region for chip filter 
application 

N/A (identifying 
index) 

N/A (identifying 
index) Index 

chipMass Chip mass 

For each chip filter, the 
user must specify the 
mass cutoff which the 
difference between 
initial and final flanking 
values must exceed 

Results in a 
more-
restrictive filter 
(i.e., a greater 
mass difference 
is required for 
filter 
application) 

Results in a less-
restrictive filter 
(i.e., the chip 
filter can be 
applied upon 
smaller mass 
differences) 

e.g., 0.5 

chipStartTime Chip start 
index 

Defines the start-point 
defining the flanked 
region for chip filter 
application 

N/A (identifying 
index) 

N/A (identifying 
index) 

Index 

crudeMass Crude mass 

The expected mass 
difference obtained 
from manual 
measurements 

N/A (identifying 
index) 

N/A (identifying 
index) e.g., 19.43 

doChipFilter Chip filter 

Determines whether 
chip filters will be 
applied. If the difference 
between start and end 
values (chipStartTime 
and chipEndTime) 
exceeds chipMass, 
subsequent data will be 
shifted to the value 
directly preceeding 
chipStartTime 

N/A (yes or no 
input) 

N/A (yes or no 
input) 

Y/N 

doScaleFilter Scale filter 

Determines whether 
scale filters will be 
applied to confirm 
whether the expected 
mass difference 
obtained from manual 
measurements is 
reflected in 
SnackerTracker data 
outputs. 

Increases the 
total amount of 
food reportedly 
consumed by 
up-scaling 
according to 
the value 
defined by 
crudeMass 

Decreases the 
total amount of 
food reportedly 
consumed by 
down-scaling 
according to the 
value defined by 
crudeMass 

Y/N 

measureSpan Time-pass 
filter 

The span over which 
measurement values 
will be checked for 
whether they fall within 
the band-pass filter 

Results in a 
restrictive filter 
which applies 
band-pass 
criteria over a 
greater range 

Results in a less-
restrictive filter 
which applies 
band-pass criteria 
across fewer data 

e.g., 30 

setTime 
Baseline 
establishment 

Determines the number 
of data points which 
should be incorporated 
into baseline 
establishment, which 
will be used as a start-
buffer for data filtering 

Enables a 
longer band-
pass filtering 
baseline and 
window. High 
values may 
result in over-
conservative 
filtering. 

Shortens the 
baseline and 
windows for 
band-pass 
filtering. Low 
values cannot 
facilitate 
sufficient 
truncations 

e.g., 32 
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shiftFilter Shift filter 

Loops through data 
points to check whether 
each corresponds to 
food being consumed 

Results in a 
more-
restrictive filter 
as more data 
can be shifted  

Results in a less-
restrictive filter as 
fewer data can be 
shifted 

e.g., 1000 

shiftTolerance 
Shift 
tolerance 

Defines shift tolerance. 
shiftTolerance*100 
represents the 
percentage of data 
within a shiftFilter loop 
which must be less than 
the indexed value. 

The shift filter 
can be more 
readily applied; 
fewer 'outlier' 
values are 
required for 
shift correction 

The shift filter is 
not as easily 
applied; fewer 
'outlier' values 
are permitted 

e.g., 0.99 

window 
Smoothing 
filter 

Defines the number of 
data points which can 
be incorporated into a 
moving-mean filter 

Increases 
preliminary 
smoothing. 
Data appears 
more clean yet 
information 
may be lost 

Decreases 
preliminary data-
smoothing. Data 
appears less-
clean, however 
more information 
is retained 

e.g., 60 

III) 

fooddervBuffer 
Feeding 
derivative 

Determines the number 
of data points across 
which the derivative of 
the cumulative food 
intake plot will be 
calculated 

Rates are 
calculated 
across a longer 
timeframe. 
Feeding 
patterns may 
be easier to 
visualise, yet 
details may be 
lost 

Rates are 
calculated across 
a shorter 
timeframe. 
Feeding patterns 
may be more 
difficult to 
visualise, yet 
detailed insights 
may be retained 

e.g., 6000 

intdervBuffer 
Interactions 
derivative 

Determines the number 
of data points across 
which the derivative of 
the cumulative animal-
device interactions plot 
will be calculated 

Rates are 
calculated 
across a longer 
timeframe. 
Interaction 
patterns may 
be easier to 
visualise, yet 
detailed data 
may be lost 

Rates are 
calculated across 
a shorter 
timeframe. Data 
may be more 
difficult to 
visualise (i.e., 
'noisier'), yet 
information is 
retained 

e.g., 6000 

lightCutoff Light cutoff 

For binary light filtering, 
this specifies the 
threshold wherein 
greater values = 1 and 
lesser-values = 0 

Brighter 
lighting is 
needed. Results 
in a more strict 
filter 

Dimmer lighting 
is sufficient for 
representation by 
a '1'. Results in a 
less-strict filter 

e.g., 15 

lightFilterType Light filter 
type 

If light filtering is to be 
applied, the user must 
indicate whether 
continuous (i.e., 
smoothing) or binary 
(i.e., assigned by 
thresholding) 

N/A (0 for 
binary, or 1 for 
continuous) 

N/A (0 for binary, 
or 1 for 
continuous) 

1/0 

smoothLight/ 
Window 

Continuous 
smoothing 

Apply data smoothing to 
continuous light 
measurements  

Increases 
smoothing. 

Decreases 
smoothing e.g., 200 

IV) 

binDuration 
Data 
compression 
bin size 

Defines binned 
timeframes 

Outputs arrays 
are smaller for 
processing yet 
may conceal 
data insights 

Outputs arrays 
are larger and 
more difficult to 
handle during 
processing 

e.g., 60 

Compress/ 
Seconds/ 
Factor 

Compression 
format 

If compression is 
applied, whether as a 
factor of file or bin size 

N/A (0 for bin 
size, 1 as a 
factor) 

N/A (0 for bin 
size, 1 as a factor) 

Y/N 

doFile/ 
Compression 

Data 
compression 

Enables the user to 'bin' 
and thus compress data 

N/A (yes or no 
input) 

N/A (yes or no 
input) Y/N 

V) finaliseOutput Summary 
confirmation 

Confirms the user is 
satisfied with all data 
filtering 

N/A (yes or no 
input) 

N/A (yes or no 
input) Y/N 
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A.3.10  Representative output file 

Appx-Figure 12. Depicts a representative SnackerTracker output/metadata file following data 
processing. Green = summary information as obtained from the entire recording sample, blue = 
processing specifications, and yellow = sample timeline outputs. Timeline outputs are produced 
in a separate file, with an additional compressed file if specified, and are shown transposed here 
for brevity. 
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A.4  SnackerTracker setups 

A.4.1  SnackerTrackers in digitally ventilated cages 

 

Appx-Figure 13. SnackerTracker setup in DVCs (1.5.1, 2.2.3). Opaque LED-equipped cages are 
shown (A) with and (B-D) without the lid. DVC monitoring areas are shown for (C) whole-cage 
(pink) and (D) mid-cage (purple) measurements (i.e., where the SnackerTracker was placed). D) 
DVCs were placed within the same rack for CRY experiments (N=12 total). 
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A.4.2  SnackerTrackers and passive infrared monitoring 

  

Appx-Figure 14. Illustrates the DLE experiment setup (1.5.1, 2.2.4). Open-top-cages within LTCs 
are shown A-B) under regular light-dark conditions just after dark onset and C-D) with DLE before 
dark onset. Within LTCs, views of A,C) all cages and B,D) a single cage are provided to depict 
*SnackerTrackers, **PIRs, and ***DLE lighting systems. 
 
A.4.3  SnackerTrackers in Faraday LTCs with hamsters  

 

Appx-Figure 15. Shows the hamster SnackerTracker recording setup. Note the wall-mounted 
camera in A) through which the image in B) was acquired (the field of view illustrated in red). 
The hamster is visible to the left in B) next to the SnackerTracker with fresh pellets suspended. 
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A.4.4  SnackerTracker feeding behaviour 

 

Appx-Figure 16. Shows wired SnackerTrackers within a single LTC (12 per chamber). 

A.4.5  SnackerTracker feeding behaviour 

 
Appx-Figure 17. Illustrates the SnackerTrackers assembled within LTCs on the first day of full-
cohort STAMINA experiments (12 mice per coffin). AnyMaze is configured on the computer 
monitor, and the VCT is set up next to the step stool (just lacking containment walls). 
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A.5  Tissue processing 

A.5.1  Protein targets 

Appx-Table 4. Details the genes, proteins, and antibodies which were employed, optimised, or 
comparatively considered in IHC experiments throughout this thesis. Information is provided for 
each regarding expected anatomical locations in the central nervous system, subcellular 
expression patterns, and relevance to present work. 
 

Name 
(Abbreviatio
n, GENE283) 

Anatomical 
Location 

Subcellular 
Location 
(Uniprot #). 

Present Relevance 

Dopamine 
receptor 1a 
(Drd1a, 
DRD1A) 

L6a-b, to a lesser 
extent in CA1, and 
occasionally in the 
striatum as animals 
age4, 35, 40, 77. 

Membranous 
(Uniprot 
#Q61616). 

DRD1A is a g-protein coupled receptor which enables 
cell responsivity to dopaminergic signalling, being 
found both on and within neurons (e.g., endoplasmic 
reticula, cilium, dendrites, and dendritic spines). Its 
Cre-driver line is used for L6 investigations (see 1.2).  

Retinol 
binding 
protein 4 
(Rbp4, RBP4) 

L5, hippocampal 
CA3 and dentate 
gyrus, and in the 
cerebellum40, 77, 481. 

Cytoplasmic 
(Uniprot 
#Q00724). 

RBP4 is a secreted transport protein which delivers 
retinol to tissues and facilitates transport across the 
cell membrane. Its Cre driver line is used for L5 
investigations (see 1.3).  

FEZ family 
zinc finger 2 
(Fezf2, 
FEZF2) 

Predominantly L5, 
and to a lesser 
extend in L6399. 

Nuclear 
(Uniprot 
#Q9ESP5). 

FEZF2 is a transcription repressor which influences 
cortical L5b extratelencephalic development119, 127, 

482.  Its driver line was employed (see 1.3.1), for 
histological comparison to Rbp4-Cre findings.  

Complexin 3 
(Cplx3, 
CPLX3) 

Predominantly 
L6b35, 46, 482. 

Membranous, 
synaptic 
concentration 
(Uniprot 
#Q8R1B5). 

CPLX3 is a protein which positively regulates SNARE-
mediated synaptic vesicle fusion. It represents a 
subset of Drd1a-Cre cells in L6b, conceivably 
corresponding to L1-projecting subcircuits (see 1.2)35, 

46, 48, 483.  
Connective 
tissue 
growth 
factor (Ctgf, 
CTGF) 

Predominantly 
L6b482. 

Extracellular 
matrix (Uniprot 
#P29268). 

Ctgf is a secreted protein which is associated with 
promoting dendrite branching and modulating 
nearby oligodendrocyte activity. It is expressed in a 
subset of subplate remnants and has been used to 
identify Drd1a-Cre L6b subpopulations47, 48, 482, 484. 

T-box brain 
1 (Tbr1, 
TBR1) 

Expressed through 
L2-6b44, 45. 

Nuclear 
(Uniprot 
#Q64336). 

TBR1 is a transcriptional repressor associated with 
neuronal migration, regionalisation, lamination, and 
axon pathfinding during cortical development. It’s 
repression of Fezf2 restricts CST projections such that 
mature tracts consist of L5b axons. TBR1 can be used 
to visually discriminate the L5-6 boundary (being 
more highly expressed in L6 than in L5)45.  

Neuronal 
nuclei 
(NeuN¸Rbfox
3, NEUN, 
RBFOX3) 

Throughout L2-6, 
in subcortical 
nuclei, and 
throughout the 
peripheral nervous 
system482. 

Binds to RNA 
transcripts 
(RBFOX3 N-
terminal) in 
postmitotic 
neuronal nuclei 
(Uniprot 
#Q8BIF2). 

RBFOX3 is an RNA binding protein which regulates 
pre-mRNA alternative splicing, particularly of strands 
containing premature stop codons designated for 
degradation. NEUN can be used as a pan-neuronal 
mask to enable quantifications of the proportions of 
neurons labelled by Cre-drivers and co-expression 
patterns therein (e.g., Drd1a/CPLX3, Rbp4/SMI-32, 
and Rbp4/CHAT). 

SMI32, 
targeting 
neuro-
filament 
heavy 

Labels large 
projection 
neurons, including 
L5b 
extratelencephalic 
pyramidal neurons 

Cytoplasmic 
expression; 
binds to non-
phosphorylated 
epitopes of NF-
H chains 

NF-H is a major element of the neuronal 
cytoskeleton. Reduced SMI-32 expression may 
indicate cytoskeletal degeneration due to NF-H 
dysfunction, and commonly indicates MN decline in 
ALS research485-487. SMI-32 colocalisation with 
Rbp4/Fezf2 is predicted, yet the proportion of SMI-
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peptide (Nf-
H, NF-H, 
NEFH) 

and spinal cord 
ventral horn α-
motor neurons. 

(Uniprot 
#P19246). 

32+/Rbp4||Fezf2-Cre+ and SMI-32+/Rbp4-Cre- cells 
across cortical regions under normal and silenced 
states remains unknown. 

Choline 
acetyl-
transferase 
(ChAT, 
CHAT) 

Expressed in 
cholinergic LMNs 
located in the 
spinal cord (i.e., 
anterior horn) and 
brainstem.  

Cytoplasmic, 
particularly at 
the synapse 
(Uniprot 
#Q03059). 

CHAT catalyses the reversible synthesis of Ach from 
acetyl CoA and choline. UMNs do not express high 
levels of CHAT, thus CHAT should not colocalise with 
Rbp4 or Fezf2. Notable colocalisation with SMI-32 is 
predicted, yet the extent to which this is the case 
and whether CHAT+/SMI-32+ or CHAT+/SMI-32- 
neurons degenerate upon Rbp4/Fezf2 cKO remains 
unknown.  

Myelin 
binding 
protein 
(Mbp, MBP) 

Throughout 
myelinated axons 
in the central and 
peripheral nervous 
system. 

Extracellular 
adhesive 
protein (Uniprot 
#P04370). 

Mbp contributes to the formation and structural 
integrity of myelin by enabling compact membrane 
stacking, lending to enhanced axon insulation and 
conductance. Myelin loss may accompany motor 
neuron dysfunction in Rbp4/Fezf2 Snap25-cKOs, 
which can be qualitatively evaluated and 
quantitatively investigated via intensity-based 
thresholding. Thresholds can detect and mask white 
matter tracts for AT8 analyses.  

AT8 (Mapt, 
AT8) 

Primarily found in 
degenerating 
axons within the 
central nervous 
system; however, 
in diseased states, 
AT8 can also be 
engulfed by 
astrocytes or 
oligodendrocytes. 

Cytosolic, 
wherein AT8 
binds to 
abnormally 
phosphorylated 
tau proteins at 
sites S202 and 
T205 (Uniprot 
#P10637). 

Tau proteins promote microtubule assembly, 
stability, and membrane-anchoring. AT8 is a 
monoclonal antibody which targets phosphorylated 
tau, including pathological aggregates. In motor 
degenerative models (e.g., ALS-FTD), AT8 has been 
shown to accompany or precede TDP-43 aggregation 
after motor deficits emerge488, 489. This may occur 
upon Rbp4/Fezf2 Snap25-cKO and will be studied 
alongside whether aggregation (if present) occurs 
within myelinated axons or elsewhere.  

Ionized 
calcium 
binding 
adaptor 
molecule 1 
(Iba1, IBA1, 
AIF1) 

Mature microglia 
throughout the 
central nervous 
system. 

Binds to 
cytoskeletal F-
actin within 
microglial 
cytosol (Uniprot 
#O70200). 

IBA1 calcium-binding proteins enable microglial actin 
bundle formation, which facilitates membrane 
ruffling for cell motility and phagocytosis. Rbp4/Fezf2 
Snap25-cKO may increase IBA1 expression near Cre-
expressing cells or projection targets, which may 
exacerbate with age and as motor deficits emerge.  

Cluster of 
differentiati
on 68 (Cd68, 
CD68) 

Mature reactive 
microglia 
throughout the 
central nervous 
system. 

Cytosol 
(lysosomes and 
endosomes) 
and membranes 
(Uniprot 
#P31996). 

CD68 is expressed in reactive microglia, playing a role 
in cell-antigen interactions and metabolism upon 
phagocytosis. Co-staining with IBA1 may reveal an 
increased prevalence of reactive microglia upon 
Rbp4/Fezf2 Snap25-cKO both in Cre-expressing and 
projection regions. 

Glial 
fibrillary 
acid protein 
(Gfap, GFAP) 

Mature astrocytes 
throughout the 
central nervous 
system. 

Cytoplasmic, 
particularly 
near 
intermediate 
filaments 
(Uniprot 
#P03995). 

GFAP is associated with various inflammation-related 
processes including cell proliferation, differentiation, 
enzyme regulation, calcium homeostasis, and 
cytoskeletal function184. As with IBA1/CD68, 
Rbp4/Fezf2 Snap25-cKO may lead to increased GFAP 
expression, which may exacerbate with age and as 
motor deficits emerge. 

S100 
calcium-
binding 
protein β 
(S100β, 
S100β) 

Mature reactive 
astrocytes 
throughout the 
central nervous 
system490, 491. 

Expressed in the 
nucleus, 
cytoplasm, and 
as a secreted 
protein (Uniprot 
#P50114). 

S100β is a zinc- and calcium-binding protein which 
promotes astrocytosis and axon proliferation. It is 
associated with reactive astrocytes490, 491. As with 
IBA1/CD68, GFAP co-staining may reveal an 
increased prevalence of reactive astrocytes upon 
Rbp4/Fezf2 Snap25-cKO both in Cre-expressing and 
projection regions. 
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Parvalbumin 
(Pvalb, PV, 
PVALB) 

Expressed 
subcortically and 
cortically (save L1) 
throughout the 
central nervous 
system262, 484, 492. 

Cytoplasmic 
calcium binding 
protein, 
particularly at 
synaptic 
terminals 
(Uniprot 
#P32848). 

PV is a reliable marker for a subset of fast-spiking 
GABAergic interneurons. PV regulates intracellular 
environments by rapidly buffering Ca2+ in nerve 
terminals to prevent over-accumulation + during 
high-frequency firing. Interneuron dysfunction has 
been implicated in motor neuron disease 
progression261, 487, 493-495. Expression may decrease in 
L5 or the spinal cord upon Rbp4/Fezf2 Snap25-cKO. 

Vicia villosa 
agglutinin 
(VVA, N/A) 

Targets both 
cortical and 
subcortical 
perineural nets 
throughout the 
central nervous 
system262. 

Binds to 
specialised 
proteoglycans 
of the 
extracellular 
matrix (Uniprot 
#P56625).  

VVA is a plant-derived protein which binds to mouse 
perineural nets. VVA+ is associated with neuron 
maturity and capacity for plasticity262. Perineural 
nets are responsible for: structurally supporting 
synapses; restricting synaptic remodelling; limiting or 
selectively re-opening plasticity; shielding cells from 
oxidative stress; and controlling cell surface 
access386. Perineural net deficits have been 
implicated in ALS461, 493, thus IHC experiments will 
test whether Rbp4/Fezf2 Snap25-cKO influences VVA 
density, distribution, and PV colocalisation (or lack 
thereof). 

COUP TF1-
interacting 
protein 2 
(Ctip2, 
Bcl11Β, 
CTIP2, 
BCL11B) 

Throughout 
cortical layers, 
particularly in 
extratelencephalic 
L5b projections118, 

119 and a subset of 
corticothalamic L6 
neurons45, 119, 482. 

Nuclear 
(Uniprot 
#Q99PV8). 

CTIP2 is a transcriptional repressor influencing CST 
motor neuron neurodevelopment (e.g., facilitiating 
L5 extratelencephalic projections)119. CTIP2 and 
SATB2 co-staining can distinguish extratelencephalic- 
and intratelencephalic Rbp4/Fezf2 Cre-expressing 
subsets respectively, and whether either is more 
susceptible to effects of Snap25-cKO. 

Special AT-
rich 
sequence-
binding 
protein 
(Satb2, 
SATB2) 

Throughout 
cortical layers, save 
L1482. 

Nucleus 
(Uniprot 
#Q8VI24). 

SATB2 is a transcriptional repressor (including of 
CTIP2) which regulates intratelencephalic 
connections during neurodevelopment (particularly 
L5)48, 125, 126. CTIP2/SATB2 co-staining can distinguish 
extratelencephalic- and intratelencephalic 
Rbp4/Fezf2 Cre-expressing subsets respectively, and 
whether either is more susceptible to effects of 
Snap25-cKO. 

CC1 (Qki-7, 
QKI-7, CC1) 

Mature 
oligodendrocytes 
throughout the 
central nervous 
system. 

Binds to 
proteins found 
primarily in the 
nucleus and in 
the cytoplasm 
(Uniprot 
#Q9QYS9). 

CC1 is an antibody which targets quaking 7 (QKI-7)—
an RNA-binding protein which regulates splicing 
during oligodendrocyte differentiation. It may detect 
changes in densities upon Rbp4/Fezf2 Snap25-cKO; 
previous studies only studied oligodendrocytes <P21, 
and the OLIG2 antibody used is only compatible with 
younger and freshly perfused tissues79.  

Orexin 
receptor 1 
(OrxR1, 
Hcrtr1, 
ORXR1, 
HCRTR1) 

Subcortically and in 
deep cortical layers 
(L6b)93, 96, 427. 

Membranous 
(Uniprot 
#P58307). 

ORXR1 is a g-protein coupled receptor which exhibits 
greater affinity for ORXA and promotes wakefulness 
and feeding (1.2.4). 

Orexin 
receptor 2 
(OrxR2, 
Hcrtr2, 
ORXR2, 
HCRTR2) 

Subcortically, and 
cortically in L5-6b 
and sparsely in L2-
444, 93, 96. 

Membranous 
(Uniprot 
#P58308). 

ORXR2 is a g-protein coupled receptor which exhibits 
near-equal affinity for ORXA and ORXB . It is known 
to promote wakefulness and feeding (see 1.2.4). 
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A.5.2  Expected protein expression 

 

Appx-Figure 18. Transcriptomic RNA-sequencing heat maps of the A) mouse cortex and 
hippocampus, B) multiple human cortical areas, and C) human primary motor cortex compare 
protein mRNA expression in cell populations and cortical layers of interest. Cyan = excitatory 
neurons, magenta = inhibitory neurons, orange = L5 Rbp4-Cre targets (L5 for humans), and red= 
L6b Drd1a-Cre targets (N/A for humans; WMINs are not included). Colour legend units represent 
trimmed means, where higher numbers indicate greater expression. Data were acquired and 
adapted from the Allen Brain Institute where cell hierarchy details are freely available81. 
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A.5.3  Vibratome slicing 

 
Appx-Figure 19. Depicts vibratome slicing of multiple coronal sections simultaneously. 

A.5.4  Spinal scaffolds 

 
Appx-Figure 20. Spinal sectioning using a novel system. A) Spinal cord sections at the B) cervical, 
thoracic, and C) lumbar level were targeted for immunohistochemistry. I designed custom spinal 
scaffolds as shown D) rendered in Ultimaker Cura for E) 3D printing. The scaffold was printed 
using combinations of various parameters and optimised to F) evaluate which settings optimally 
resulted in G) dissolution upon agarose embedding and gelatinisation. H) gel structures with 
dissolved scaffolds were then sliced with a vibratome, expediting processing I) 9-fold. 
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A.5.5  Immunohistochemistry specifications 
 
Appx-Table 5. Lists product information and optimised stain specifications. As detailed in Table 
13, experiments per driver involved: Rbp4-Cre DREADDs → 1; Drd1a-Cre-PTEN → 1-2; Drd1a-
Cre-Snap25 → 2; Rbp4-Cre-Snap25 → 1, 3-6; and Fezf2-CreER-Snap25 → 1, 3-6. See A.5.1 for 
protein targets and A.5.6 for optimisations. All secondary antibody dilutions=1:500. *Protocols 
involving IBA1, GFAP, or CC1 required aldehyde-quenching, and CC1 required heat-induced 
epitope retrieval. All blocking solutions were diluted in PBS, save †stain sets involving VVA which 
included 0.15M NaCl and 0.1mM CaCl2.  Targets are coloured according to their appearance in 
this thesis, and secondary antibodies according to emission wavelengths (λ, nm). NDS=normal 
donkey serum; NGS=normal goat serum; Rb=rabbit; Ms=mouse; Rt=rat; Ck=chicken; TX=Triton-
X; N/A=not applicable; Bt=biotinylated; Cy5=cyanine-5; and SAV=streptavidin.  
 

Stain Set & 
Targets 

*†Block Solution 
#1 Primary Antibody †Block 

Solution #2 Secondary Antibody 

TX Serum Name Supplier Product # Dilution TX Serum Name Supplier Product # 

1 

PV 

0.2% 2% NDS 

RbαPV Swant PV27 1:500 

0.2% 2% 
NDS 

DkαRb (488) Invitrogen A21206 
VVA Bt-VVA Vector Labs B-1235-2 2μg/mL Cy5 (650) Invitrogen SA1011 
DAPI N/A Invitrogen D1306 1:1000 N/A (358) N/A N/A 
Driver N/A N/A N/A N/A N/A (581) N/A N/A 

2 

CPLX3 

0.1% 2% NDS 

RbαCPLX3 SySy 122 302 1:1000 

0.1% 
2% 
NDS 

DkαRb (488) Invitrogen A21206 
TBR1 MsαTBR1 ProteinTech 66564-1-LG 1:500 DkαMs (647) Invitrogen A32787 
DAPI N/A Invitrogen D1306 1:1000 N/A (358) N/A N/A 
Driver N/A N/A N/A N/A N/A (581) N/A N/A 

3 

NEUN 

0.3% 10% NDS 

RbαNEUN Bio-techne NBP1-
92716 1:500 

0.3% 5% 
NDS 

DkαRb (488) Invitrogen A21206 

SMI-32 MsαSMI-
32 BioLegend 801701 1:500 DkαMs (647) Invitrogen A32787 

DAPI N/A Invitrogen D1306 1:1000 N/A (358) N/A N/A 
Driver N/A N/A N/A N/A N/A (581) N/A N/A 

4 

CHAT 

0.3% 10% NDS 

RbαCHAT Abcam ab178850 1:500 

0.3% 5% 
NDS 

DkαRb (488) Invitrogen A21206 

SMI-32 MsαSMI-
32 BioLegend 801701 1:500 DkαMs (647) Invitrogen A32787 

DAPI N/A Invitrogen D1306 1:1000 N/A (358) N/A N/A 
Driver N/A N/A N/A N/A N/A (581) N/A N/A 

5 

MBP 

0.3% 10% NGS 

RtαMbp Abcam ab7349 1:500 

0.3% 5% 
NGS 

GtαRt (488) Invitrogen A11006 
AT8 MsαAT8 ThermoFisher MN1020 1:500 GtαMs (633) Abcam ab150115 
DAPI N/A Invitrogen D1306 1:1000 N/A (358) N/A N/A 
Driver N/A N/A N/A N/A N/A (581) N/A N/A 

6 

IBA1 

0.3% 10% NGS 

RbαIBA1 FUJIFILM 019-19741 1:500 

0.3% 5% 
NGS 

GtαRb (488) Invitrogen A11034 
GFAP CkαGFAP Abcam ab4674 1:500 GtαCk (647) Abcam ab150171 
DAPI N/A Invitrogen D1306 1:1000 N/A (358) N/A N/A 
Driver N/A N/A N/A N/A N/A (581) N/A N/A 

7 

CTIP2 

0.3% 10% NGS 

RtαCTIP2 Abcam ab18465 1:200 

0.3% 5% 
NGS 

GtαRt (488) Invitrogen A11006 
SATB2 MsαSATB2 Abcam ab51502 1:1000 GtαMs (633) Invitrogen A21052 
DAPI N/A Invitrogen D1306 1:1000 N/A (358) N/A N/A 
Driver N/A N/A N/A N/A N/A (581) N/A N/A 

8 

IBA1 

0.3% 10% NGS 

RbαIBA1 FUJIFILM 019-19741 1:500 

0.3% 
5% 
NGS 

GtαRb (647) Invitrogen A21245 
CD68 MsαCD68 Abcam ab955 1:500 GtαMs (488) Invitrogen A11001 
DAPI N/A Invitrogen D1306 1:1000 N/A (358) N/A N/A 
Driver N/A N/A N/A N/A N/A (581) N/A N/A 

9 

S100β 

0.3% 10% NGS 

MsαS100β Sigma-Aldrich 287 004 1:200 

0.3% 5% 
NGS 

GtαMs (488) Invitrogen A11001 
GFAP RbαGFAP Dako Z0334 1:500 GtαRb (647) Invitrogen A21245 
DAPI N/A Invitrogen D1306 1:1000 N/A (358) N/A N/A 
Driver N/A N/A N/A N/A N/A (581) N/A N/A 

10 

MBP 

0.3% 10% NGS 

RtαMbp Abcam ab7349 1:500 

0.3% 5% 
NGS 

GtαRt (488) Invitrogen A11006 
CC1 MsαCC1 Abcam ab16794 1:200 GtαMs (633) Invitrogen A21052 
DAPI N/A Invitrogen D1306 1:1000 N/A (358) N/A N/A 
Driver N/A N/A N/A N/A N/A (581) N/A N/A 

11 

TDP43 

0.3% 10% NDS 

RbαTdp43 Proteintech 10782-2-AP 1:500 

0.3% 5% 
NDS 

DkαRb (488) Invitrogen A21206 

SMI-32 MsαSMI-
32 BioLegend 801701 1:500 DkαMs (647) Invitrogen A32787 

DAPI N/A Invitrogen D1306 1:1000 N/A (358) N/A N/A 
Driver N/A N/A N/A N/A N/A (581) N/A N/A 

https://webshop.swant.com/pv27a-parvalbumin.html
https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21206
https://www.2bscientific.com/products/vector-laboratories/b-1235/vicia-villosa-lectin-vvl-vva-biotinylated
https://www.thermofisher.com/order/catalog/product/SA1011
https://www.thermofisher.com/order/catalog/product/D1306
https://sysy.com/product/122302
https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21206
https://www.thermofisher.com/order/catalog/product/D1306
https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32787
https://www.thermofisher.com/order/catalog/product/D1306
https://www.bio-techne.com/p/antibodies/rbfox3-neun-antibody_nbp1-92716?utm_source=antibodyregistry&utm_medium=referral&utm_campaign=product&utm_term=primaryantibodies
https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21206
https://www.biolegend.com/en-us/products/purified-anti-neurofilament-h-nf-h-nonphosphorylated-antibody-11475
https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32787
https://www.thermofisher.com/order/catalog/product/D1306
https://www.abcam.com/en-us/products/primary-antibodies/choline-acetyltransferase-antibody-epr16590-ab178850?srsltid=AfmBOooIDVPb9NuGLm1Q7SSbPbyQx0jkX_2-JQuAllz-tdJR3Ndh9ibe
https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21206
https://www.biolegend.com/en-us/products/purified-anti-neurofilament-h-nf-h-nonphosphorylated-antibody-11475
https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32787
https://www.thermofisher.com/order/catalog/product/D1306
https://www.abcam.com/en-us/products/primary-antibodies/myelin-basic-protein-antibody-12-ab7349?srsltid=AfmBOopTQWWCBZRJHNQTa5S4X3-j5EJjHcieQRhA05wXGVR1RvtIrO47
https://www.thermofisher.com/antibody/product/Goat-anti-Rat-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11006
https://www.thermofisher.com/antibody/product/Phospho-Tau-Ser202-Thr205-Antibody-clone-AT8-Monoclonal/MN1020
https://www.abcam.com/en-us/products/secondary-antibodies/goat-mouse-igg-h-l-alexa-fluor-647-ab150115?srsltid=AfmBOopuIs1QfIM-R0-TezM_D5y5d-JtLRMXYp0By1SWfxV_mxDq8ULK
https://www.thermofisher.com/order/catalog/product/D1306
https://labchem-wako.fujifilm.com/us/product/detail/W01W0101-1974.html
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A.5.6  Sample immunohistochemistry optimisations 

Appx-Table 6. Depicts sample antibody optimisations for SMI32. Tests were conducted with and 
without glycine aldehyde-quenching, with and without heat-induced epitope retrieval (HIER), at 
each of three primary dilutions, and with an incubation time (inc.) of 18hrs or 30hrs. Black boxes 
indicate untested conditions, and the condition deemed optimal for subsequent experiments is 
highlighted with a coloured box.  
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Appx-Table 7. Depicts sample antibody optimisations for Mbp. Tests were conducted with and 
without glycine aldehyde-quenching, with and without heat-induced epitope retrieval (HIER), at 
each of three primary dilutions, and with an incubation time (inc.) of 18hrs or 30hrs. Black boxes 
indicate untested conditions, and the condition deemed optimal for subsequent experiments is 
highlighted with a coloured box.  
 

Mbp Without HIER With HIER 
Without Glycine With Glycine Without Glycine With Glycine 

18
hr

 In
cu

ba
tio

n  
1:

20
0 

    

1:
50

0  

    

1:
10

00
 

  

  

30
hr

 In
cu

ba
tio

n  
1:

20
0 

    

1:
50

0  

    

1:
10

00
 

  

  

 
 
 



 - 280 - 

Appx-Table 8. Depicts sample antibody optimisations for CC1. Tests were conducted with and 
without glycine aldehyde-quenching, with and without heat-induced epitope retrieval (HIER), at 
each of three primary dilutions, and with an incubation time (inc.) of 18hrs or 30hrs. Black boxes 
indicate untested conditions, and the condition deemed optimal for subsequent experiments is 
highlighted with a coloured box. CC1 staining was ultimately not pursued further due to cost-
benefit assessments and prior work suggesting that age- and genotype-differences may not be 
detectable79. 
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A.5.7  Sample initial immunohistochemistry combinations 

Appx-Table 9. Optimised IHC for preliminary L5-6b driver lines and subtype classifications, as 
described in A.5.5. Rows distinguish animal genotypes as A) L6-augmented, B) L6-silenced, and 
C-D) L5-silenced (Rbp4-Cre). Columns distinguish fluorophore channels and/or protein targets 
as: i) DAPI nuclei; ii) A,B) PV interneurons (A.5.5 #1), C) CPLX3 L6b cells (A.5.5 #2), and D) CTIP2 
L5 extratelencephalic neurons (A.5.5 #7); iii) TdTomato A-B) Drd1a-Cre L6 subtype and C-D) 
Rbp4-Cre L5 subtype; iv) A,B) VVA perineural nets (A.5.5 #1), C) TBR1 cells (A.5.5 #2), and D) 
SATB2 L5 intratelencephalic neurons (A.5.5 #7); and v) merged channels. The upper-right box in 
each panel indicates the location of higher-resolution images in the coronal plane. Note that 
CTIP2 staining failed and was not pursued further. Scale bars = 250μm. 
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A.5.8  r-QUINT of regions of interest 

Appx-Table 10. Lists brain regions of interests included for classification and sub-classification 
in the modified QUINT pipeline. Areas of distinct neurodevelopmental origin are indicated by 
green = mesencephalic, blue = diencephalic, and yellow = telencephalic (continued on the next 
page). Light grey indicates regions which have not yet been incorporated into the pipeline. 
 

Brain Region Sub-Region(s) Sub-Region(s) Abbreviation(s) 

Cortex 

Cortex 
N/A CTX 
Cortical layers 1-6b CL1-6b-All 

Frontal Pole Cortical layers 1-6b FP_All/CL1-6b 

Primary motor Cortical layers 1-6b M1_All/CL1-6b 

Secondary motor Cortical layers 1-6b M2_All/CL1-6b 

Primary somatosensory Cortical layers 1-6b S1_All/CL1-6b 

Secondary somatosensory Cortical layers 1-6b S2_All/CL1-6b 

Gustatory and visceral areas Cortical layers 1-6b GVA_All/CL1-6b 

Auditory  Cortical layers 1-6b Aud_All/CL1-6b 

Visual areas Cortical layers 1-6b Vis_All/CL1-6b 

Prefrontal cortex 

Cortical layers 1-6b PFC_All/CL1-6b 
Prelimbic cortical areas (layers 1-6b) PFC_Pla_CL1-6b 
Infralimbic cortical areas (layers 1-6b) PFC_Ila_CL1-6b 
Anterior cingulate cortex (layers 1-6b) PFC_Acc_CL1-6b 

Orbital areas Cortical layers 1-6b Orb_All/CL1-6b 

Agranular insular area Cortical layers 1-6b Ins_All/CL1-6b 

Retrosplenial Cortical layers 1-6b Rsa_CL1-6b 

Posterior parietal 
association areas 

Cortical layers 1-6b Ppa_All/CL1-6b 

Temporal association areas Cortical layers 1-6b Taa_All/CL1-6b 

Rhinal areas Cortical layers 1-6b Rhi_All/CL1-6b 

Olfactory areas 

Tenia tecta OLF_TT 
Piriform area OLF_PA 
Nucleus of the lateral olfactory tract OLF_NLOT 
Cortical amygdalar areas OLF_CAA 
Piriform-amygdalar area OLF_PAA 

Cortical subplate (atlas-
defined, including CL6b) 

N/A CSP 
Amygdalar nuclei CSP_AN 
Amygdalar nuclei (lateral) CSP_ANl 
Amygdalar nuclei (basolateral) CSP_ANbl 
Amygdalar nuclei (basomedial) CSP_ANbm 
Amygdalar nuclei (posterior) CSP_ANp 

Hippocampus 

Hippocampal body N/A (excludes entorhinal areas and 
amygdalar transition regions) Hip 

Cornu Ammonis divisions 
CA1 Hip_CA1 
CA2 Hip_CA2 
CA3 Hip_CA3 

Dentate divisions 

Dentate gyrus areas Hip_DG 
Dentate gyrus molecular area Hip_DGm 
Dentate gyrus polymorph layer Hip_DGp 
Dentate gyrus granule cell layer Hip_DGg 
Dentate gyrus subgranular zone Hip_DGsg 

Fasciola cinerea  N/A Hip_FC 

Insudeum griseum N/A Hip_IG 

Retrohippocampal areas Cortical layers 1-6b Hip_Era_All/CL1-6b 

Subiculum areas N/A Hip_Sub 



 - 283 - 

Cortical 
subplate 

Atlas-defined, including 
CL6b 

N/A CSP 
Amygdalar nuclei CSP_AN 
Amygdalar nuclei (lateral) CSP_ANl 
Amygdalar nuclei (basolateral) CSP_ANbl 
Amygdalar nuclei (basomedial) CSP_ANbm 
Amygdalar nuclei (posterior) CSP_ANp 

Cerebral 
nuclei 

Striatum 
N/A STR 
Caudoputamen STR_CP 
Striatum-like amygdalar nuclei STR_SLAN 

Pallidum 

N/A PLD 

Dorsal region (globus pallidus internal) PLD_d_Gpi 

Dorsal region (globus pallidus external) PLD_d_Gpe 
Ventral region PLD_v 
Medial region (nucleus of the diagonal 
band and medial septal nucleus) PLD_m 

Caudal region (bed nucleus of the stria 
terminalis and anterior commissure) PLD_c 

Amygdala Subregions scattered 
elsewhere 

N/A A 

Midbrain 

Superior colliculus Sensory related Mid_SCs 
Motor related Mid_SCm 

Inferior colliculus N/A Mid_IC 

Substantia nigra 
Reticular Mid_SNr 
Lateral Mid_SNl 
Compact Mid_SNc 

Ventral tegmental area N/A Mid_VTA 

Periaqueductal gray N/A Mid_PAG 

Anterior pretectal nucleus N/A Mid_APTN 

Pons Locus ceruleus N/A PONS_LC 

Thalamus 

Thalamus N/A Th 

Thalamic higher-order 
nuclei 

N/A Th_HOTN 
Ventral group of the dorsal thalamus Th_HOTN_VGDT 
Geniculate nucleus Th_HOTN_GN 
Dorso-lateral thalamus Th_HOTN_DLT 
Ventral anterior nucleus Th_HOTN_DLT_VA 
Midline nuclei Th_HOTN_DLT_MLN 
Intralaminar nuclei Th_HOTN_DLT_ILN 

Reticular nucleus of the 
thalamus 

N/A Th_RNT 

Hypothalamus 

Periventricular zone N/A HT_PVZ 

Periventricular region 

N/A HT_PVR 
Dorsomedial nucleus of the 
hypothalamus HT_PVR_DMH 

Medial preoptic area and nucleus HT_PVR_MPO 
Suprachiasmatic nucleus HT_PVR_SCN 
Suprachiasmatic preoptic nucleus HT_PVR_SCNpo 

Anterior hypothalamic areas N/A HT_AHA 

Hypothalamic medial zone 

N/A HT_HMZ 
Tuberomamillary nucleus HT_HMZ_TMN 
Medial preoptic nucleus HT_HMZ_mPON 
Ventromedial hypothalamic nucleus HT_HMZ_VMH 
Posterior hypothalamic nucleus HT_HMZ_PHN 

Hypothalamic lateral zone 

N/A HT_HLZ 
Lateral hypothalamic area HT_HLZ_LHA 
Lateral preoptic area HT_HLZ_LPOA 
Subthalamic nucleus HT_HLZ_STN 
Zona incerta HT_HLZ_ZI 
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A.5.9  Orexin receptor in situ hybridisation 

 
Appx-Figure 21. Previously published in situ hybridisation illustrates A,C,E,G) OrxR1 and B,D,F,G) 
OrxR2 expression in the rat brain38. This includes OrxR1 expression (yellow) in deep frontal 
cortical layers (i.e., L6b), in the insudeum griseum (IG), and in the fasciola cinerea (FC). TT = tenia 
tecta (which I believe is incorrectly labelled and should be the IG); ac = anterior commissure; lv 
= lateral ventricle; Ctx = cortex; NDB = nucleus of the diagonal band; MS = medial septal nucleus; 
3v = third ventricle; PVT = paraventricular thalamic nucleus; BST = bed nucleus of the stria 
terminalis; AHA = anterior hypothalamic area; ox = optic chiasm; GP = globus pallidus; MPO = 
medial preoptic nucleus; NLOT = nucleus of the lateral olfactory tract; MeA = medial amygdala; 
VMH = ventromedial hypothalamic nucleus; and DMH = dorsomedial hypothalamic nucleus. 
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A.6  Imaging and analyses 

A.6.1  Microscopy cost estimation 

The equations below estimated requisite imaging time (Equation 4), cost-recovery charges 
(Equation 5),  and data storage requirements (Equation 6) to assess imaging feasibility across 
QUINT analyses. Formulae were added into an Excel sheet for SDCM and SSFM comparison. 
 
Equation 4. Estimates the total time required to image one brain.  
 

𝑇, = 𝑇$𝐹#7𝑆,𝐴8𝐴6𝑁86 	
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𝑁$7
𝑇$7
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Equation 5. Estimates the total cost per brain.  
 

𝐶, = 𝑇,𝐶9 	
	
Equation 6. Estimates the data storage capacity required for one brain.  
 

𝐷, = 𝑑7 K
𝑇,
𝑇$𝑆7

L K
𝑥7
𝑥#
L
+
	

	

𝑇, = Estimated image acquisition time per brain	
𝑇$ = Estimated time per brain section based on the trial image reconstruction test set	
𝐹#7 = Fractional relator for queried versus test set key image acquisition parameters	
𝑆, = Sections per brain	
𝐴8 = Area per image; one for a full section, and fractional for sub-section assessments	
𝐴6  = Area count; one for a full section, and an integer count for sub-section assessments 
𝑁86  = Number of fluorophore combinations to be used in the queried set	
𝑁$7 = Number of sections in the trial reconstruction test set	
𝑇$7 = Time to image all sections in the trial reconstruction test set	
𝑥7 = Magnification parameter for the test set	
𝑥# = Magnification parameter for the queried set	
𝑐7 = Number of channels in the test set	
𝑐# = Number of channels in the queried set	
𝑧7 = Number of z-stacks in the test set	
𝑧# = Number of z-stacks in the queried set	
𝑒̅7 = Exposure time (mean across channels) in the test set	
𝑒̅# = Exposure time (mean across channels) in the queried set	
𝐶, = Total cost per brain	
𝐶9  = Cost recovery for imaging	
𝐷, = Data storage space required per brain	
𝑑7 = Data storage space required for the test set	
𝑆7 = Number of sections in the test set 
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A.6.2  Microscopy specifications 

Appx-Table 11. Lists optimised SDCM microscope and image acquisition specifications. 
 

SDCM Settings Imaging specifications 
Objective 20X/0.8 air 
Pixel resolution 0.325μm 
Lamp (voltage) Halogen IX3 (3V) 

Laser wavelength (name, power, exposure time) 

405nm (DAPI, 10%, 50ms) 
488nm (FITC, 40%, 100ms) 
565nm (Cy3, 40%, 150ms) 
640nm (Cy5, 40%, 100ms) 

Number of z-stacks (step size) 3 (7.49μm) 
Pixel clock 480MHz 
Tile pixel resolution (sub-array) 2304×2304 (1500×1500) 
Pinhole disk B525/50um 
Disk rotation speed 1600rpm 
Aperture stop 75% 
DIC slider 2950 

 

 Appx-Table 12. Lists optimised SSFM microscope and image acquisition specifications. 
 

SSFM Settings Imaging specifications 
Objective UPLXAPO 20X/0.8 air 
Pixel resolution 0.325μm 
Lamp (max.) LED IX3 (1000) 

Laser wavelength  
(name, intensity,  
exposure time) 

455nm (DAPI, 100, 3.2ms) 
518nm (FITC, 1000, 20ms) 
565nm (Cy3, 300, 20ms) 
670nm (Cy5, 200, 50ms) 

Number of z-stacks (step size) 1 (0μm) 
Pixel clock 120MHz 
Microscope camera maximum frame 2016×2016 

 

A.6.3  QuPath cell detection parameters  
 

Appx-Table 13. QuPath cell detection parameters. 
 

QuPath Parameters Primary detection Secondary detection) 
Requested Pixel Size (μm) 0.5 0.5 
Background Radius (μm) 8.6 6 
Median Radius (μm) 2.3 3 
Sigma (μm) 1.5 3 
Minimum Area (μm) 25 60 
Maximum Area (μm) 400 600 
Detection Threshold 5000 200 
Split by Shape Yes Yes 
Cell Expansion (μm) 4 2 
Include Nuclei No No 
Smooth Boundaries Yes Yes 
Make Measurements Yes Yes 
Positive Detection Threshold 1 800 N/A 
Positive Detection Threshold 2 800 N/A 
Positive Detection Threshold 3 800 N/A 
Single Threshold Yes N/A 
Area < 200.0 >20 
Circularity > 0.8 N/A 
Signal intensity standard deviation > 200.0 > 354.9 
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A.6.4  Nutil brain region definitions 

 
Appx-Figure 22. Depicts a screenshotted excerpt of a data table I made to customise Nutil ROIs. 
Column headers correspond to newly specified areal definitions constructed using numbers and 
colours (green/blue cells below) linked to Allen Brain atlas codes. This spreadsheet uniquely 
defines the 214 ROIs employed throughout r-QUINT analyses in this thesis. I deposited this file 
to Figshare—titled CustomRegionTemplate_MM_DPhil.xlsx—for future users to download and 
adapt for future applications260.  
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A.6.5  Ex vivo MRI sample preparation  

 

Appx-Figure 23. Ex vivo MRI setup for an out-of-skull brain. A) A dissected brain is B) glued to 
surgical tape at the base of the medulla. C) The surgical tape is placed atop a custom 3D-printed 
plinth, which is then D) inserted into a Falcon tube while ensuring that there is a visible gab 
between the dorsal surface of the brain and the inner surface of the Falcon tube. E) Samples are 
then de-bubbled via vacuum-pumping before F) a plastic bubble-trap is inserted into the tube 
and a lid is affixed. The sample can then undergo bubble-check scans, which ensure adequate 
sample quality before proceeding to overnight imaging. De-bubbling is important as trapped air 
in or around the brain (when skulls are present) can cause susceptibility artifacts, induce 
geometric distortions, and corrupt scan data. Note that, while the above images feature a brain 
without the skull, solely within-skull images were ultimately kept for analyses following QC 
checks (i.e., out-of-skull samples compromised registrations) (2.5.2.2, 2.5.3.3, 2.5.3.4, A.7.2). 
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A.7  Quality control 

A.7.1  Morphometrics – trace projections 

Appx-Table 14. Provides examples of human and mouse single neuron images and traces394. 
 

Neuron type Human Mouse 
Image stack Resulting trace Image stack Resulting trace 

Pyramidal 
Orexin-
sensitive 

 
 

   

Pyramidal 
Orexin-
insensitive 

 
 

 

 
 

 

Non-Pyramidal 
Orexin-
sensitive 

 

 
  

 

Non-Pyramidal 
Orexin-
insensitive 
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A.7.2  Effects of out-of-skull sample inclusion  

 
Appx-Figure 24. Out-of-skull ex vivo samples compromise the quality of T2W MRI analyses. A) 
Genotype differences were calculated using both in-skull and out-of-skull samples, followed by 
B) solely in-skull samples which improved mapping fidelity. 
 

A.7.3  T2W nonuniformity corrections  

 
Appx-Figure 25. The non-uniformity correction improves registration quality. Dorso-ventral 
gradient artifacts are optimally reduced by setting A) distance parameter to 2.0mm and B) 
number of iterations to 200. Ex vivo T2W maps illustrate dorsal signal loss C) without the non-
uniformity correction (red) which is D) remedied with the correction applied (green). 
 

A.7.4  Ex vivo DWI pre-processing 

Quality control checks are detailed in Figshare as ‘dwi_preprocessing.pdf’479, 496. Samples kept 
or discarded for analyses are marked with a ✔ and ❌, respectively. The following snapshots are 
provided for each sample: 1) b0 volumes following Gibbs and Eddy corrections; 2) topup maps 
to identify distortions; 3) b0 masks generated from the diffusion pre-processing pipeline 
(2.5.3.3) before improvements were implemented (2.5.4.1-2.5.4.3), 4) vector maps to confirm 
fibre orientations; 5) FA maps, and 6) MD maps. Further 1) anatomical, 2) FA, and 3) MD maps 
are then provided with standardised rendering to identify differences in absolute values or the 
signal-to-noise ratio. Quality control notes are included in the subject header for each sample. 
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A.7.5  Ex vivo QSM pre-processing 

Quality checks performed during QSM pre-processing are detailed in the Figshare collection479, 

496 as ‘qsm_preprocessing.pdf’. For each sample, images detail: 1) signal decay curves for both 
MGE acquisitions; 2) magnitude data; 3) T2* maps; 4) R2* maps; and 5) susceptibility maps. 
 
A.7.6  MGE masking  

Individual masks for MGE data (equivalent for T2W and DWI following 2.5.4.1-2.5.4.3) are 
illustrated within Figshare479, 496 as ‘mge_masking.pdf’. ‘d’ and ‘e’ represent successive dilation 
and erosion steps, respectively, which were manually conducted to optimise brain coverage. 
Text colours indicate which sequence of attempted dilations/erosions was deemed to produce 
the optimal mask, which is shown rendered atop anatomical maps in the column to the right. 
 
A.7.7  MGE-T2W co-registration 

 

Appx-Figure 26. Troubleshooting MGE-to-T2W image coregistration. A) AntsQuick registrations 
initially failed, where I observed that source (MGE) and target (T2W) volumes did not overlap in 
3D space due to corrupted .mnc headers. B)  I manually modified headers to at least partially 
align source/target volumes via x/y/z translations. C) The pipeline then generated outputs, yet 
these were significantly warped. D) I masked the nonlinear T2W target file, reasoning that out-
of-skull signal may skew registrations. E) Registrations did not improve significantly. F) In then 
examining pipeline inputs, outputs, and intermediaries, it appeared that the MGE image rather 
registers to the lsq-6 (not the nonlinear) transform. G) I then also masked this lsq-6 T2W image. 
H) Re-running AntsQuick then generated the best registrations obtained to date. 
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A.8  Histology supplements 

A.8.1  Excitatory DREADD subcortical PV/VVA co-expression and densities  
 
 

 
Appx-Figure 27. Subcortical changes in PV/VVA expression patterns upon Rbp4-Cre-driven CNO 
activation of excitatory DREADDs. Depicts individual p/d-values for A) hippocampal and B) other 
subcortical ROIs, distinguished by cells which are I) PV+, II) PV+/VVA+, III) VVA+, or PV+/VVA-. 
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A.8.2  Inhibitory DREADD subcortical PV/VVA co-expression and densities  
 
 

 
 
Appx-Figure 28. Subcortical changes in PV/VVA expression patterns upon Rbp4-Cre-driven CNO 
activation of inhibitory DREADDs. Depicts p/d-values for A) hippocampal and B) other subcortical 
ROIs, distinctly for cells which are I) PV+, II) PV+/VVA+, III) VVA+, or PV+/VVA-. 
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A.8.3  Excitatory DREADD cortical PV/VVA co-expression and VVA densities  
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Appx-Figure 29. Cortical changes in PV/VVA expression patterns upon Rbp4-Cre-driven CNO 
activation of excitatory DREADDs. Depicts p/d-values for cortical A) RSA, B) V1, and C) S1 ROIs, 
distinctly for cells which are I) PV+, II) PV+/VVA+, III) VVA+, or PV+/VVA-. 
 
A.8.4  Inhibitory DREADD cortical PV/VVA co-expression and VVA densities  
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Appx-Figure 30. Cortical changes in PV/VVA expression patterns upon Rbp4-Cre-driven CNO 
activation of inhibitory DREADDs. Depicts p/d-values for cortical A) RSA, B) V1, and C) S1 ROIs, 
distinctly for cells which are I) PV+, II) PV+/VVA+, III) VVA+, or PV+/VVA-. 
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A.8.5  Fezf2 Histology 
 

 
Appx-Figure 31. Densities of Fezf2-Cre neurons and subcortically-projecting SMI-32 subtypes do 
not change upon CreER-induction of Snap25-cKO. This contrasts Rbp4-Cre-driven Snap25-cKO. 
Hemisections for A,C) CTRL (CreWT) and B,D) cKO (CreER) samples A-B) 4wks and C-D) 8wks post-
tamoxifen feature M1 cortical ROIs in a-d). Across time (i.e., 4wks vs 8wks) and genotype (i.e., 
CreWT vs CreER) conditions, no differences emerge in the proportion of neurons which are E) 
FEZF2+ and F) SMI32+. Similarly, proportions of neurons doubly-labelled for FEZF2+/SMI32+ and 
SMI32+/FEZF2+ remain constant (data not shown). The panels below indicate additional Fezf2 
histology conducted (yet only one representative replicate per animal and stain combination). 
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A.8.6  Exploratory DiI tracing setup 
 

 
Appx-Figure 32. Illustrates DiI/DiA crystal placements. A) Small portions of individual crystals 
(DiI shown here) were extracted and manually inserted into a B) 2wk-old WT brain hemisection. 
Arrows indicate of i) DiI in the indusium griseum, and ii) DiA in the lateral hypothalamus. 
 

A.9  Behaviour supplements 

A.9.1  CRY-deficiency: disaggregated by sex 

 
Appx-Figure 33. When housed under 12:12hr conditions or constant darkness, sex differences 
emerge in CTRL and CRY-deficient behaviour. A) rates of animal-device interactions are 
disaggregated for both males and females in conditions of 12:12hr light cycles and constant-
darkness. B) Female activity and food-seeking behaviour is notably greater than that of males. 
C) Feeding rate traces are similarly separated by sex, where D) totals do not significantly. 
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A.9.2  CRY-deficiency: individual SnackerTracker recordings 

 
Appx-Figure 34. Individual behavioural traces of animal-device interactions from male and 
female WT and CRY-deficient (KO) mice under 12:12hr light cycles and constant-darkness. 
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Appx-Figure 35. Individual behavioural traces of animal food-intake from male and female WT 
and CRY-deficient (KO) mice under 12:12hr light cycles and constant-darkness. 
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A.9.3  DLE: PIR data  
 

 

 
 
Appx-Figure 36. Illustrates sample PIR data plotted as an actogram from one animal housed 
under 12:12hr conditions and one animal housed with DLE. These recordings immediately 
preceded those conducted in this thesis which examined the effect of DLE on animal food-intake 
and feeding behaviour. 
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A.9.4  STAMINA: SnackerTracker results disaggregated by sex 
 

 
Appx-Figure 37. Summary of sex-disaggregated STAMINA SnackerTracker results. Patterns of 
A,C) food intake and B,D) feeding behaviour in L5-cKO vs CTRL mice are shown for A-B) 3-4wk 
and C-D) 21wk mice, with period decompositions in E-H). The arrow in G) indicates a decreased 
amplitude at τ=24h in L5-cKO mice. Daily totals over time are shown for I) food intake in the K) 
light-phase and M) dark-phase, as is J) feeding behaviour in the L) light-phase and N) dark-phase. 
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A.9.5  STAMINA: CAMP results disaggregated by sex 
 
 
 
 

 
Appx-Figure 38. STAMINA sex-disaggregated CAMP results reveal motor deterioration in L5-cKO 
mice. A) CAMP scores encompass motor-associated assessments of B) the hindlimb clasp, C) the 
ledge-walk, D) kyphosis, and E) gait. Representative images of i) CTRL and ii) L5-cKO mice at I) 
8wks and II) 21wks are provided for the B) hindlimb clasp and C) ledge-walk. Corresponding 
videos can be accessed using the F) QR code provided437. 
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A.9.6  STAMINA: VCT results disaggregated by sex 
 
 
 
 
 

 
Appx-Figure 39. Summarises sex-disaggregated STAMINA VCT results. No obvious differences 
between L5-cKO and CTRL mice emerge in time spent in the A) drop-zone, B) flat-zone, or C) 
edge-zone, though L5-cKO mice appear to generally exhibit D) a greater number of edge entries. 
 
 
A.9.7  STAMINA: Grip strength and nesting disaggregated by sex 
 
 

 
 
Appx-Figure 40. Sex-disaggregated STAMINA grip and home-cage nesting data. A) Initially 
indiscernible, the grip strength of L5-cKO mice increases to a lesser extent than that of CTRL 
mice with age. B) L5-cKO mice exhibit poor nesting behaviour compared to CTRLs across time. 
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A.9.8  STAMINA: CatWalk results disaggregated by sex 
 

 
 

Appx-Figure 41. Sex-disaggregated STAMINA CatWalk gait evaluations reveal motor deficits in 
L5-cKO mice. Summary metrics comparing L5-cKO vs CTRL gait features include A) average 
speed, B) step cadence, C) time in the cruciate step pattern, D) time in the alternate step pattern, 
L) time with single-paw support, and M) time spent with three-paw support. E,G,I) Cruciate and 
F,H,K) alternate step sequences are illustrated, where a greater percentage of CTRL and L5-cKO 
strides are of the cruciate and alternate patterns, respectively. Images of representative 
CatWalk runs are shown for N) 8wk CTRL, O) 21wk CTRL, P) 8wk L5-cKO, and Q) 21wk L5-cKO 
mice. J) Corresponding videos are provided via the QR code437. 
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A.10  Original software 

Software I created as a part of this work are listed below. References are provided where scripts 
have been already published. I uploaded all others to Figshare479, 497. 
 

A.10.1  Arduino software development – Editor and IoT 
• SnackerTracker_V11.ino211, 280 
• SnackerTracker_V10-IoT.ino211, 280 

 

A.10.2  MATLAB – TracKIT 
• TracKIT_v1.mlapp, with dataCompressionBin.m and dataCompression.m258 

 

A.10.3  ImageJ – r-QUINT pre-processing 
• quint_preprocessing.ijm497 

 

A.10.4  Groovy – r-QUINT downsampling and segmentation 
• quint_detections_TdTom.groovy497 
• quint_detections_VVA.groovy497 
• quint_project_PTEN_Cplx3-Tbr1.groovy497 
• quint_project_PTEN_PV-VVA.groovy497 
• quint_project_DCST_Cplx3-Tbr1.groovy497 
• quint_project_DCST_PV-VVA.groovy497 
• quint_project_DCST_DREADDs.groovy497 

 

A.10.5  Groovy – r-QUINT object classifiers 
• Drd1a-TdTom_Circularity_0.7.json497 
• PV_Circularity_0.7.json497 
• PV-VVA_composite.json497 
• PV-VVA_PTEN-VVAposneg.json497 
• PV-VVA_PTEN-VVAstdev.json497 
• VVA_area.json497 
• VVA_mean.json497 
• VVA_stdev.json497 

 

A.10.6  ImageJ – conversions 
• comp_to_png_and_rgbtif.ijm497 
• quint_svgtopng.ijm497 

 

A.10.7  MATLAB – r-QUINT reformatting and soma integration 
• ImARef_Core_v1.m260 
• ImARef_HeatMaps_v1.m260 

 

A.10.8  ImageJ – Z-stack modification 
• z-stack-add-imj-macro.ijm497 
• z-stack-remove-imj-macro.ijm497 

 

A.10.9  ImageJ – Trace rotation 
• trace-rotation-imj-macro.ijm497 

 

A.10.10  MATLAB – Neurite morphometrics  
• morphometrics_l6b_mm_v2.m497 
• polar_plotting_v1.m269 
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A.10.11  Bash – File conversions 
• convert-from-dicom.sh497 
• nifti-to-minc.sh497 

 

A.10.12  CLI – pydpiper pipelines 
• pydpiper_stamina_t1w_mm.txt497 
• pydpiper_stamina_t2w_mm.txt497 
• pydpiper_stamina_b0avg_mm.txt497 
• pydpiper_stamina_mge_mm.txt497 

 

A.10.13  Bash – T2W pre-processing 
• remove_min_v2.sh497 

 

A.10.14  Bash – QSM orientation corrections 
• orient_corr.sh497 

 

A.10.15  Bash – Mask generation 
• make_lsq6_masks.sh497 
• make_b0avg_masks.sh497 

 

A.10.16  Bash – Registrations 
• register_dwi-all_to_t2w_mm.sh497 
• register_qsm-all_to_t2w_mm.sh497 

 

A.10.17  Python – kurtosis filtering 
• cleanMNCS.py497 

 

A.10.18  Bash – MGE filtering 
• cleanMncsT2SBulk.sh497 
• cleanMncsR2SBulk.sh497 
• cleanMncsSUSBulk.sh497 

 

A.10.19  R – MRI analyses 
 

I deposited extended neuroimaging results as a separate item498 within Figshare479. Files include: 
• MK analyses: MMueller_DPhilThesis_5-2-4_MAIN_Figure52-53-56_ExVi-DWI-MK 
• OD analyses: MMueller_DPhilThesis_5-2-4_MAIN_Figure52-53-57_ExVi-DWI-OD 
• RD analyses: MMueller_DPhilThesis_5-2-4_ExVi-DWI-RD 
• RK analyses: MMueller_DPhilThesis_5-2-4_ExVi-DWI-RK 
• T2W analyses: MMueller_DPhilThesis_5-2-3_MAIN_Figure50-51_ExVi-T2W 
• Initial T1W analyses: MMueller_DPhilThesis_5-2-1_MAIN_Figure47_InVi-T1W-S 
• T1W analyses: MMueller_DPhilThesis_5-2-1_MAIN_Figure47-48-49-79_InVi-T1W-B 
• AD analyses: MMueller_DPhilThesis_5-2-4_MAIN_ExVi-DWI-AD 
• AK analyses: MMueller_DPhilThesis_5-2-4_ExVi-DWI-AK 
• FA analyses: MMueller_DPhilThesis_5-2-4_MAIN_Figure52-53-54-79_ExVi-DWI-FA 
• FN analyses: MMueller_DPhilThesis_5-2-4_MAIN_Figure52-53-58_ExVi-DWI-ICVF 
• FS analyses: MMueller_DPhilThesis_5-2-4_MAIN_Figure52-53-59_ExVi-DWI-FISO 
• MD analyses: MMueller_DPhilThesis_5-2-4_MAIN_Figure52-53-55-79_ExVi-DWI-MD 
• T2S analyses: MMueller_DPhilThesis_5-2-5_MAIN_Figure60_ExVi-QSM-T2S 
• R2S analyses: MMueller_DPhilThesis_5-2-5_MAIN_Figure60_ExVi-QSM-R2S 
• SUS analyses: MMueller_DPhilThesis_5-2-5_MAIN_Figure60_ExVi-QSM-SUS 
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