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Abstract 

 

Brain-wide cell assembly patterns for memory-guided behaviour 

Roman Rothaermel, Balliol College 

Thesis submitted for the degree of Doctor of Philosophy, Trinity Term 2021 

 

The brain uses functionally specialized regions to represent information in the sensory, 

motor, and cognitive domains. How does the brain integrate discrete representations 

spread across the brain to drive effective behaviour? 

I trained male mice to approach or avoid a dispenser delivering either rewarding or 

aversive outcomes contingent on sets of visual and auditory cues. I found that groups 

of neurons scattered across the hippocampus, amygdala, prefrontal cortex, nucleus 

accumbens and ventral tegmental area cooperate to form cross-regional firing patterns 

of millisecond-timescale coactivity. These distributed assembly patterns report 

multimodal task-cue contingencies and require a common input from glutamatergic 

VTA neurons to support the expression of appropriate behaviour in our task relying on 

the integration of multiple external cues. Our findings uncover a diverging 

glutamatergic VTA pathway for organizing multiple local representations into brain-

wide cell assemblies, dynamically adapting behaviour to environmental contingencies. 
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1 CHAPTER 1: GENERAL INTRODUCTION 

1.1. Evolution of concepts in memory research 

 

Memory research dates back to Ancient Greece. For Plato (estimated 428–347 B.C.), 

memories were bridges between perceptions and the idealised world of abstractions 

(Plato’s Meno). His pupil Aristotle (384–322 B.C.) elaborated on his ideas, which 

resulted in the definition of the four laws of associativity (contiguity, similarity, contrast) 

(Aristotle’s De Sensu and De Memoria), implying that memories are formed through 

linkages of different mental items. This idea has influenced many western 

philosophers including John Locke (Locke 1847) and David Hume (Hume 1874). 

Derivatives reverberated all the way into modern day neuroscience, when empirical 

evidence started to underpin the associative nature of memories starting with Ivan 

Pavlov’s conditioning experiments (Pavlov Ivan 1927). In the early 20th century, a key 

discussion in memory research concerned the degree to which individual memories 

were isolated from each other (Howard Eichenbaum 2017). Proponents of detailed 

stimulus-response studies (Spence 1950) favoured the idea that individual 

associations corresponding to one given memory are strongly separated, whereas 

proponents of more cognitive theories of learning and memory such as (spatial and 

multimodal) cognitive maps (Tolman 1948; H. Eichenbaum et al. 1999) highlighted the 

interrelations of individual memory items. In the second half of the 20th century 

(Bartlett and Burt 1933) cognitive theories of learning became more elaborate and 

different structures of mnemonic organisation have been proposed. The term 

mnemonic is used to refer to processes related to the acquisition, storage and retrieval 

of memories in this thesis. For instance, behavioural experiments suggested that 

memory items could be related using different organisational principles: for instance, 

https://paperpile.com/c/JOAPQI/VzE4
https://paperpile.com/c/JOAPQI/Kxmf
https://paperpile.com/c/JOAPQI/Kxmf
https://paperpile.com/c/JOAPQI/JuF1
https://paperpile.com/c/JOAPQI/nnmp
https://paperpile.com/c/JOAPQI/tCkH
https://paperpile.com/c/JOAPQI/hrR4V
https://paperpile.com/c/JOAPQI/1Ax0p
https://paperpile.com/c/JOAPQI/6NrR+QTBh
https://paperpile.com/c/JOAPQI/8twe
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in an associative, sequential or hierarchical manner (Mandler 1979, 2011). The 

predominant opinion today is that memory items are stored in an overlapping fashion 

in which new memories are embedded into a pre-existing network of associations 

(Mayford, Siegelbaum, and Kandel 2012; Zeithamova, Dominick, and Preston 2012; 

Milivojevic, Vicente-Grabovetsky, and Doeller 2015). 

1.2. Regional specialisations for mnemonic processing? 

 

Previous studies focused on characterising the involvement of isolated brain regions 

in specialised tasks and behaviours. Whilst acknowledging that other brain systems 

are crucially involved in learning and memory, such as the basal ganglia (Packard and 

Knowlton 2002), I will focus on reviewing key insights derived from five of the more 

extensively studied brain regions in this context: the dorsal cornu ammonis 1 (CA1) 

area of the hippocampus, amygdala (Amy), nucleus accumbens (NAc), prefrontal 

cortex (PFC) and ventral tegmental area (VTA). For the purpose of this work, I will 

narrow the review down to the mnemonic representations (i.e. different 

stimuli/modalities) ascribed to those brain regions and where relevant, I will point 

towards important roles in learning and memory. 

1.2.1. Hippocampal CA1 region 

 

Anatomy: CA1 is part of the hippocampal formation which encompasses the dentate 

gyrus (DG), CA3, CA2 and CA1. A coronal dissection of the dorsal CA1 in mice reveals 

4 distinct layers, namely stratum (str.) oriens, str. pyramidale (containing the pyramidal 

cell bodies), str. radiatum and str. lacunosum moleculare (Andersen et al. 2007). The 

main input into the hippocampus arrives through a trisynaptic pathway, which starts 

with the perforant path. Its axons originate from in the entorhinal cortex and terminate 

https://paperpile.com/c/JOAPQI/SoO3z+52ujW
https://paperpile.com/c/JOAPQI/mtXcz+AAX8h+TvZjY
https://paperpile.com/c/JOAPQI/mtXcz+AAX8h+TvZjY
https://paperpile.com/c/JOAPQI/BtMDG
https://paperpile.com/c/JOAPQI/BtMDG
https://paperpile.com/c/JOAPQI/jx3XQ
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in the dentate gyrus and CA3. DG neurons synapse onto CA3 neurons, which in turn 

project through the Schaffer collaterals (located in the str. radiatum) to CA1 neurons. 

Another pathway originating in the entorhinal cortex synapses directly onto CA1 

neurons in the str. lacunosum moleculare. Furthermore, CA1 also receives inputs from 

other regions such as Amy (Pikkarainen et al. 1999) and VTA (Loy et al. 1980). 

Role in mnemonic stimulus representation: since the discovery of place cells, which 

are pyramidal neurons which fire when the animal is in certain locations in space 

(O’Keefe and Dostrovsky 1971a), hippocampal memory research has been strongly 

dominated by a focus on spatial representation. Consistently, some forms of spatial 

learning are impaired following hippocampal lesions in mice (O’keefe and Nadel 1978). 

However, accumulating evidence indicates that the hippocampus also engages in 

mnemonic processing of different stimulus modalities. An early study showed that CA1 

units responded to both an auditory conditioned stimulus (CS) as well as haptic 

unconditioned stimuli (US), i.e. a corneal airpuff in rabbits (Berger, Alger, and 

Thompson 1976; McEchron and Disterhoft 1997)). Furthermore, CA1 neurons can 

carry temporal information about the stimuli (McEchron and Disterhoft 1997) and 

respond to a number of different stimulus modalities including olfactory (H. 

Eichenbaum et al. 1987), auditory (Sakurai 1990) and visual cues (Wible et al. 1986). 

Moreover, pyramidal neurons of the CA1 region go beyond simple stimulus 

representation. They are also involved in conjunctive coding of two different stimulus 

modalities such as odour-place (Manns and Eichenbaum 2009) and place-reward 

(Komorowski and Manns 2009) associations. Finally, for such associations to be 

formed, memory items do not need to be experienced simultaneously during learning. 

A more recent research showed that the CA1 region is crucially involved in associating 

https://paperpile.com/c/JOAPQI/BZ1I
https://paperpile.com/c/JOAPQI/xEbUZ
https://paperpile.com/c/JOAPQI/oMsiE
https://paperpile.com/c/JOAPQI/4HC9p
https://paperpile.com/c/JOAPQI/lGvKj+doHrr
https://paperpile.com/c/JOAPQI/lGvKj+doHrr
https://paperpile.com/c/JOAPQI/doHrr
https://paperpile.com/c/JOAPQI/121Fl
https://paperpile.com/c/JOAPQI/121Fl
https://paperpile.com/c/JOAPQI/GaPkO
https://paperpile.com/c/JOAPQI/IXXvH
https://paperpile.com/c/JOAPQI/D5INk
https://paperpile.com/c/JOAPQI/OZEhB
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cross-modal stimuli that had not been directly paired with each other in an inference-

learning based paradigm (Barron et al. 2020). 

1.2.2. Amygdala 

 

Anatomy: The amygdala is divided into three nuclei groups: (i) basolateral amygdala 

(BLA), which consists of the lateral nucleus (LA), the basal nucleus (BA) and the 

basomedial nucleus (BM), (ii) the cortical like groups and the (iii) centromedial nuclei 

(Sah et al. 2003). The amygdala receives inputs from all sensory modalities originating 

in numerous cortical areas including PFC (McGarry and Carter 2017), visual, 

somatosensory and gustatory cortices (equipping the amygdala with the capacity for 

the formation of cross-modal associations) (Sah et al. 2003), the ventral hippocampus 

(Bazelot et al. 2015) as well as subcortical regions (Sah et al. 2003) such as the VTA 

(Wei Tang et al. 2020). 

Role in mnemonic stimulus representation: Early cues towards the involvement of the 

Amy in attaching emotional meaning to sensory stimuli were obtained in primate lesion 

studies in the late 19th (S. Brown and Sharpey-Schafer 1888) and early 20th (Klüver 

and Bucy 1937) century. Subsequent lesion work in rodents (Blanchard, Caroline 

Blanchard, and Blanchard 1972) demonstrated the involvement of the amygdala in 

pavlovian fear conditioning, which set the trajectory for the main focus of subsequent 

studies. For instance, associations between noxious and auditory (Maren et al. 1996) 

as well as noxious and visual contextual (Bauer, Schafe, and LeDoux 2002) cues is 

dependent on N-methyl-D-aspartate receptor (NMDAR) mediated synaptic plasticity 

in the BLA. Consistently, in fear conditioning paradigms Amy neurons respond to 

auditory (Quirk, Armony, and LeDoux 1997), spatio-contextual (Hobin, Goosens, and 

Maren 2003) and olfactory (Sevelinges et al. 2004) conditioned stimuli. Other studies 

https://paperpile.com/c/JOAPQI/inSJ9
https://paperpile.com/c/JOAPQI/mCW9F
https://paperpile.com/c/JOAPQI/CI9et
https://paperpile.com/c/JOAPQI/mCW9F
https://paperpile.com/c/JOAPQI/BGqpR
https://paperpile.com/c/JOAPQI/mCW9F
https://paperpile.com/c/JOAPQI/2lMWC
https://paperpile.com/c/JOAPQI/uMhBl
https://paperpile.com/c/JOAPQI/KTQeY
https://paperpile.com/c/JOAPQI/KTQeY
https://paperpile.com/c/JOAPQI/GSjQh
https://paperpile.com/c/JOAPQI/GSjQh
https://paperpile.com/c/JOAPQI/I8q4l
https://paperpile.com/c/JOAPQI/Aj4vE
https://paperpile.com/c/JOAPQI/r9mdT
https://paperpile.com/c/JOAPQI/aPSBk
https://paperpile.com/c/JOAPQI/aPSBk
https://paperpile.com/c/JOAPQI/BlQ03
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demonstrated that the amygdala is involved in social behaviour (Wellman et al. 2016), 

the acquisition and expression of reward related associations in operant conditioning 

experiments with water-deprived animals (Cador, Robbins, and Everitt 1989), and 

sexual reinforcement (Everitt, Cador, and Robbins 1989). The representation of 

rewarding versus aversive stimuli appears to be separated at the single cell level 

although the location of neurons preferentially responding to aversive or appetitive CS 

and US within the amygdala seems to be intermingled (Paton et al. 2006; Belova, 

Paton, and Salzman 2008). Although some authors have argued that reward-related 

first order pavlovian conditioning is not BLA-dependent while second order 

conditioning is (Hatfield et al. 1996; Parkinson, Robbins, and Everitt 2000), evidence 

to the contrary exists (Murray and Mishkin 1984; Spiegler and Mishkin 1981; Gaffan 

and Harrison 1987). It is now generally thought that the amygdala is important in 

associating stimuli with their reward value (Wassum and Izquierdo 2015; Baxter and 

Murray 2002). 

1.2.3. Nucleus accumbens 

 

Anatomy: Efferent inputs into the NAc originate from the hippocampal formation 

including (to a minor extent) from CA1 (Kelley and Domesick 1982; Trouche et al. 

2019), BLA (Wright, Beijer, and Groenewegen 1996; Groenewegen et al. 1999), PFC 

(Beckstead 1979; Phillipson and Griffiths 1985; Montaron et al. 1996) and VTA (Fallon 

and Moore 1978; Phillipson and Griffiths 1985). The NAc is subdivided into two 

anatomically distinct regions, the core and the shell (Brog et al. 1993). While there is 

a general overlap in the input to the core and shell (Zahm 1999, 2000), there are some 

differences. For instance more dorsal CA1 fibers project to the shell than to the core 

(Trouche et al. 2019) and while the core receives inputs from the parahippocampal 

https://paperpile.com/c/JOAPQI/yCZpg
https://paperpile.com/c/JOAPQI/ABV78
https://paperpile.com/c/JOAPQI/dsgfh
https://paperpile.com/c/JOAPQI/2QiPn+8sh5G
https://paperpile.com/c/JOAPQI/2QiPn+8sh5G
https://paperpile.com/c/JOAPQI/CVKxX+JnDeP
https://paperpile.com/c/JOAPQI/VecR+4GyH+hIJX
https://paperpile.com/c/JOAPQI/VecR+4GyH+hIJX
https://paperpile.com/c/JOAPQI/Ysoh+bOV8
https://paperpile.com/c/JOAPQI/Ysoh+bOV8
https://paperpile.com/c/JOAPQI/4tOMq+7I0O
https://paperpile.com/c/JOAPQI/4tOMq+7I0O
https://paperpile.com/c/JOAPQI/h1ZFw+oj92
https://paperpile.com/c/JOAPQI/dFqCv+3NiXG+qhfBd
https://paperpile.com/c/JOAPQI/DJCmL+3NiXG
https://paperpile.com/c/JOAPQI/DJCmL+3NiXG
https://paperpile.com/c/JOAPQI/08Ze
https://paperpile.com/c/JOAPQI/cMlBx+p7jA7
https://paperpile.com/c/JOAPQI/7I0O
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regions the shell receives input from the ventral subiculum (Voorn et al. 2004; 

Berendse and Groenewegen 1990). Interestingly, these anatomical projections 

appear to correspond to a functional gradient. While projections from the ventral 

subiculum to the NAc shell are related to context-dependent reinstatement of 

memories (Bossert et al. 2016), the projection from CA1 supports appetitive spatial 

memory (Trouche et al. 2019) 

Role in mnemonic stimulus representation: the NAc is thought to act as a limbic-motor 

interface (Mogenson 1985; Mogenson, Jones, and Yim 1980). Numerous studies have 

established that the NAc is necessary to learn pavlovian associations (Ciano et al. 

2001; Parkinson et al. 2002) and to initiate appetitive approach behaviour (Maldonado-

Irizarry and Kelley 1994; Michael Wu, Brudzynski, and Mogenson 1993; M. Wu, 

Brudzynski, and Mogenson 1993). However, it is not required for instrumental learning 

(Cardinal and Cheung 2005; Corbit and Balleine 2011; Parkinson et al. 1999b; J. 

Taylor and Robbins 1986) and to perform discriminations between cues to obtain a 

reward (Castañé, Theobald, and Robbins 2010; Floresco et al. 2006). NAc cells are 

capable of acquiring firing rate responses to sensory stimuli as a function of continued 

pavlovian training: for instance, olfactory cues associated with reward produced firing 

rate changes in more NAc neurons in proficient mice compared to naive animals 

(Setlow, Schoenbaum, and Gallagher 2003). Similar results were obtained using 

audiovisual stimuli (Roitman, Wheeler, and Carelli 2005). Notably, the NAc also 

processes aversive mnemonic information. Previous studies have shown that the NAc 

is involved in the acquisition and to a lesser degree in the expression of conditioned 

responses when using contextual but not discrete cues (Haralambous and Westbrook 

1999; Levita, Dalley, and Robbins 2002; Parkinson et al. 1999b). Furthermore, another 

study demonstrated that NAc neurons exhibit different temporal dynamics of firing rate 

https://paperpile.com/c/JOAPQI/KvnMz+yXSOV
https://paperpile.com/c/JOAPQI/KvnMz+yXSOV
https://paperpile.com/c/JOAPQI/i24x
https://paperpile.com/c/JOAPQI/7I0O
https://paperpile.com/c/JOAPQI/1HLdp+fhKpF
https://paperpile.com/c/JOAPQI/XrSWt+ntttc
https://paperpile.com/c/JOAPQI/XrSWt+ntttc
https://paperpile.com/c/JOAPQI/43mGr+6HJdD+nVhbK
https://paperpile.com/c/JOAPQI/43mGr+6HJdD+nVhbK
https://paperpile.com/c/JOAPQI/43mGr+6HJdD+nVhbK
https://paperpile.com/c/JOAPQI/j9qEP+OjPwX+kAlZg+7wMMq
https://paperpile.com/c/JOAPQI/j9qEP+OjPwX+kAlZg+7wMMq
https://paperpile.com/c/JOAPQI/9ZxWT+vSBix
https://paperpile.com/c/JOAPQI/HSi5A
https://paperpile.com/c/JOAPQI/OB9O3
https://paperpile.com/c/JOAPQI/P7m8f+hiPuF+kAlZg
https://paperpile.com/c/JOAPQI/P7m8f+hiPuF+kAlZg
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changes in response to rewards (sucrose) and aversive tastes (quinine) and encode 

their predicting audiovisual CS (Roitman, Wheeler, and Carelli 2005). These findings 

show that the NAc holds both, appetitive and aversive mnemonic representations. It 

has been argued that the NAc core and shell play different roles in translating such 

associations into behaviour: while the shell promotes the locomotor response in 

conditioning paradigms, the core controls the expression or potentiation of pavlovian 

conditioned responses (Parkinson et al. 1999a). 

1.2.4. PFC 

 

Anatomy: The rodent PFC contains the orbital, agranular insular regions, and medial 

PFC (Van De Werd and Uylings 2008). The medial PFC is further subdivided in the 

infralimbic cortex, prelimbic cortex and anterior cingulate cortex (Giustino and Maren 

2015). The prefrontal cortex is heavily interconnected with the rest of the brain and as 

such receives input from several regions including, but not limited to, the Amy (Little 

and Carter 2012; Krettek and Price 1977), CA1 (Jay and Witter 1991), and VTA 

(Lammel et al. 2008; Chaudhury et al. 2013). 

Role in mnemonic stimulus representation: Previous studies have shown that the PFC 

is engaged in recent (1-2 days) (Kevin A. Corcoran and Quirk 2007) as well as remote 

(weeks) memory storage, which is accompanied by PFC network restructuring 

(Bontempi et al. 1999). Cells in the rodent PFC respond to multiple stimulus modalities 

in memory tasks, such as auditory CS in fear conditioning paradigms (Milad and Quirk 

2002), visual stimuli (Xiang and Brown 2004), social representations and olfactory 

cues (Levy et al. 2019). Moreover, in analogy to primate studies (Wallis, Anderson, 

and Miller 2001), the rodent PFC neurons can learn to respond to multiple visual stimuli 

belonging to the same behaviourally meaningful category (Reinert et al. 2021) and 
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hence, providing a platform for more complex, abstract forms of learning (Miller, 

Freedman, and Wallis 2002). Lesioning studies indicated the requirement of PFC for 

space-object associations (Kesner and Ragozzino 2003) and neurons with mixed 

selectivity for different task variables (Rigotti et al. 2013) have been reported in the 

PFC using a memory task (Dang et al. 2020). Ultimately, the involvement of the PFC 

in mnemonic representations as well as decision-making (Domenech and Koechlin 

2015) has led to the idea that the PFC ‘predicts the most adaptive response based on 

previous experience’ (Euston, Gruber, and McNaughton 2012), meaning that past 

experiences are synthesised in a way that produce the most effective behaviour during 

the situation at hand. 

1.2.5. VTA 

 

Substantial work has been conducted on the role of the VTA in learning, memory and 

ongoing behaviour as well as the involvement of different cell types and 

neurotransmitters in those aspects. I will review these in more detail below in section 

1.5 and focus on mnemonic representations in the VTA itself here.  

Anatomy: The VTA is divided into medial and lateral VTA with the former consisting of 

the caudal linear nucleus and interfascicular nucleus and the latter being composed 

of the parabrachial pigmented nucleus and the paranigral nucleus. The VTA receives 

input from the NAc (Zahm and Heimer 1993; Usuda, Tanaka, and Chiba 1998), PFC 

(Carr and Sesack 2000), lateral habenula (Omelchenko, Bell, and Sesack 2009), 

anterior cortex, the bed nucleus of the stria terminalis (D. Takahashi et al. 2019) and 

dorsal raphe nuclei (A. J. Chang et al. 2021).  

Role in mnemonic stimulus representation: Early work on pavlovian conditioning in the 

VTA revealed that putative dopaminergic neurons acquire learned responses to 
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conditioned stimuli from various modalities including visual (Schultz, Dayan, and 

Montague 1997), auditory (Pan et al. 2005) and spatio-contextual cues (Puryear, Kim, 

and Mizumori 2010). Notably some VTA neurons exhibited conjunctive coding 

between the context and movement, the latter of which may be indicative of the 

motivational state (Puryear, Kim, and Mizumori 2010). More recently, it has been 

shown that the motivational state can be dissociated from learning signals on the basis 

of dopamine release in the NAc: reward prediction errors (RPE) but not the 

motivational state were encoded in dopamine VTA cell activity spiking activity. 

However, the motivational state had no effect on dopamine release in the NAc, but 

RPEs did (Mohebi et al. 2019). Anticipatory signals may also extend to cues signaling 

the onset of a trial in which a motor action can be taken in order to obtain a reward 

(Ljungberg, Apicella, and Schultz 1992) and reflect mnemonic signatures of learned 

probabilities of obtaining a reward (Fiorillo, Tobler, and Schultz 2003). The observation 

that dopaminergic neurons respond to the experience of unexpected rewards and 

conditioned cues associated with rewards but are inhibited when an expected reward 

is omitted (Schultz and Dickinson 2000) gave rise to the idea that these VTA neurons 

may signal an error in the prediction of reward (Schultz, Dayan, and Montague 1997) 

relying on fast transient responses. Interestingly, dopaminergic VTA neurons also 

encode deviations from predicted features of rewards, even if their reward value 

remains the same (Stalnaker et al. 2019; Y. K. Takahashi et al. 2017) and may even 

have a role in sensory preconditioning (Gardner, Schoenbaum, and Gershman, 2018). 

The multidimensional sensory content of such a mispredicted event is encoded in the 

population activity of dopaminergic VTA neurons (Stalnaker et al. 2019). More recent 

research has uncovered that ramping activity of dopamine neurons also encodes 

temporal difference errors related to an expected sequence of events leading to a 
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reward (Kim et al. 2020). Such dynamics have been shown to underlie a gradual 

backwards shift (from the reward delivery) of conditioned stimulus (Amo et al. 2020). 

Moreover, uncertainty about the sensory state predicting a future reward modulates 

reward prediction errors encoded by dopamine neuron activity (Babayan, Uchida, and 

Gershman 2018). Notably, dopaminergic VTA neurons have been shown to respond 

to multiple sensory variables and neurons encoding similar combinations of variables 

are clustered anatomically (Engelhard et al. 2019). Beyond  reward, other work has 

indicated that VTA neurons also acquire responses to CSs in aversive conditioning 

paradigms using auditory (Guarraci and Kapp 1999) and visual cues (Gore, Soden, 

and Zweifel 2014). Consistently, dopaminergic VTA neurons reinforce the avoidance 

of aversive stimuli (Menegas et al. 2018). 

1.2.6. Interactions between regions in processing mnemonic stimuli 

 

While neurons appear to respond to mnemonically relevant behavioural parameters in 

different brain regions, thus holding different parts of whole memories, it is thought 

that the communication and cooperation of different brain areas allows for the 

integration of such mnemonic fragments (Schlichting and Preston 2015). While I 

acknowledge that a plethora of examples involving other brain regions exists, in this 

paragraph I will focus on reviewing evidence for the communication betIen CA1, BLA, 

NAc, PFC and VTA (Fig. 1).  

The classical understanding of the roles ascribed to the regions is the following: 

individual neurons in the dorsal CA1 represent spatio-visual surroundings (Wilson and 

McNaughton 1993; Leutgeb et al. 2005; O’Keefe and Dostrovsky 1971b); Amy and 

VTA area neurons process negative and positive stimuli (e.g., conditioned auditory 

cues) (Ambroggi et al. 2008; Beyeler et al. 2016; Herry et al. 2008; Cohen et al. 2012; 
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Kyriazi, Headley, and Paré 2020; Root, Estrin, and Morales 2018; Engelhard et al., 

2019); medial PFC neurons underpin decision-making (Sul et al. 2010; Narayanan 

and Laubach 2006; Passecker et al. 2019) and NAc neurons process cue-predicted 

reward outcomes (Lansink et al. 2012; van der Meer and Redish 2009; Lavoie and 

Mizumori 1994). As a result, anatomical connectivity between these five regions could 

support the joint processing of aversive and appetitive stimuli while incorporating 

contextual information and decision making. 

 

Fig. 1 Schematic of the anatomical connectivity of regions investigated in this thesis. 

The anatomical connectivity between CA1, Amy, NAc, PFC and VTA is thought to support 

behaviour relying on aversive and appetitive stimuli, contextual information, decision making 

and outcomes. 

For instance, CA1 directly projects to the medial PFC (Hoover and Vertes 2007). The 

PFC is thought to be crucially involved in memory retrieval (Hoover and Vertes 2007) 

and single neurons in CA1 have been shown to encode contextual information 

(Daumas et al. 2005). Hence, the CA1-PFC projection is thought to support memory 

retrieval that depends on contextual information (Schacter, Harbluk, and McLachlan 

1984; K. A. Corcoran and Maren 2001). CA1, alongside with the PFC and Amy also 

projects to the NAc (Groenewegen et al. 1999). It has been shown that CA1 provides 
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contextual information (CA1-NAc) (Goto and Grace 2005; Trouche et al. 2019) while 

PFC inputs facilitate set-shifting behaviour, and hence support executive control via 

the PFC-NAc connection (Goto and Grace 2005). The amygdala sends projections to 

the NAc (Brog et al. 1993). Consistent with the amygdala’s role in processing 

behaviour relying on cues predicting aversive outcomes (LeDoux 2003) as well as 

appetitive conditioned stimuli (Uwano et al. 1995), the Amy-NAc pathway has been 

shown to drive responses to reward predicting cues in the NAc and to ultimately 

promote reward seeking behaviour (Ambroggi et al. 2008). Dopaminergic VTA-NAc 

inputs have been shown to play a key role in regulating glutamatergic transmission 

from other regions to the NAc and hence, has been suggested to participate in the 

modulation of goal directed behaviors (Yu et al. 2019). For instance, reward seeking 

behaviour driven by Amy inputs into the NAc depends on simultaneous D1-receptor 

activation (Ambroggi et al. 2008) and hippocampal and prefrontal inputs are modulated 

via D1 and D2 receptor input, respectively (Goto and Grace 2005). Glutamatergic 

VTA-NAc inputs have been shown to drive aversive behaviour by acting on NAc 

GABAergic neurons (Qi et al. 2016), suggesting a possible dichotomy in the roles for 

dopaminergic versus glutamatergic inputs for the NAc with the former being related to 

goal/reward-related behaviour (Ambroggi et al. 2008; Goto and Grace 2005) and the 

latter regulating aversive behaviours (Qi et al. 2016). The VTA and CA1 are suggested 

to form a functional loop governing the entry of novel information into long-term 

memory (John E. Lisman and Grace 2005): in this model of a VTA-CA1 loop, the 

hippocampus detects novel information, and sends an indirect signal via the 

subiculum, NAc and ventral pallidum to the VTA, which in turn activate dopaminergic 

neurons projecting back to CA1 supporting local synaptic plasticity. Activation of 

dopaminergic VTA-PFC  has been shown to have different effects on the PFC’s role 
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in executive control. While tonic excitation of dopaminergic inputs resulted in the 

maintenance of previously learned behavioural choices associated with reward, 

phasic excitation produced a deviation from previously learned rules (Ellwood et al. 

2017). Furthermore, the PFC also projects to the VTA (Carr and Sesack 2000), where 

inputs terminate on dopaminergic neurons, potentially providing means for top down 

modulation by the PFC of VTA neurons. The PFC and Amy are strongly reciprocally 

connected (Little and Carter 2013). It is generally thought that the PFC-Amy projection 

is involved in regulating fear responses and gates extinction learning (Giustino and 

Maren 2015; Sotres-Bayon, Bush, and LeDoux 2004). Conversely, inhibitory 

connections from the Amy to PFC drive reward seeking (but not consumption) 

behaviour suggesting a role in controlling response inhibition in the PFC (Seo et al. 

2016). The Amy projects directly to the ventral hippocampal CA3 and CA1 areas 

(Pikkarainen et al. 1999). These Amy-CA1 inputs drive associations between space 

and emotional content (Yang and Wang 2017) and projections from the posterior BLA 

to CA1 have an anxiolytic effect, while inputs from the anterior BLA reduce approach 

behaviour (Pi et al. 2020).  

In summary, these five interconnected brain regions are thought to exchange and 

integrate contextual (CA1) (Schacter, Harbluk, and McLachlan 1984; K. A. Corcoran 

and Maren 2001) and  conditioned cues (Amy) (Ambroggi et al. 2008) in appetitive 

and aversive behaviours. The PFC integrates those inputs and exerts top-down 

modulation of its downstream target areas (Ellwood et al. 2017; Goto and Grace 2005; 

Giustino and Maren 2015; Sotres-Bayon, Bush, and LeDoux 2004). The NAc receives 

direct input from all the other four regions and appears to regulate balance, and hence 

the behavioural impact of the inputs on the basis of the dopaminergic transmission 

levels arriving from the VTA (Goto and Grace 2005; Ambroggi et al. 2011). As such, 
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dopaminergic transmission from the VTA acts not only as a teaching signal in its target 

areas but also as a regulator between different behavioural responses, while 

glutamatergic inputs into the NAc produce aversive behaviour (Qi et al. 2016). 

1.3. The assembly hypothesis 

 

In 1949, Donald Hebb suggested that memories are represented in the combined 

activity of individual neurons forming groups, which he termed ‘cell assemblies’ (Hebb 

1949a). He postulated that the mechanism giving rise to such cell assemblies is 

repeated co-activity leading to strengthened synaptic connectivity between the cells 

firing together. In his own words: “When an axon of cell A is near enough to excite a 

cell B and repeatedly or persistently takes part in firing it, some growth process or 

metabolic change takes place in one or both cells such that A’s efficiency, as one of 

the cells firing B, is increased.” (Hebb, 1949; p.62). He postulated that strengthened 

connectivity would then enable neurons to fire together and reinstate the complete 

representation of a memory even if initially only a subset of the assembly member 

neurons were activated. He based his argumentation on the at the time recent 

discovery that in the cortex (i) input from multiple presynaptic neurons is required to 

trigger action potentials in the postsynaptic cells and (ii) neurons are heavily 

reciprocally connected (De No 1938). The initial input would be provided by primary 

sensory areas, which Hebb assumed to be excluded from participation in memory 

assemblies. More recent research, however, has shown that even lower sensory 

cortices do indeed participate in memory retrieval (Wheeler, Petersen, and Buckner 

2000). Importantly, Hebb recognised that such assemblies could be widely distributed 

across the brain and exhibit a degree of representational redundancy and, thus, 

provide resilience to perturbation of the system (Hebb, 1949, p. 74). 
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More recently, György Buzsáki proposed an argument about why it makes 

physiological sense for the brain to create groups of co-active neurons (Buzsáki 2010). 

He argues that an assembly can be defined from a downstream ‘reader’ neuron point 

of view, which integrates multiple presynaptic inputs arriving closely in time allowing 

the reader neuron to reach the depolarisation threshold required to initiate an action 

potential. Since multiple presynaptic neurons are required to initiate action potentials 

in downstream reader neurons (De No 1938), the relevant unit in the brain is such a 

co-firing assembly. This also means that presynaptic inputs need to arrive within the 

integration time window of the downstream reader neuron, which in the case of cortical 

and hippocampal cells is between 10-30 ms (Spruston and Johnston 1992; Koch, 

Rapp, and Segev 1996). 

Much of recent work has been conducted on pinpointing the nature of hippocampal 

assemblies (Kudrimoti, Barnes, and McNaughton 1999; Kenneth D. Harris et al. 2003; 

Malvache et al. 2016) and linking it to behaviourally relevant representations such as 

place-selective assemblies of CA1 pyramidal neurons (Van de Ven et al. 2016). 

However, empirical work on brain-wide distributed assemblies as initially postulated 

by Hebb (Hebb, 1949, p. 74) has lagged behind. Eichenbaum suggested that 

distributed assemblies are responsible for the representation of complex percepts and 

could emerge from local assemblies operating at lower sensory levels (H. Eichenbaum 

1993). Building on this, Mesulam proposed that multimodal areas could allow crosstalk 

between different brain regions by containing directories for binding distributed and 

modality-specific fragments into coherent concepts (Mesulam 1998). In other words, 

Mesulam suggests that more interconnected or multimodal areas (e.g. associatives) 

contain information about how to retrieve fragments of memories in more specialised 

brain areas (e.g. visual cortical areas). With the help of such multimodal areas, 
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elements represented in different specialised brain areas could be bound together to 

one coherent memory. According to him, multimodality serves to create content-

addressable associative memories. Wickelgren proposed that neural webs act as 

neural representations of concepts. Such neural webs could consist of neurons from 

different brain areas that are connected by long-range projections resulting in the 

formation of distributed assemblies. The important addition in this concept is that 

neurons involved in such distributed assemblies could then in turn trigger the formation 

of local assemblies within the participating brain areas. Such ‘locally nested’ 

assemblies in different brain areas could then be recruited to give rise to other new 

distributed assemblies (Wickelgren 1999). The retrieval of memory fragments could 

then happen simultaneously in different brain regions and cause the formation of more 

complex associations and representations as suggested by Sommer and Wennekers 

(Sommer and Wennekers 2003). Consistently, a study comparing decoding 

performance of neurons grouped into co-firing assemblies detected in four different 

brain regions (separately) found that the same behavioural task information could be 

decoded above chance level in each of the brain areas separately (Deolindo et al. 

2017). However, this study did not investigate neuronal co-firing activity between 

regions. In fact, few studies show co-activation of brain wide distributed neurons at the 

single cell level and rather focus on pairwise interrogations. For example, firing-

sequence replays by single neurons at millisecond timescales are coordinated 

between CA1 and PFC in a decision-making paradigm reliant on spatial learning (Shin, 

Tang, and Jadhav 2019) and CA1-PFC co-firing activity is increased during CA1 

sharp-wave ripple (SWR) events (Wenbo Tang et al. 2017). Similar results were 

obtained for CA1-amygdala cell pairs (Girardeau, Inema, and Buzsáki 2017) during 

SWRs. Furthermore, NAc single unit activity correlates with pyramidal cell firing in CA1 
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in a CPP task (Trouche et al. 2019) and VTA neurons that were active during the 

receipt of a reward later co-ordinated with hippocampal cells activity during spatial 

replay events in SWRs (Gomperts, Kloosterman, and Wilson 2015).  

The formation of cell assemblies has been argued to be organised by oscillatory 

activity, in particular by gamma oscillations (Buzsáki 2010). According to Buzsáki, 

cycles of excitation and inhibition determine the lifetime of an assembly, which 

depends on the time constant of ionotropic GABA receptors, AMPARs, and the time-

window of spike-time dependent plasticity of participating neurons. He further argues 

that interneurons play a crucial role in this process by supporting the selection of 

participating neurons for the assembly. This selection depends on the initial input into 

the system. Indeed, optogenetic silencing of CA1 inputs prevented the expression of 

local NAc assembly formation (Trouche et al. 2019) demonstrating the importance of 

interregional input for local assembly formation. One key unanswered question is how 

the initial selection of local neurons distributed across the brain works. One possibility 

is that a divergent pathway innervating multiple brain regions provides this first input 

for subsequent computation of local and distributed co-activity in a coordinated 

manner. Such a source would require widespread and far-reaching axonal projections. 

The VTA (Björklund and Dunnett 2007), raphe nuclei (Xu et al. 2020) and locus 

coeruleus (Foote, Bloom, and Aston-Jones 1983) could be a prime candidate for the 

provision of the required anatomical infrastructure. 

1.4. Cell types in the VTA and their behavioural relevance 

 

The VTA is involved in a number of different behaviours and exhibits cellular 

heterogeneity. In this section, I will review anatomical, physiological and behavioural 

findings relating to different cell types of the VTA. 
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1.4.1. VTA and dopamine signalling 

 

Physiology and anatomy: dopaminergic neurons are characterised by the expression 

of tyrosine hydroxylase (TH), an enzyme in the synthetic pathway of dopamine 

converting L-tyrosine to L-Dopa, a precursor of dopamine (Elsworth and Roth 1997). 

After dopamine is released, dopamine is taken back up into the cell by the dopamine 

transporter (DAT). Both molecules are used to identify and tag dopaminergic neurons 

(Pickel et al. 1975; Ciliax et al. 1995). Dopamine acts on presynaptic as well as 

postsynaptic dopamine receptors, which can be divided into D1-like (D1, D5) and D2 

(D2, D3, D4) - like receptors based similarities in molecular structure and associated 

signaling cascades (Neve, Seamans, and Trantham-Davidson 2004). All dopamine 

receptors are metabotropic (G protein coupled receptors i.e. GPCRs) and can exert 

changes to the membrane potential, albeit at slower timescales than receptors that 

are ligand gated ion channels. They can also exert longer-lasting plastic changes by 

modifying gene expression and metabolic processes leading to altered synaptic 

connectivity. Furthermore, while D1-like receptors mediate predominantly excitatory 

transmission, D2-like receptors generally have inhibitory effects (Tritsch and Sabatini 

2012). 

TH expression is relatively uniformly distributed across the entire VTA, while DAT 

neurons appear to be slightly more prevalent in lateral areas of the VTA (Li et al. 2013; 

Yamaguchi et al. 2011). A study has shown that dopaminergic neurons projecting to 

different brain areas receive input from quantitatively different presynaptic sources 

(Beier et al. 2015). Dopaminergic VTA neurons innervate a vast proportion of the brain 

via two main pathways, the mesolimbic and the mesocortical pathway (Björklund and 

Dunnett 2007). The mesolimbic DA pathway projects primarily to the ventral striatum 

https://paperpile.com/c/JOAPQI/qG0p0
https://paperpile.com/c/JOAPQI/2OwnB+IAi86
https://paperpile.com/c/JOAPQI/ihzoj
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https://paperpile.com/c/JOAPQI/k4Nlg+M1uKw
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https://paperpile.com/c/JOAPQI/8xGRr
https://paperpile.com/c/JOAPQI/d1DFf
https://paperpile.com/c/JOAPQI/d1DFf
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(which includes the NAc) and other limbic areas such as the amygdala, olfactory 

tubercle and the septum while mesocortical pathway innervates several cortical areas 

(Björklund and Dunnett 2007). 

Behaviour: It is now well established that dopaminergic neurons increase their firing 

rate in response to surprising rewards. If a consistent cue precedes the delivery of a 

reward, this response shifts to the CS instead and the firing rate is decreased if a 

predicted reward is omitted (Bromberg-Martin, Matsumoto, and Hikosaka 2010; 

Cohen et al. 2012; Schultz, Dayan, and Montague 1997). Consistently, activation of 

dopaminergic VTA neurons produces appetitive behaviour (H.-C. Tsai et al. 2009; 

Witten et al. 2011). It is generally thought that activation of dopaminergic VTA neurons 

precedes the formation of successful memories (Adcock et al. 2006) and is sufficient 

to strengthen persistent mnemonic assemblies (McNamara et al. 2014). Furthermore, 

dopaminergic VTA neurons are thought to encode incentive salience (Berridge 2007) 

and hence, are involved in motivational control (Bromberg-Martin, Matsumoto, and 

Hikosaka 2010; Salamone and Correa 2012). Beyond reward, dopaminergic VTA cells 

also respond to aversive US and CS (Aston-Jones and Moorman 2009; Schultz 2007). 

1.4.2. VTA and GABA signalling 

 

Physiology and anatomy: Gamma aminobutyric acid (GABA) is synthesized from 

glutamate by glutamate decarboxylase 1 (GAD1) or GAD2 (Brady et al. 2005) , which 

are used as markers for GABAergic neurons. GAD-expressing neurons are evenly 

spread across the VTA in a similar fashion to TH-expressing neurons (Margolis et al. 

2012; Olson and Nestler 2007). GABA ergic neurons in the VTA project to cholinergic 

interneurons in the NAc (M. T. C. Brown et al. 2012), to the habenula (Root, Mejias-

Aponte, Zhang, et al. 2014), to PFC (R. E. Brown and McKenna 2015), brainstem 
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including the ventral pallidum, lateral and magnocellular preoptic nuclei, lateral 

hypothalamus, amygdala and thalamus (S. R. Taylor et al. 2014). It is very likely that 

the VTA GABA population is highly diverse (Root, Mejias-Aponte, Zhang, et al. 2014; 

Olson and Nestler 2007), which could possibly explain the heterogeneity of behaviours 

GABAergic VTA signalling is involved in.  

Behaviour: GABAergic VTA neurons increase their firing rate in response to reward 

predicting CS. This increased firing rate remains high throughout the receipt of the 

reward (Cohen et al. 2012; Tan et al. 2012) indicating a role in appetitive conditioning. 

On the other hand, optogenetic activation of VTA GABA neurons causes conditioned 

place aversion (Tan et al. 2012), likely through the inhibition of neighbouring dopamine 

neurons (van Zessen et al. 2012). Reward consumption is inhibited by optogenetic 

stimulation of GABAergic neurons in the VTA (van Zessen et al. 2012) and activation 

of VTA GABA cells mediate defensive behaviour likely through projections to the 

central Amy  (Z. Zhou et al., 2018). Consistently, pathway specific optogenetic 

activation of GABAergic VTA-NAc projections promotes the animal’s ability to 

discriminate aversive CS (M. T. C. Brown et al. 2012).  

1.4.3. VTA and glutamate signalling 

 

Physiology and anatomy: glutamatergic VTA neurons were first demonstrated in 2006 

using the vesicular glutamate transporter (VGlut2) as a marker (Kawano et al. 2006). 

Glutamate acts on pre-and postsynaptic ligand gated in channels (N-methyl-D-

Aspartate receptors i.e NMDAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid receptor i.e. AMPARs and Kainate receptors) allowing for fast neurotransmission 

at millisecond timescales as well as the induction of synaptic plasticity (Y. Zhou and 

Danbolt 2014). Glutamate also acts on GPRCs (mGluR 1-8) causing prolonged 

https://paperpile.com/c/JOAPQI/62DAQ
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modulation of the membrane potential for hundreds of milliseconds and the induction 

of plastic changes (Y. Zhou and Danbolt 2014).  

Cell bodies of glutamatergic VTA neurons predominantly concentrate in the midline 

nuclei of the VTA and become progressively less dense towards the lateral areas 

(Yamaguchi et al. 2011; Yamaguchi, Sheen, and Morales 2007) and receive 

proportionally different inputs from presynaptic sources compared to GABAergic and 

dopaminergic neurons (Faget et al. 2016). Glutamatergic VTA neurons have 

previously been shown to project to a number of target regions spread across the 

brain. Early evidence demonstrated that electrical stimulation in the VTA elicits fast 

responses indicative of monosynaptic connections in the rat frontal cortex (Mercuri et 

al. 1985). Two decades later, it has been shown that GABAergic neurons in the PFC 

are innervated by glutamatergic VTA cells and only exert a small excitatory effect on 

pyramidal neurons (Lavin et al. 2005; Kabanova et al. 2015). PFC innervation was 

also confirmed anatomically using histological methods (Yamaguchi et al. 2011). This 

study confirmed that VGlut2-only VTA neurons also innervated the NAc. A later 

comprehensive anatomical study identified projections to the bed nucleus of stria 

terminalis (BNST), the preoptic nucleus and confirmed projections of VGlut2-only cells 

to PFC, Amy, lateral habenula, NAc shell and core (S. R. Taylor et al. 2014). 

Furthermore, optogenetic activation of glutamatergic fibers from the VTA triggered 

spiking in NAc-GABAergic interneurons, which inhibited neighbouring medium-spiny 

neurons cells of the NAc (Qi et al. 2016). Glutamatergic projections from the VTA to 

the Amy have been demonstrated anatomically (Hnasko et al. 2012). Finally, 

optogenetic glutamatergic axons projecting from the VTA to CA1 triggered spiking in 

pyramidal neurons (Adeniyi, Shrestha, and Ogundele 2020). Given such a brain wide 

https://paperpile.com/c/JOAPQI/afDg6
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innervation pattern it is not surprising that glutamatergic VTA neurons appear to be 

involved in a large set of behaviours. 

Behaviour: The understanding of the role of glutamatergic VTA neurons in specific 

types of behaviours has rapidly evolved within in the last five years. Generalised 

optogenetic activation of glutamatergic VTA cell bodies produces appetitive behaviour 

(H.-L. Wang et al. 2015). However, this effect appeared to be dependent on dopamine 

and was suggested to be mediated through the excitation of neighbouring 

dopaminergic neurons. Other research showed that glutamatergic cells are involved 

in the processing of aversive conditioning: activation of glutamatergic VTA fibers 

innervating the NAc and the lateral habenula drives aversive conditioning (Qi et al. 

2016; Root, Mejias-Aponte, Qi, et al. 2014; Lammel et al. 2015). Since dopaminergic 

signalling has been historically implicated in reward processing, these early studies on 

glutamatergic VTA cells gave rise to the idea that different VTA neuron subtypes as 

defined by their neurotransmitter may be involved in different types of behaviours 

(Morales and Margolis 2017). This idea is partially supported by more recent research: 

cell-type specific permanent ablation of glutamatergic VTA neurons abolishes innate 

defensive behaviour (Barbano et al. 2020). Consistently, the firing rate of the majority 

of glutamatergic VTA cells increased during an aversive stimulus (airpuff), while the 

remaining cells decreased firing rate (Root, Estrin, and Morales 2018). Interestingly 

however, amongst the neurons which responded to an increase in firing rate there 

were also neurons that also responded to the receipt of a reward. This led the authors 

to conclude that glutamatergic VTA cell function is heterogeneous. A part of the 

glutamatergic cell population responds to aversion while another part responds 

generally to salient events (Root, Estrin, and Morales 2018). Indeed, subsequent 

research points towards a more complex role of glutamatergic VTA cells in behaviour. 

https://paperpile.com/c/JOAPQI/ZD98D
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While chemogenic inactivation of glutamatergic VTA fibers innervating the dorsal 

hippocampus prevents the acquisition and the recall of context-specific fear memory, 

also the retrieval of conditioned place-preference memories was impaired in treated 

animals (Han et al. 2020). Furthermore, one subpopulation of glutamatergic VTA 

neurons appears to decrease in firing rate while another increases in response to 

reward delivery (McGovern, Polter, and Root 2021). Similar to dopaminergic neurons, 

glutamatergic VTA cell activation can act as a positive reinforcer in a dopamine 

independent manner (Zell et al. 2020). As suggested recently, one way of reconciling 

these findings is that different behaviours depend on different VTA cell subpopulations 

as defined by their presynaptic inputs (Montardy et al. 2019).  

1.5. Anatomical spread of dopaminergic, glutamatergic and GABAergic VTA 

neurons 

 

In rats, most TH-expressing neurons are concentrated in the lateral VTA. However, in 

rats neurons expressing DAT (the dopamine transporter required for dopamine 

reuptake) and (VMAT2, the vesicular monoamine transporter required for vesicular 

packaging) are expressed in the lateral aspects of the VTA, a lower number of neurons 

in the medial VTA lacks the expression of these proteins (Li et al. 2013). Consistently, 

in the mouse VTA also some TH-positive neurons lack the expression of VMAT and 

DAT (Stamatakis et al. 2013; Lammel et al. 2008). Dopaminergic only neurons (i.e. 

expressing the TH protein but not VGlut2 mRNA) are roughly equally spread 

throughout all regions of the VTA in rats (Yamaguchi et al. 2011). VGlut2-only neurons 

are concentrated and outnumber TH expressing cells in the medial parts of the VTA 

(Yamaguchi, Sheen, and Morales 2007; Yamaguchi et al. 2011, 2015). Combinatory 

dopaminergic-glutamatergic neurons (TH protein and VGlut2 mRNA-positive) are 

concentrated in the medial VTA (Yamaguchi et al. 2011). Such combinatorial neurons 
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have been shown to project to areas similar to the targets of the dopaminergic VTA, 

such as the NAc and PFC (Kabanova et al. 2015; Yamaguchi et al. 2011; Stuber et al. 

2010; Tecuapetla et al. 2010). In the NAc these fibers have been shown to contain 

adjacent but separate synaptic terminals for dopaminergic and glutamatergic release 

sites along the same axon (Zhang et al. 2015). A large-scale synthesizing review 

aiming to classify VTA cells based on molecular markers identified 6 clusters 

containing VGlut2-expressing neurons that are spread throughout the VTA (Poulin et 

al. 2020). However, findings in this review were generated from animals aged 7 days 

or younger and cannot be extrapolated to the adult population, as the expression 

profiles may change as the brain matures. The studies by Yamaguchi et al. however, 

were conducted in adult mice and show that TH-only and dual TH-VGlut2 neurons 

occur predominantly in the medial VTA (Yamaguchi, Sheen, and Morales 2007; 

Yamaguchi et al. 2011, 2015). Furthermore, a small population of VTA neurons 

expresses VGlut2, GAD and TH (Yamaguchi et al. 2011) and another population 

projecting to the lateral habenula expresses VGlut2, VGAT, GAD1 and GAD2 (Root, 

Mejias-Aponte, Zhang, et al. 2014). GABAergic co-transmission with dopamine 

appears to occur from the same vesicle (Root, Mejias-Aponte, Zhang, et al. 2014) and 

GABA-glutamate co-release happens from the same terminal with separate vesicles 

(Zhang et al. 2015). 

In summary, the following picture appears: purely glutamatergic neurons are 

concentrated in the midline nuclei of the VTA accompanied by a smaller subset of 

glutamate-dopamine co-releasing neurons. Dopaminergic-only neurons are spread 

across the VTA. By far not all dopaminergic VTA neurons also express glutamatergic 

neurons. Lastly, a minor proportion of VTA neurons also co-express GABA-glutamate 
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or GABA-TH-glutamate. A comprehensive review by Marisela Morales summarises 

these findings (Morales and Margolis 2017). 

In summary, the majority of evidence suggests that no one single VTA cell type (as 

defined by their neurotransmitter) appears to be exclusively dedicated to certain types 

of behaviour and conversely, the same behaviour appears to be supported by multiple 

VTA neuron types. In fact, it is unlikely that any neuron type in the brain is responsible 

for a certain behaviour, but instead a computation that is shared across different 

behaviours. 

1.6. Overview and hypothesis 

 

Based on the reviewed literature, the following picture emerges: mnemonic 

representations in the brain are distributed across multiple brain regions and exhibit a 

certain degree of overlap. Such representations scattered across the brain could be 

tied together in the form of co-firing assemblies. However, it is unclear how the brain 

computes assemblies distributed across different brain areas.  

I hypothesise that a divergent source targeting multiple brain areas could cause co-

firing activity across multiple brain areas. Thus, it could support the formation of brain 

wide distributed assemblies and ultimately mnemonic processes. I hypothesise that 

the VTA could act as such a divergent source of synchronisation. 

 

 

 

 

https://paperpile.com/c/JOAPQI/A2Jv
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The investigation of this hypothesis requires: 

a) The identification of a candidate VTA neuronal population. In chapter 3, I 

investigate the neuronal responses to a behavioural task involving a 

combination of appetitive and aversive conditioning in a go/nogo paradigm. 

Using unsupervised clustering, I detect several VTA cell subgroups and map 

these onto neurotransmitter identities using ground truth obtained from 

optogenetic tagging (dopamine and glutamate) experiments. 

b) Detection of brain-wide distributed assembly patterns. In chapter 4, I show co-

firing assemblies detected from simultaneous tetrode recordings from CA1, 

Amy, NAc, PFC and VTA and their relationship to ongoing behaviour. 

c) The establishment of a causal link between the identified VTA cell population 

and the formation of distributed assembly patterns. In chapter 5, I show our 

findings from experiments using optogenetic activation and silencing of the VTA 

target population with regards to assembly expression and behavioural 

performance. 

Chapter 6 provides overall conclusions based on our results and suggestions for 

further research. 
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2. CHAPTER 2: EXPERIMENTAL PROCEDURES 

2.1. Animals 

I used adult male mice (3–6 months old) that were heterozygous for the transgene 

expressing the Cre recombinase under the control of either the Vglut2 or the DAT 

promoter and maintained on a C57BL/6J background (Jackson Laboratories; Vglut2-

Cre RRID: IMSR_JAX:028863; DAT-Cre RRID: IMSR_JAX:006660) or were 

C57BL/6J wild-type mice (Charles River, UK). Mice were housed with their littermates 

until the surgical procedure with free access to food and water in a room with a 12/12h 

light/dark cycle (lights on at 7 a.m.). All experiments were conducted according to the 

UK Animals (Scientific Procedures) Act 1986 under personal and project licenses 

issued by the UK Home Office following local ethical review. 
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Strain Type of preparation  Mice Recording 
days 

Of which 
behaviour 
only 

C57BL/J6 
WT 

● Quintuple-site recording 5 29 8 

VGlut2-Cre ● Quintuple-site recording 
● ChRh2 viral injection in VTA 
● Bilateral optic fibers above VTA 

2 13 - 

VGlut2-Cre ● Quintuple-site recording 
● ArchT viral injection in VTA 
● Bilateral optic fibers above VTA 

3 21 - 

VGlut2-Cre ● Quintuple-site recording 
● GFP viral injection in VTA 
● Bilateral optic fibers above VTA 

2 18 - 

DAT-Cre ● VTA tetrode recording 
● ChRh2 viral injection in VTA 
● Bilateral optic fibers above VTA 

2 10 - 

 

 

Table 1. Number of mice, recording days by type of preparation. 

 

2.2. Surgical procedure 

 

All surgical procedures were performed under deep anaesthesia using isoflurane (0.5–

2%) and oxygen (2 l/min), with analgesia provided before (0.1 mg/kg vetergesic) and 

after (5 mg/kg metacam) surgery. To generate expression of either ArchT-GFP, GFP-

only or ChR2-eYFP in VTA neurons, I used a Cre-loxP approach by injecting the Cre-

inducible recombinant adeno-associated viral vector rAAV2-CAG-FLEX-ArchT-GFP 

(from E.S. Boyden at UNC Vector Core), rAAV2-CAG-FLEX-GFP (from E.S. Boyden 

at UNC Vector Core) or rAAV2-EF1a-DIO-hChR2(H134R)-eYFP-WPRE (from K. 

Deisseroth at UNC Vector Core), respectively. Viral injections were targeted bilaterally 

to the VTA using stereotaxic coordinates (-3.25mm anteroposterior from bregma, ±0.4 

mm lateral from bregma, and -3.85 mm ventral from the brain surface; 150 nl per site) 
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at a rate of 100 nl/min using a glass micropipette lowered to the target site and held in 

place for 5 min after virus delivery before being withdrawn (McNamara et al. 2014). 

For electrophysiological recordings, mice were implanted with a microdrive containing 

12–14 independently movable tetrodes (Fig. 2).  

 

Fig. 2 Multisite recording. 

Tetrodes were implanted in the right hemisphere above CA1, Amy, NAc, PFC and 

VTA and slowly lowered into the target regions. 

 

Tetrodes were constructed by twisting together four insulated tungsten wires (12 μm 

diameter, California Fine Wire) which were briefly heated to bind them together into a 

single bundle. Each tetrode was attached to a 6 mm long M1.0 screw to enable 

independent manipulation of depth. The microdrive was implanted under stereotaxic 

control with reference to bregma. For dorsal hippocampal CA1, tetrodes were 

implanted by first identifying central coordinates -2.0 mm anteroposterior from bregma, 

±1.7 mm lateral from bregma as a reference to position each individual tetrode 

contained in the microdrive, initially implanting tetrodes above the pyramidal layer (-

1.1 mm ventral from brain surface). A similar approach was used for tetrodes aimed 

at the medial prefrontal cortex using central coordinates +1.7 mm anteroposterior from 

bregma, ±0.3 mm lateral from bregma, and an initial -1.5 mm ventral from brain 

surface; at the ventral tegmental area using central coordinates -3.25 anteroposterior 

from bregma, ±0.4 mm lateral from bregma, and an initial -3.85 mm ventral from brain 

https://paperpile.com/c/JOAPQI/Q7q1
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surface; at the nucleus accumbens using central coordinates +1.4 anteroposterior 

from bregma, ±1.0 mm lateral from bregma, and an initial -3.5 mm ventral from brain 

surface; and at the amygdala using central coordinates -1.65 anteroposterior from 

bregma, ±2.75 mm lateral from bregma, and an initial -3.8 mm ventral from brain 

surface. The distance between neighboring tetrodes inserted in each brain region was 

0.4 mm. Following the implantation, the exposed parts of the tetrodes were covered 

with paraffin wax, after which the drive was secured to the skull using dental cement. 

For extra stability, four stainless-steel anchor screws were inserted into the skull 

before the drive was implanted. Two of the anchor screws, inserted above the 

cerebellum, were attached to 50 μm tungsten wires (California Fine Wire) and further 

served as a ground and reference electrodes during the recordings. For optogenetic 

manipulations, two optic fibers (230 μm diameter, Doric Lenses, Canada) were 

incorporated into the microdrive designed to bilaterally deliver light to VTA and 

implanted 2 weeks after viral injections. 

2.3. Behaviour and recording procedure 

 

Following the post-operative recovery, mice were handled for 3-4 days and daily 

familiarized to the experimental paradigm, including connection to the recording 

system equipped with a multichannel rotary commutator with motorized movement 

compensator (Imetronic, Pessac, France) and exploration of a control (task-

unrelated), circular-walled open-field arena (42 cm diameter). Simultaneous to the 

behavioural training procedure, tetrodes were slowly lowered into their final positions 

(never more than 250 µm per hour and 1 mm per day). Electrodes were moved by 50-

100 µm at the end of each recording day to ensure that new cells were recorded the 

next day. The electrode placement was guided by the LFP shape and reproducibility 
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of placement across animals was confirmed using masked empirical mode 

decomposition (mEMD) (Deering and Kaiser 2005). This was done in collaboration 

with Charles Clarke-Williams, a DPhil student who implemented the method in the lab. 

In short, EMD iteratively splits the signal into frequency components called intrinsic 

mode functions (IMFs). The masking process further allows for separation of 

components with similar frequencies by adding a sinusoidal masking signal to the 

extraction process which can be subsequently subtracted to obtain the true 

component. The advantage of EMD over other methods, such as the Fourier transform 

is that non-stationarity is better preserved because the iterative IMF extraction process 

is informed by the signal itself as opposed to by externally imposed sinusoids. IMFs 

were extracted from sessions in which the animal was performing the behavioural task. 

Visual inspection of the extracted IMFs confirms inter-regional differences as well as 

consistency across animals within regions (Fig. 3).  

 

https://paperpile.com/c/JOAPQI/Rrs7a
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Fig. 3 IMFs for different regions across different example mice. 

IMFs were extracted using mEMD from the five mice without optogenetic intervention. Spectral 

components differ across regions but are consistent within any given region across different 

animals. This analysis was conducted with the help of Charlie Clarke-Williams. 

 

For behavioural training, mice were food restricted (to ~90% body weight) and 

underwent a two-step procedure to learn the task (Fig. 4). During the entire training 

procedure, mice were already implanted with the microdrive device. Mice were first 
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trained to associate the tone (5 sec, 5 kHz, 70 dB SPL) presentation with the delivery 

of a drop of sucrose solution at the outcome dispenser in a task-unrelated environment 

(5-7 training days). Once animals approached and consumed the sucrose drop in 70% 

of the trials, animals were transferred to the task arena (45 x 45 cm square-walled 

enclosure, with 12 cm high walls), where they were trained on the LED-tone-outcome 

task contingencies (5-7 training days). Animals were subjected to recordings once 

mice reached a 70% accuracy for the first time, but where necessary, mice with 

approx. 60% performance after 7 days of training were also admitted for recordings in 

order to avoid progressive deterioration of the tissue around the implanted tetrodes. 

Mice were put off food deprivation every 4-5 days for 2 days for recovery purposes. 

Subsequently, the recording was started (5-7 training days). On some days, the same 

animal underwent two sessions during the same day to avoid progressive deterioration 

of the tissue over the course of the recording days. The same outcome dispenser, 

fitted with infra-red beams to detect lick events, was used to deliver either the sucrose 

or the quinine drops according to the active LED wall-display. Using random intervals 

ranging from 30-90 secs, the 5-sec tone was presented to signal the availability of a 

liquid drop (10 μl) at the dispenser. One LED panel was paired with delivery of sucrose 

(15% solution in water) whereas the other LED panel predicted quinine (0.2 mM 

solution in water). Each drop solution was available for 5 s from the end of the tone 

before being automatically withdrawn by reverting the pressure at the spout. The 

active LED was randomly switched across task sets every 1 to 4 tones (average LED 

duration: 105.46±4.28 sec). The behavioural response to each tone was quantified in 

the time window between tone onset and drop removal, with dispenser approaches 

defined as the animal’s position within 3.5 cm from the dispenser in the time interval 

between the tone onset and the removal of the drop. In experiments with non-
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transfected mice, the animals experienced 40 trials per session, whereas transfected 

mice were exposed to 15-20 trials per session with optogenetic intervention in order 

to limit potentially more long-term network alterations as a result of prolonged 

optogenetic silencing of glutamatergic VTA neurons. Behavioural performance during 

tone trials was quantified using the ratio of dispenser approaches in both LED 

conditions and computing a preference score as the ratio of tone trials with approach 

response in set 2 over those in set 1, minus 1. A schematic of the behavioural task 

setup can be seen in chapter 3 (Fig. 7). Positive scores indicate that mice approached 

the correct (sucrose-delivering) dispenser in set 2 more frequently.  

 

Fig. 4 Training protocol. 

Mice were first handled for 3-4 days before undergoing a simple conditioning 

paradigm. Subsequently, mice were trained for 5-7 days on the behavioural task, 

before proceeding to the recording stage (5-7) days. During the entirety of the pre-

training phase, animals would also be familiarised with the control enclosure. 

 

2.4. Multichannel data acquisition and position tracking 

 

The extracellular signals from the electrodes were amplified, multiplexed, and digitized 

using a single integrated circuit located on the head of the animal (RHD2164, Intan 

Technologies; gain x1000). The amplified and filtered (0.09 Hz to 7.60kHz) 

electrophysiological signals were digitized at 20kHz and saved to disk along with the 

synchronization signals from the position tracking. To track the location of the animal, 

three LED clusters were attached to the electrode casing and captured at 25 frames 
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per second by an overhead color camera using positrack (https://github.com/kevin-

allen/positrack).  

2.5. Spike detection and unit isolation 

 

For the offline detection of spikes, the recorded signals were first band-pass filtered 

(800 Hz to 5 kHz). Spikes were then detected based on the power (root-mean-square) 

of the filtered signal calculated in 0.2-ms sliding windows. Detected spikes of the 

individual electrodes were combined per tetrode. To isolate spikes belonging to the 

same neuron, spike waveforms were first up-sampled to 40 kHz and aligned to their 

maximal trough (Jozsef Csicsvari et al. 1998). Principal component analysis was 

applied to these waveforms ±0.5-ms from the trough to extract the first three or four 

principal components per channel, such that each individual spike was represented by 

12 waveform parameters. An automatic clustering program (KlustaKwik, http://klusta-

team.github.io) was run on this principal component space and the resulting clusters 

were manually recombined and further isolated based on cloud shape in the principal 

component space, cross-channels spike waveforms, auto-correlation histograms and 

cross-correlation histograms (K. D. Harris et al. 2000; Kadir, Goodman, and Harris 

2014). All sessions recorded on the same day were concatenated and clustered 

together. Each cluster used for further analysis showed throughout the entire recording 

day stable cross-channels spike waveforms, a clear refractory period in its auto-

correlation histogram, well-defined cluster boundaries and an absence of refractory 

period in its cross-correlation histograms with the other clusters. I further used an 

automated clustering pipeline using Kilosort (https://github.com/cortex-lab/KiloSort) 

(Pachitariu et al. 2016) via the SpikeForest sorting framework 

(https://github.com/flatironinstitute/spikeforest) (Magland et al. 2020). To apply 

https://github.com/kevin-allen/positrack
https://github.com/kevin-allen/positrack
https://paperpile.com/c/JOAPQI/hFZgJ
http://klusta-team.github.io/
http://klusta-team.github.io/
https://paperpile.com/c/JOAPQI/ommdQ+dTaep
https://paperpile.com/c/JOAPQI/ommdQ+dTaep
https://github.com/cortex-lab/KiloSort
https://paperpile.com/c/JOAPQI/EhnLg
https://github.com/flatironinstitute/spikeforest
https://paperpile.com/c/JOAPQI/ANcnv
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KiloSort to data acquired using tetrodes, the algorithm restricts templates to channels 

within a given tetrode bundle, while masking all other recording channels. The 

resulting clusters were manually curated to check all clusters and remove spurious 

cells using metrics derived from the waveforms and spike times, and then verified by 

the operator. This procedure was cross-validated using several data sets and verified 

against manual curation, by computing confusion matrices to validate that clusters 

obtained automatically were also obtained with the previous method. 

2.6. Statistics on recorded neurons 

 

In total, this study includes n=4,364 neurons (169,168 co-firing pairs): 1,191 neurons 

from 5 mice without optogenetic interventions (71.8±2.7 neurons per mouse per day: 

16.9±1.3 PFC; 9.6±0.7 NAc; 8.3±0.8 Amy; 21.6±1.1 CA1; 15.4±1.7 VTA); n=949 

neurons from 2 Vglut2VTA::ChR2-eYFP mice with 473-nm VTA light delivery (73.0±3.6 

neurons per mouse per day: 18.4±1.5 PFC; 12.4±1.4 NAc; 15.3±1.9 Amy; 21.6±1.9 

CA1; 5.2±0.8 VTA); n=945 neurons from 3 Vglut2VTA::ArchT-GFP mice with 561-nm 

VTA light delivery (mean±SEM neurons per mouse per day: 17.1±3.1 PFC; 5.4±0.8 

NAc; 5.6±0.7 Amy; 22.1±1.6 CA1; 12.7±2.3 VTA); n=882 neurons from 2 Vglut2VTA:: 

GFP-only control mice (mean±SEM neurons per mouse per day: 17.7±1.5 PFC; 

12.1±1.6 NAc; 8.5±1.7 Amy; 23.5±1.9 CA1; 11.5±1.7 VTA); n=397 neurons from 

DATVTA::ChRh2-eYFP mice (mean±SEM neurons per mouse per day: VTA=39.7±3.9).  

2.7. Single-neuron firing modulation by task variables & response score 

 

To determine the firing response to a given task variable (LED, tone, ‘decision point’ 

or dispenser outcome), the average firing rate of each neuron was calculated in the 
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100-msec time bins that spanned a ±5 sec window centered on either the onset of a 

given sensory cue (i.e., the TTL pulses activating a given LED or the tone 

presentation), the time bin corresponding to the ‘decision point’ in each tone-initiated 

trial (evaluated by the sudden change in animal’s velocity towards the dispenser), or 

drop licking (detected using the IR beams at the dispenser spout). The traces were 

then standardised with respect to the standard deviation and mean of the 5 sec 

baseline preceding the event onset. From these standardised firing rate traces I 

obtained a ‘response score’ to a given behavioural task variable by taking the value of 

the bin with the largest absolute standardized firing rate (the modulation could be 

either negative or positive). 

2.8. Decision point detection 

 

The decision points were defined as the periods immediately preceding 

commencement of approach towards the dispenser and were heuristically estimated 

to be the last point in time at which the animal had zero velocity towards the dispenser 

before the arrival at that location. 

2.9. Coactivity pattern detection and tracking: 

          PCA/ICA method 

 

Firing patterns of co-active neurons were detected using a statistical framework based 

on Independent Component Analysis (Lopes-dos-Santos, Ribeiro, and Tort 2013; van 

de Ven et al. 2016) (Fig. 5). Epochs of active exploration (speed above 2 cm/sec) 

before tone presentation in the task arena (i.e., outside tone-initiated trials, drop 

delivery and laser activation) or in the control enclosure as appropriate, were divided 

into 25-ms time-bins and the spikes discharged by every neuron in each bin was 

https://paperpile.com/c/JOAPQI/nQHkt+If5Qy
https://paperpile.com/c/JOAPQI/nQHkt+If5Qy
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counted. To avoid biasing the identification of coactivity patterns toward spike-trains 

of neurons with higher firing rates, the binned spike-counts were standardised for each 

neuron by a z-score transformation: 

𝑧𝑖,𝑏 =
𝑥𝑖,𝑏 − 𝜇𝑥𝑖

𝜎𝑥𝑖
 

where 𝑥𝑖,𝑏is the spike-count of neuron in bin i, b and  𝞼xi and  are respectively the 

mean and standard deviation of neuron i ‘s spike-counts across bins. This allows the 

normalized activity of each principal neuron to have null mean rate and unitary 

variance. With the numbers n of simultaneously recorded neurons and B of time-bins, 

the neuronal population activity was represented by Z as the n x B binned and z-scored 

spike-count matrix with element (i,b) equal to Zi,b. The coactivity patterns embedded 

within matrix Z were then extracted in a two-step procedure (Lopes-dos-Santos, 

Ribeiro, and Tort 2013; Van de Ven et al. 2016). First, the number of significant 

patterns was estimated as the number of principal components of the activity matrix 

with variances above a threshold 𝛌max derived from an analytical probability function 

for uncorrelated data (Marcenko-Pastur distribution). Second, independent 

component analysis was applied to extract patterns from projection of the data into the 

subspace spanned by the significant principal components. Each coactivity pattern 

was thus captured by an independent component. Since the corresponding weight 

vector was typically asymmetrical, the direction where weights were highest was 

assigned positive weights. Detected coactivity patterns consisted of a few neurons 

with high weights and a larger group of neurons with weights around zero. For each 

pattern, I refer to neurons with weight exceeding the mean weight by two standard 

deviations (with both mean and standard deviation calculated from only the weights of 

that pattern) as members of the same “cell assembly” (mean of 5.1±0.1 % member 

https://paperpile.com/c/JOAPQI/nQHkt+Lf6yo
https://paperpile.com/c/JOAPQI/nQHkt+Lf6yo
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neurons per pattern from an average of 71.8±2.7 neurons recorded per day). Note that 

this definition of “cell assembly” is used for an intuitive way of interpreting and 

discussing the results presented in this study. Importantly, all analyses were 

performed directly on the patterns themselves (i.e., using the weight-vectors formed 

by the contribution of all simultaneously recorded neurons defining matrix Z, unless 

stated otherwise. I detected a total of 230 coactivity patterns: 78 in sessions without 

light-delivery, 81 in sessions with light-delivery in Vglut2VTA::Arch-T mice, and 71 in 

sessions with light-delivery in Vglut2VTA::GFP-only control mice.  

The activation strength A of each coactivity pattern at time t was computed as:  

𝐴𝑡 = 𝑍𝑡
𝑇𝑃𝑍𝑡 

where Zt is the population vector carrying the z-scored instantaneous firing rate of 

each neuron at time t, P is the projection matrix of the corresponding independent 

component constructed from the outer-product of its weight vector, and T is the 

transpose operator. At is therefore the squared projection of Zt onto the component 

that represents the coactivity pattern. This projection represents the similarity between 

the independent component (representing all neurons recorded on that day) and the 

population rate at a given 25-msec time bin. The main diagonal of P was set to zero 

before calculating At, in order to eliminate the contribution of single neurons to the 

coactivity pattern strength. The resulting value of At reflected expression strength of a 

particular coactivity pattern. With this approach, only co-firing of neurons can 

contribute towards the expression of a given pattern, which strength at any time point 

does also not reflect the number of (“member”) neurons with the highest contribution 

to that pattern but rather the entire weight vector representing all neurons.  
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In the case of cross-structural assembly patterns, manipulation of P offers access to 

the individual co-firing pairs between different regions. As P represents the co-firing 

between identified pairs of neurons, this allows for analytical selection of a given set 

of co-firing pairs (i.e., neurons within a given brain region or between two regions) by 

setting the remaining values of P to 0. Using this approach, which I refer to as 

‘masking’, I isolated within-region, between-region and PFC-NAc-CA1-Amy co-

activation strength (whilst ignoring all possible co-firing pairs involving VTA). Similarly, 

this allowed us to extract co-firing activity of all cross-structural co-activity pairs 

involving any chosen anchor region, such as VTA-PFC, VTA-NAC, VTA-NAc, VTA-

CA1 co-activity (in this example with VTA being the anchor region). The mean 

coactivation rate was: 0.13±0.01 Hz. 
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Fig. 5 Detection of co-activation patterns and tracking of expression strength over time. 

The different steps to identify neuronal co-activation patterns are illustrated for 75 

simultaneously recorded neurons from CA1, Amy, NAc, PFC and VTA (A). After binning (25 

ms time bins) and normalizing (z-score) each neuron's spike counts (B), principal component 

analysis (PCA) is applied to the resulting correlation matrix (C) of the binned (and z-scored) 
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spike count matrix to find the number of patterns describing statistically significant co-

activations between neurons, as estimated by the number n of eigenvalues exceeding the 

Marcenko-Pastur threshold 𝛌max (D; blue dotted line indicates mean, green dotted line 

indicates 𝛌max ). Independent component analysis (ICA) is then used to identify n assembly 

patterns, which are defined as weight vectors indicating the contribution of each neuron to that 

pattern (E). For each pattern, neurons with a high contribution (i.e., weight exceeding two 

standard deviations above the mean) are colored black for display purpose. Please note that 

several assemblies have neurons with high contributions in different brain regions.  

Tracking of assembly pattern expression strength: For each assembly pattern, a projection 

matrix P is constructed by taking the outer product matrix of its weight vector and setting the 

diagonal to zero. The latter step ensures that only co-activations but not single neuron activity 

can contribute to the expression of an assembly pattern (F). (G) The assembly pattern 

expression strength over time is then calculated by projecting the z-scored spike trains onto 

the projection matrix (expressed as the quadratic form of the projector matrix with the z-scored 

spike trains). The magnitude of the expression strength can thus be interpreted as projected 

z-scores onto the weight vector of the assembly pattern. The red stars indicate neurons that 

strongly contributed to the assembly pattern (above two standard deviations of the mean of 

the assembly vector). For visualisation purposes, these neurons are shown again on top of 

the main matrix. Every time these cells fire together, the assembly strength increases. The 

assembly strength is shown as the red line in the very top of the panel. Please note, that 

neurons have been sub-selected for visualisation purposes only. All other calculations are 

performed on the entire assembly vectors.  

2.10. Response properties of assembly neurons  

 

Within one assembly, every neuron was assigned a feature vector describing its firing 

rate responses to the different task elements based on the response scores obtained 

for every task element for both task sets (LEDsucrose, LEDquinine, Tonesucrose, Tonequinine, 

decision pointsucrose, decision pointquinine, Dropsucrose, Dropquinine) weighted by the 

neuron’s contribution to the assembly weight vector. I then computed the average 

cosine similarity between all feature vectors corresponding to one assembly (Fig. 6). 

The cosine similarity is a measure for how similar two vectors of equal length are. The 

metric is bounded between -1 and 1, whereby negative values signal dissimilarity and 

positive values similarity. For each pairwise cosine-similarity I compared it to the 

corresponding null-distribution. To obtain the null-distribution, I applied a shuffling 

procedure to the feature vectors whilst keeping the assembly weights constant (i.e. 

the response scores were shuffled across the population). This way it is only the 
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neuron’s response profile that is randomised whilst assembly structure remains the 

same. Importantly, I noticed that for many neurons the response score during the 

same task element between the two contingencies can be correlated (e.g. the 

response to the tone during the sucrose condition may be similar to the response 

during quinine condition). To preserve this correlation in our shuffling procedure, task 

elements within the same response category were shuffle together (i.e. quinine and 

sucrose response scores to a given task element were always taken as a pair together 

from a randomly selected VTA cell). It is important to note that this method likely 

inflates cosine similarity between neurons (for both, shuffled and original assemblies), 

since most weights in assembly vectors are close to zero and hence so are the feature 

vectors weighed by them. 

 

Fig. 6 Computation of assembly modality scores. 

For every cell a vector containing the maximum absolute z-scored bin value (in 100 ms bins) 

of a response PSTH is created. For any given assembly, this vector is multiplied by the 

same cell’s assembly weight. Subsequently, the cosine similarity (a measure of how similar 

two vectors are) between all possible cell pairs is computed and averaged for a given 

assembly. 
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2.11. Task-cue set decoding based on assembly time course or single-

unit firing rates 

 

To determine the relationship between the activation strength of co-activity patterns to 

the task-set animals were currently experiencing I used Gaussian Naive Bayes 

classifiers as implemented in Python’s scikit-learn package (https://scikit-

learn.org/stable/modules/naive_bayes.html). During each “on-trial” period, I trained a 

Naïve Bayes classifier to discriminate between the task-cue set 1 and set 2 on a trial-

by-trial basis. I used the first four principal components of the activation time course 

of coactivity patterns in time windows from tone onset until the drop was removed as 

input features. As control time-windows, I used equivalent time periods directly prior 

to the tone. For single-VTA neuron decoding, 100-msec binned spike counts during 

the tone-initiated trial period were used. For each assembly activation time course (or 

spike train) a new classifier was trained. Uniform priors were used throughout. The 

performance of the classifier was assessed using 5-fold cross-validation (Ojala and 

Garriga 2009). In k-fold cross validation the test and training data are split into k (in 

our case k=5) equally sized parts parts (folds) with k-1 training folds and one test fold. 

The classifier is then sequentially trained on all possible combinations of test/train folds 

and the average classifier performance is then computed. This way, class imbalances 

and effects of sampling biases in the training splits are minimised. Classifier 

performance was assessed using the accuracy score, which is defined as the ratio of 

correctly classified observations out of all observations. 

 

https://scikit-learn.org/stable/modules/naive_bayes.html
https://scikit-learn.org/stable/modules/naive_bayes.html
https://paperpile.com/c/JOAPQI/yI2yZ
https://paperpile.com/c/JOAPQI/yI2yZ
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2.12. VTA neuron clustering based on task-related responses 

         and electrophysiology 

 

Clustering procedure: unsupervised clustering for the detection of groups of VTA 

neurons responding similarly to behavioural variables as well as for the identification 

of different cell-types based on electrophysiological signatures was performed using 

hierarchical agglomerative clustering (Hastie, Tibshirani, and Friedman 2001; Ward 

1963). This algorithm seeks to build a hierarchy of clusters using the agglomerative 

(i.e. bottom up strategy), in which each single observation is initially its own cluster. 

These are then merged together using a linkage criterion until all clusters form a 

hierarchical tree, which can be expressed as a dendrogram (Fig. 9 C). Linkage can be 

stopped based on an externally defined threshold. For linkage, Ward’s variance 

minimisation criterion as a linkage method, which minimises overall within-cluster 

variance (Ward 1963). Optimal cluster numbers have been estimated using the 

silhouette score (Rousseeuw 1987), Calinski-Harabasz score (Caliński and Harabasz 

1974) and cluster distances obtained from the agglomerative hierarchical clustering 

process. The silhouette score is defined as the difference between the mean intra-

cluster distance x and the mean nearest-cluster distance y for each sample divided by 

the overall maximum x and y. The higher the score, the better the clustering. The 

Calinski-Harabasz-score is defined as the ratio between the within-cluster variance 

and the between-cluster variance. A higher score indicates better clustering.  

Cross-validation with ground truth: in order to assign a neurotransmitter identity to 

clusters obtained hierarchical agglomerative clustering, a linear-discriminant analysis 

classifier (LDA; from Python’s scikit-learn implementation) was trained to learn the 

feature-cluster relationship with the (non-opto-tagged) neurons used for agglomerative 

hierarchical clustering. Subsequently, ground-truth neurons (i.e. opto-tagged VTA 

https://paperpile.com/c/JOAPQI/1DBCl+TThRi
https://paperpile.com/c/JOAPQI/1DBCl+TThRi
https://paperpile.com/c/JOAPQI/TThRi
https://paperpile.com/c/JOAPQI/8NX5x
https://paperpile.com/c/JOAPQI/LJXWc
https://paperpile.com/c/JOAPQI/LJXWc
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cells expressing Vglut2 and DAT, please see below) neurons were transformed into 

the same feature space as non-opto tagged neurons and then assigned a cluster using 

the already trained LDA classifier. The LDA classifier is based on linear combinations 

of the features that best separate the different classes and produces a linear decision 

boundary (Fisher 1936). 

Features: for spike wave form clustering I upsampled the raw spike wave form of the 

tetrode with the largest spike amplitude (peak to trough) to 80 kHz, applied a gaussian 

kernel for smoothing (sigma = 0.5 standard deviations) and centered the trough on 

zero. Spikes for the inter-spike interval (ISI) distributions were taken from periods of 

exploration (> 2cm/sec) of a familiar environment. 

2.13. In vivo light delivery for optogenetic interrogations 

 

In order to optogenetically identify glutamatergic and dopaminergic neurons in the 

VTA, a 473nm diode-pumped solid-state laser (Laser 2000, Ringstead) was used to 

deliver trains of 20 ms-long blue light (~15 mW) pulses to the VTA of either Vglut2-Cre 

or DAT-Cre mice injected in the VTA with a AAV vector encoding Channelrhodopsin-

2 (ChR2) fused to the enhanced yellow fluorescent protein (eYFP) under the control 

of a Cre-dependent EF1a promoter (from Karl Deisseroth, AAV2-EF1a-DIO-

hChR2(H134R)-eYFP-WPRE, 2.5E12 vg/mL, UNC Vector Core). In VGlut-Cre mice, 

tetrodes and optic fiber were placed -3.25 anteroposterior from bregma, ±0.4 mm 

lateral from bregma, and an initial -3.85 mm ventral from the brain surface. For DAT-

Cre animals, tetrodes were located within 0.5 mm from the optic fiber. For the VTA 

targeted optic fiber the implant was positioned at a 40 degree angle from the antero-

posterior axis on the horizontal plane and then at an angle of 10 degrees from the 

https://paperpile.com/c/JOAPQI/sQrb0
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dorso-ventral axis. The optic fiber was positioned at 2.7 mm posterior and 1 mm lateral 

from bregma and lowered into the brain at the angle described at a distance of 3.9 to 

4.2 mm. This way, the tetrode placement was optimised for the respective target 

population of VTA neurons: for glutamatergic VTA neurons, tetrodes were positioned 

more medially, whereas for dopaminergic VTA cells, tetrodes were more lateral. A total 

of 700 laser pulses were delivered with an interval of 8 ± 2.5 s between each pulse. 

For the identification of opto-tagged cells, I binned spike trains around the laser onset 

in ±50 ms within 2ms bins to ensure robust PSTHs. I then considered only those cells 

opto-tagged if any of the first two bins following laser onset exceeded two standard 

deviations of the mean of the pre-laser period. The laser-response latencies of these 

neurons were subsequently validated by determining the latency to the first spike 

following the laser onset. Opto-tagged cells were identified on the basis of a firing rate 

increase within the first teo  In order to evaluate the effect of glutamatergic VTA 

neuronal spiking on spiking activity in PFC, NAc, Amy, dCA1 and other VTA neurons, 

the same 473 nm laser was used to deliver blue light pulses (20 ms-long with 

probabilistic inter-pulse intervals of 6-10 sec) to the VTA of Vglut2-Cre injected with 

AAV2-EF1a-DIO-hChR2(H134R)-eYFP-WPRE viral vector. In order to optogenetically 

silence glutamatergic VTA neurons, a diode-pumped solid-state laser (Laser 2000, 

Ringstead) was used to deliver yellow (561nm) light pulses (~9–11mW) bilaterally to 

VTA of Vglut2-Cre mice injected in the VTA with an AAV vector encoding 

Archaerhodopsin-T (ArchT) fused with the green fluorescent protein (GFP) under the 

control of a Cre-dependent CAG promoter (from E.S. Boyden; AAV2-CAG-flex-ArchT-

GFP, 2.0E12 vg/mL, UNC Vector Core). Glutamatergic VTA neurons were silenced 

for the time of the tone until the drop was removed, using random onsets and offsets 

to activate the laser 0.5-2.5s prior to tone onset (and avoid possible conditioning 
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effects to tone onset itself) and inactivating the laser at the end of drop availability 

plus-minus 0.5-2.5s. In these silencing experiments, coactivity patterns were only 

detected during the off-trial epochs, as in non-optogenetic experiments, and discarding 

any windows with active laser just preceding tone.  

2.14. Anatomy 

 

To confirm viral transduction, injected mice were deeply anaesthetised with 

isoflurane/pentobarbital and transcardially perfused with PBS followed by cold 4 % 

PFA and 0.1 % glutaraldehyde dissolved in PBS. The brains were extracted and sliced 

into 50 µm thick coronal sections. The sections were rinsed extensively in PBS with 

0.25 % Triton X-100 (PBS-T) and blocked for 1 h at room temperature in PBS-T with 

10 % normal donkey serum (NDS). Sections were then incubated at 4°C for 48 h with 

primary antibodies (chicken anti-GFP, 1:1000, Aves Labs, cat# GFP-1020, RRID: 

AB_10000240; guinea pig anti-TH, 1:2000, Synaptic Systems, cat# 213-104, RRID: 

AB_2619897; rabbit anti-Vglut2, 1:1000, Synaptic Systems, cat# 135-403, RRID: 

AB_887883) diluted in PBS-T with 3 % NDS ("blocking solution”). After that, sections 

were rinsed three times for 10 min in PBS and incubated for 24 h at 4°C in secondary 

antibodies (donkey anti-chicken Alexa Fluor 488, 1:500, Jackson ImmunoResearch, 

cat# 703-545-155, RRID: AB_2340375; donkey anti-guinea pig Cy3, 1:1000, Jackson 

ImmunoResearch, cat# 706-165-148, RRID: AB_2340460; donkey anti-rabbit Alexa 

Fluor 647, 1:500, Jackson ImmunoResearch, cat# 711-605-152, RRID: AB_2492288) 

diluted in PBS-T with 1 % NDS. This step was followed by three rinses for 15 min in 

PBS. Sections were then incubated for 1 min with 4',6-diamidino-2-phenylindole 

(DAPI; 0.5 μg/ml, Sigma-Aldrich, cat# D8417) diluted in PBS to label cell nuclei, before 

undergoing three additional rinse steps of 10 min each in PBS. Sections were finally 
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mounted on slides, cover-slipped with Vectashield mounting medium (Vector 

Laboratories) and stored at 4 °C. Images were acquired on a laser scanning confocal 

microscope (LSM 880/Axio Imager, Zeiss). 

2.15. Statistical analyses 

 

Data were analysed in Python 3.6 and using the packages DABEST (Ho et al. 2019), 

scikit-learn, SciPy, NumPy, pandas and tensortools for assembly detection using 

tensor-component-analysis (Williams et al. 2018). Throughout the manuscript, I use 

Gardner-Altman plots (to compare 2 groups) and Cumming plots (for more groups) 

from the Data Analysis with Bootstrap-coupled ESTimation (DABEST) statistical 

framework to assess, beyond P values, the significance of changes between groups 

(Ho et al. 2019). Notably, these DABEST plots allow visualizing the effect size by 

plotting the data as the mean difference between one of the groups (the left-most 

condition of each plot, used as group-reference) and the other groups (to the right, 

along the x-axis of each plot). For each estimation plot: (i) the upper panel shows the 

distribution of raw data points for the entire dataset, superimposed on bar-plots 

reporting group mean±SEM; and (ii) the lower panel displays the difference between 

a given group and the (left-most) group-reference, computed from 5,000 bootstrapped 

resamples and with difference-axis origin aligned to the mean of the group-reference 

distribution, with black-dot: mean; black-ticks: 95% confidence interval; filled-curve: 

bootstrapped sampling-error distribution. In addition, I used t-test and ANOVA to 

compare conditions following a normal distribution with similar dispersion; or Mann-

Whitney U test and Kruskal-Wallis tests otherwise. 

  

https://paperpile.com/c/JOAPQI/JIR9W
https://paperpile.com/c/JOAPQI/mua9q
https://paperpile.com/c/JOAPQI/JIR9W
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3. CHAPTER 3: BEHAVIOURAL RELEVANCE AND DIVERSITY OF SINGLE 

UNIT ACTIVITY IN VTA 

3.1 Introduction 

 

As outlined in the introductory chapter, VTA neurons are thought to be involved in 

processing positive and negative sensory cues and a broad range of behavioural 

aspects (Schultz 2002; Brischoux et al. 2009; Berridge 2007). Moreover, in real life 

situations these processes often rely on the integration of multiple sources of 

information from different sensory modalities. This consideration motivated the 

following first goal addressed in this chapter: 

(i) Characterisation of the diversity of single unit responses to behavioural and sensory 

variables in the VTA. 

Previous studies have reported that dopaminergic neurons are involved in processing 

both, appetitive (Bromberg-Martin, Matsumoto, and Hikosaka 2010; Cohen et al. 2012; 

Schultz, Dayan, and Montague 1997) and aversive stimuli (Aston-Jones and Moorman 

2009; Matsumoto and Hikosaka 2009). A landmark study showed that dopaminergic 

and GABAergic neurons respond with firing rate changes to reward using optogenetic 

tagging (Cohen et al. 2012). The authors revealed that while dopaminergic neurons 

show phasic excitation upon conditioned stimuli and the receipt of reward, GABAergic 

cells show prolonged increases in firing rates during reward. Interestingly, Cohen et. 

al identified a third class of VTA neurons that responded with a decrease in firing 

activity during reward outcomes. Similarly, another study reported three distinct VTA 

cell clusters based on the spike waveform and ascribed neurotransmitter identities to 

two of those clusters using pharmacological means (dopaminergic and GABAergic) 

https://paperpile.com/c/JOAPQI/W06sW+rhVCH+hIf9
https://paperpile.com/c/JOAPQI/VuKd+eA9QE+1OCf
https://paperpile.com/c/JOAPQI/VuKd+eA9QE+1OCf
https://paperpile.com/c/JOAPQI/oRsoi+jJUJ5
https://paperpile.com/c/JOAPQI/oRsoi+jJUJ5
https://paperpile.com/c/JOAPQI/eA9QE
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(Fujisawa and Buzsáki 2011). However, both studies have not characterised the 

molecular identity of said third cluster.   

Several studies investigated whether there is a relationship between molecularly 

defined VTA cell types and behavioural parameters. For instance, while stimulation of 

glutamatergic VTA cell somata causes appetitive behaviour via excitation of 

neighbouring dopamine neurons (H.-L. Wang et al. 2015), strikingly optogenetic 

activation of glutamatergic VTA fibres to NAc or the lateral habenula appears to be 

related to aversive behaviour (Qi et al. 2016; Root, Mejias-Aponte, Qi, et al. 2014). 

While initial studies suggested that possibly both cell types are involved in different 

aspects of behaviour, recent work paints a more complicated picture in which one 

subset of the glutamatergic VTA cell population responds to aversive stimuli, but 

another subset signals salience (Root, Estrin, and Morales 2018). Consistently, 

glutamatergic VTA neurons signaling does not seem to be restricted to aversive stimuli 

as silencing glutamatergic VTA axons projecting to CA1 prevent the retrieval of 

conditioned place preference (Han et al. 2020) and in fact, the role of glutamatergic 

VTA neurons in approach and aversion may depend on the VTA neuron subpopulation 

in question (Montardy et al. 2019).  

In order to be able to ascribe certain representational correlates to different cell types, 

one needs to be able to reliably discern them. Traditionally, the average firing rate (2-

10 Hz), the spike width (> 2.2 ms) or spike waveform (biphasic positive to negative 

deflection, wide spike waveform) (Ungless and Grace 2012) have been used to isolate 

dopaminergic from non-dopaminergic cells in extracellular single unit recordings. 

However, there has been growing skepticism about the reliability of purely 

electrophysiological markers to identify dopaminergic neurons in the VTA. Traditional 

https://paperpile.com/c/JOAPQI/Vwdpj
https://paperpile.com/c/JOAPQI/ZD98D
https://paperpile.com/c/JOAPQI/sASc+M4nI
https://paperpile.com/c/JOAPQI/3YVAa
https://paperpile.com/c/JOAPQI/ykKSI
https://paperpile.com/c/JOAPQI/98VI2
https://paperpile.com/c/JOAPQI/JUFYd
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heuristics to identify dopamine neurons are based on parameters derived from cyto-

histochemical, pharmacological and electrophysiological studies in the substantia 

nigra (Guyenet and Aghajanian 1978; Grace and Bunney 1980; Grace and Onn 1989), 

which do not appear to be readily applicable to VTA neurons (Margolis, Lock, 

Hjelmstad, et al. 2006). Furthermore, cytohistological and electrophysiological studies 

provide evidence for the existence of non-dopaminergic VTA cell types with properties 

previously assumed to be confined to dopaminergic cells (Johnson and North 1992b; 

Margolis, Lock, Chefer, et al. 2006). This hints towards a considerable functional as 

well as phenotypic heterogeneity in VTA cells. With the advent of optogenetics, it has 

become possible to identify molecularly defined neuronal subpopulations in vivo 

(Fenno, Yizhar, and Deisseroth 2011) in freely behaving animals. By exploiting this 

technique, the second question I addressed is: 

(ii) Do glutamatergic and dopaminergic VTA neurons respond differently to 

behavioural and sensory variables? 

Lastly, in his cell assembly hypothesis, Donald Hebb suggested that memories are 

represented in the combined activity of individual neurons forming groups, which he 

termed ‘cell assemblies’ (Hebb 1949a). He postulated that the mechanism giving rise 

to such cell assemblies is repeated co-activity leading to strengthened synaptic 

connectivity between the cells firing together. Given the rich behavioural repertoire 

which the VTA is involved in, I hypothesised that complex behavioural events could 

be supported by the combined activity of multiple cells in the VTA. In this light, the last 

question addressed in this chapter is: 

(iii) Are there behaviourally relevant co-firing assembly patterns within the VTA? 

  

https://paperpile.com/c/JOAPQI/QovB3+jlRHl+hYOzd
https://paperpile.com/c/JOAPQI/LI4Ti
https://paperpile.com/c/JOAPQI/LI4Ti
https://paperpile.com/c/JOAPQI/I8oIj+oEXBN
https://paperpile.com/c/JOAPQI/I8oIj+oEXBN
https://paperpile.com/c/JOAPQI/s82Lb
https://paperpile.com/c/JOAPQI/qux9a
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3.2 Behavioural results 

 

I selected a behavioural task that would selectively engage different aspects and allow 

us to probe for those variables in neural recording. To this end, I established a 

behavioural task where mice experienced two sets of sensory cues that governed the 

aversive versus appetitive nature of an outcome (task-cue set 1 versus set 2; Fig. 7 A, 

B). In this task, mice explored an arena where an auditory cue signalled the delivery 

of a drop-solution at a liquid dispenser at the end of a 5-second tone (Fig. 7 C). The 

drop was made available immediately following the offset of the tone and was removed 

using a vacuum pump 5 seconds later (Fig. 7 A). Importantly, however, the identity of 

each tone-signalled drop was contingent on the concurrently active visual cue (Fig. 7 

B). Namely, one of two LED wall-displays was associated with a bitter (quinine; task-

set 1) solution, whereas the other LED was associated with a reward (sucrose; task-

set 2) solution. The tone remained the same. The active LED was switched across 

task sets every 1 to 4 tones (average LED duration: 105.46±4.28 sec) at random points 

in time, with the constraint that the currently active LED was in the visual field of the 

animal to ensure the presence of the contextual reminder. 

This behavioural task allowed us to probe for representations of space and context in 

CA1 (Wilson and McNaughton 1993; Leutgeb et al. 2005; O’Keefe and Dostrovsky 

1971b), positive and negative conditioned stimuli Amy and VTA (e.g., conditioned 

auditory cues) (Ambroggi et al. 2008; Beyeler et al. 2016; Herry et al. 2008; Cohen et 

al. 2012; Kyriazi, Headley, and Paré 2020; Root, Estrin, and Morales 2018; Engelhard 

et al., 2019), decision-making in the PFC (Sul et al. 2010; Narayanan and Laubach 

2006; Passecker et al. 2019) and cue-predicted reward outcomes in the NAc (Lansink 

et al. 2012; van der Meer and Redish 2009; Lavoie and Mizumori 1994).  

https://paperpile.com/c/JOAPQI/eLDGW+82d4A+FmHK8
https://paperpile.com/c/JOAPQI/eLDGW+82d4A+FmHK8
https://paperpile.com/c/JOAPQI/jjwD+lEwfc+lKOsY+eA9QE+Ck293+3YVAa+NEnW
https://paperpile.com/c/JOAPQI/jjwD+lEwfc+lKOsY+eA9QE+Ck293+3YVAa+NEnW
https://paperpile.com/c/JOAPQI/jjwD+lEwfc+lKOsY+eA9QE+Ck293+3YVAa+NEnW
https://paperpile.com/c/JOAPQI/VUoC3+BaEY5+2G0Ug
https://paperpile.com/c/JOAPQI/VUoC3+BaEY5+2G0Ug
https://paperpile.com/c/JOAPQI/D5P3N+4K4aP+RpkSD
https://paperpile.com/c/JOAPQI/D5P3N+4K4aP+RpkSD
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 In order to assess behavioural performance, I computed the probability of 

approaching the dispenser during one given task set. The animal’s choice to approach 

the dispenser during one task set over the other is then summarised in a preference 

score defined as the ratio of approach probabilities for sucrose versus quinine minus 

1 so that a positive preference score indicates sucrose preference. 

 

Mice successfully learned to approach the dispenser during tone-initiated trials in task-

cue set 2 to obtain the sucrose drop solution, avoiding the dispenser in task-cue set 1 

trials where quinine was dispensed. I obtained 29 behavioural recording days from 5 

mice. The approach ratio was 0.56±0.03 and 0.82±0.03 for task set 1 and 2, 

respectively. Accordingly, the preference score was 0.6±0.1 (n=5 mice; p=4.8e-3, 

paired t-test, Fig. 7 D, E, F). I obtained similar results when only considering the first 

trial of each block (n=5 mice, p=6.5e-3, paired t-test), indicating that animals indeed 

used LED-contextual cues to solve the task contingencies as opposed to other 

strategies relying on working memory of preceding trials (Fig. 7 J). Over time (i.e., 

recording sessions), there was no identifiable trend in the animal’s performance (Fig. 

7 G). I could not analyse pre-training data of the simple conditioning stage or the task 

pre-training stages as this data was not recorded. However, I noticed that animals 

returned to near chance level of performance in the beginning of every recording 

session, which then rapidly improved throughout the session (Fig. 7 H, I). This 

improvement was driven by the mouse progressively approaching the dispenser less 

during the quinine condition (Fig. 7 H). To assess whether neural responses during 

the task period could be due to speed modulation, I compared the animal running 

speed during the tone between the two conditions. I found no significant differences in 

running speed (p=0.16, paired t-test). Our results show that mice solved the task 
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ambiguity caused by the two overlapping sets of sensory cues, inferring the outcome 

of each tone presentation from the active LED on a trial-by-trial basis. Furthermore, 

mice return to a baseline level of performance each session and then rapidly improve 

throughout the recording session. 

 

Fig. 7 Neuronal representations of task variables by distributed brain regions. 

(A) Schematic illustrating the layout of the TTL pulses governing the presentation of the 
sensory cues (LED and tone) and the delivery of the outcome during the task. In addition, the 
animal’s velocity was monitored to assess the behavioural “decision-making point” with 
respect to tone presentation. (B) Sets of sensory cues and outcomes defining multimodal task 
contingencies. (C) Open field task arena. (D) Example animal paths (black) during tone-
initiated trials in task-set 1 (top) and task-set 2 (bottom). Each path is overlaid on the overall 
path (grey) for one session, with blue and red dots representing the animal's position at tone 
onset and offset, respectively. (E) Mice approached the dispenser during tone presentation in 
task-set 2 more than task-set 1. Left: Data Analysis with Bootstrap-coupled ESTimation 
(DABEST) plots (see methods) to visualize the effect size for behavioural performance across 
contingencies; top-left panel shows the ratio of trials with an approach response to tone over 
the total number of trials per set, with each pair of connected points showing tone-initiated 
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approach across sets on a given session; the bottom-left panel displays the across-set 
performance difference computed from 5,000 bootstrapped resamples, with difference-axis 
origin aligned to the mean of set 1 distribution; black-dot, mean difference; black-ticks, 95% 
confidence interval; orange-filled-curve: sampling-error distribution. Right: summary 
performance score as the ratio of approach in set 2 over set 1, minus 1; positive scores thus 
indicate that mice approached the dispenser in set 2 (sucrose) more frequently. Bar charts: 
mean±SEM. (F) Average behavioural performance for each mouse. The panel shows the ratio 
of trials with an approach response to the tone. (G) There is no visible trend in behavioural 
performance change over recording days. Behavioural performance is defined by preference 
for sucrose is shown as an average over mice from the first to the last recording day. (H) 
Within-session behavioural performance over time (trials). Each dot is the average over 
animals. Every day mice improve at not approaching the dispenser during the quinine 
condition. (I) Within-session improvement expressed as preference for sucrose approach. (J) 
Average behavioural performance for each mouse. The panel shows the ratio of trials with an 
approach response to the tone computed only from the first trial of each block.  

3.3 Task related representational diversity of VTA single units 

 

I next investigated the representation of task variables (LED, tone, decision point and 

liquid outcome) in the VTA with regards to firing rate changes. Firing rates were 

computed in 100-ms bins and z-scored using the mean and standard deviation of the 

baseline directly preceding the event onset. The decision points were defined as the 

periods immediately preceding commencement of the dispenser approach in the 

time interval between tone onset and before the drop was removed for sucrose and 

quinine trials alike. Visual examination of single-cell examples reveals a strong 

heterogeneity in responses to the task variables (Fig. 8). VTA cells increased and 

decreased firing rates in response to all task events and notably, neurons responded 

to more than one task event, often exhibiting positive, negative, biphasic or a 

combination of those directionalities of firing rate changes.   
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Fig. 8 Single cell responses to task events in the VTA. 

Each row corresponds to one cell and contains the responses to the different events of the 
task split by the different task sets (From left to right: LED-sucrose, LED-quinine, Tone-
sucrose, Tone-quinine, decision point-sucrose, decision point-quinine, drop-sucrose, drop-
quinine). Blue shading indicates negative and green shading means positive modulation 
relative to the time period directly preceding the onset of the event. 
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I next attempted to extract groups of neurons that would exhibit similar response 

properties by applying an unsupervised clustering framework (hierarchical clustering, 

see chapter 2.13). For each neuron, the feature vector was constructed containing the 

first three principal components to each of the z-scored average time courses of the 

task events described above (Fig. 8). This way, the temporal dynamics of the response 

are taken into account and each task event is weighted equally in the clustering 

process. Neurons with zero standard deviation during the baseline period were 

excluded from the analysis to avoid divisions by zero for the standardisation relative 

to baseline (total of 30 cells). This means that neurons that were silent before the event 

and fired only afterwards are excluded. Physiologically speaking these neurons are 

likely to carry a significant amount of biologically relevant information as spikes after 

silence can be particularly informative. These cells could possibly have formed a 

separate cluster in our analysis. I estimated the optimal cluster number to be 5 based 

on a minimization of inter-cluster variance (Ward 1963) as can be seen in the 

dendrogram (Fig. 9 C, see chapter 2.13 for methods). However, alternative methods 

to determine the optimal cluster number such as the silhouette score (Rousseeuw 

1987) and the Calinski-Harabasz score (Caliński and Harabasz 1974) suggested an 

optimal split at two clusters (Fig. 9 A, B). While this may be mathematically true 

(optimal separation of two data clouds), this does not necessarily reflect biologically 

meaningful clustering, since several clearly distinct clusters can be identified when 

splitting the data into more groups, as I did here. In fact, if separating the data in only 

two clusters, the resulting grouping reflects cells that respond to the task variables in 

any detectable way versus the ones that do not (Fig. 10). I reasoned that this likely 

biologically not the most sensible solution, since this would severely limit the repertoire 

of information that can be transmitted by VTA cell firing. Notably, the dendrogram as 

https://paperpile.com/c/JOAPQI/TThRi
https://paperpile.com/c/JOAPQI/8NX5x
https://paperpile.com/c/JOAPQI/8NX5x
https://paperpile.com/c/JOAPQI/LJXWc
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well as Ward’s method and the silhouette score indicated a somewhat poor separation 

of the clusters suggesting that response variability in the VTA may form a continuum 

(Fig. 9 Hence, I decided to break the data into 5 clusters in order to reveal response 

properties that would otherwise be hidden in the average. While alternative 

approaches, such as manifolds or linear models could be considered to model such a 

potential continuum, a separation into distinct clusters allows for a visual inspection of 

the response profiles of different clusters. Visual inspection of the obtained clusters 

confirms that the clustering procedure successfully extracted prominent features in 

response magnitude, directionality, temporal dynamics, and response conjunctions 

across multiple different stimuli (Fig. 11). Please note that the assignment of 

dopaminergic versus glutamatergic cells in the figure below is addressed in section 

3.4 of this chapter. 
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Fig. 9 Determining optimal cluster number for VTA cells based on firing rate responses 
to behavioural task variables. 

(A) Calinski-Harabasz-score: the score is defined as the ratio between the within-

cluster dispersion and the between-cluster dispersion. (B) Silhouette score: the score 

is defined as the difference between the mean intra-cluster distance (x) and the mean 

nearest-cluster distance (y) for each sample divided by the overall maximum x and y. 

(A, B). The higher the score, the better defined and further apart the clusters are. 

Hence, a peak in the score indicates the theoretical optimal cluster number. Beyond 

the initial peak at two, cluster separability declines rapidly as a function of cluster 

number indicating poor cluster separability. (C) Dendrogram for agglomerative 

hierarchical clustering. The tree has been constructed using Ward’s variance 

minimisation criterion.The longer the vertical lines connecting two clusters are before 

they are joined, the better the cluster separation. All methods clearly indicate an 

optimal cluster separation at 2 clusters. Please note that the theoretically determined 
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optimal cluster number does not necessarily coincide with biologically meaningful 

clustering. The dendrogram indicates reasonable cluster distance at 5 clusters. To use 

five clusters, the cluster separation threshold (expressed in the Euclidean distance 

between the clusters) was lowered. 

 

 

 

Fig. 10  Average firing rate responses to behavioural task variables of two main 
clusters. 
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Splitting VTA single neurons based on their standardised firing rate responses in two 

clusters, as suggested by mathematical methods to estimate the optimal cluster 

number (Fig. 9), results in one main cluster of cells that do not respond with firing rate 

changes to the measured task variables and one cluster that does.The traces are 

average firing rate responses with shaded areas indicating SEM. 

 

Fig. 11 VTA neuron clusters based on firing rate response to behavioural task variables. 

Unsupervised clustering of single VTA neurons based on their firing rate modulation by 

behavioural task events. Each column corresponds to one cluster and each row one 

behavioural task event.  
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Cluster 1: this cluster does not exhibit any responses to the task variables assessed 

in this analysis. This does not mean that these cells do not encode task relevant 

information. It is likely that many of these cells respond to other variables, which could 

include such as place, the level of satiety, fatigue throughout the task etc. 

Cluster 2: cells of this cluster show a modest increase in firing rate in response to the 

tone during the sucrose condition as well as during the decision point. Interestingly, 

this cluster also responds to the decision point during the quinine condition, but to a 

lesser degree compared to the sucrose trials. This may indicate that these cells 

encode the incentive salience driving the animal to start running towards the 

dispenser. Furthermore, these neurons respond with a transient increase in firing rate 

to the sucrose drop, but are inhibited following quinine drop consumption, suggesting 

that these neurons additionally encode the outcome value. This suggests a 

representational conjunction between incentive salience and outcome value. 

Cluster 3: these neurons exhibit a sustained reduction in firing rate following the LED, 

tone and decision point in the sucrose condition, but not during quinine trials. This may 

suggest a role in promoting disinhibition of approach behaviour during sucrose trials. 

Cluster 4: these cells respond with a transient increase in firing rate to the onset of the 

sucrose-paired LED and the drop consumption. This signature is strikingly reminiscent 

of traditional dopaminergic neurons that show a response to the CS as well as to the 

US. Interestingly, these neurons did not respond with a CS to the tone suggesting a 

backwards shift of the CS response to the LED. 

Cluster 5: neurons in this cluster respond with a sharp and sustained increase in firing 

rate from 1 sec after the sucrose-predicting tone onset onwards. Furthermore, these 

neurons exhibit an elevated firing rate approximately 1 sec after the decision point 
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during sucrose trials. These effects were not seen during the quinine condition. Since 

the response latencies were slower than in cluster 2, these neurons could inform the 

animal about ongoing states rather than predicted states. Such ongoing states could 

either be movement towards a reward, the motivational state or simply the ongoing 

sensory context (tone). 

In summary, VTA single units that respond to the behavioural task variables are 

typically modulated by more than one task event. Response variability may form a 

continuum across neurons of the VTA covering differences in response magnitude, 

polarity and temporal dynamics.  

3.4 Electrophysiological classification of VTA single units 

 

Next, I sought to investigate how different single unit responses might map onto 

molecularly-defined VTA neuron types. To this end, I first used an unsupervised 

machine learning approach to cluster non-opto-tagged into different groups based on 

their electrophysiology and I subsequently cross-validated those groups using ground 

truth data obtained from opto-tagging experiments. This approach allows leveraging 

the size of the non-optotagged dataset (318 neurons from 5 mice) to obtain a more 

accurate estimate of electrophysiological clusters whilst using the smaller opto-tagged 

dataset for validation. 

To opto-tag glutamatergic and dopaminergic neurons I delivered light pulses (473 nm) 

to the VTA of either Vglut2-Cre or DAT-Cre mice injected in the VTA with a AAV vector 

encoding Channelrhodopsin-2 (ChR2) while performing simultaneous tetrode 

recordings (Fig. 12 A,B; see chapter 2.14 for methodological details). In order to 

optimise opto-tagged cell yield for the respective target population of VTA neurons, 
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tetrodes were positioned more medially for glutamatergic neurons, whereas for 

dopaminergic VTA cells, tetrodes were more lateral (Fig. 12 A, B, see chapter 2.14 for 

coordinates). While I did not formally quantify overlap of VGlut2 and TH expression 

yet, David Dupret reported instances where a low number of medial VTA neurons 

expressed both markers during preliminary scans of histological sections in the medial 

VTA. A precise quantification of this overlap will be required in the future to estimate 

the extent to which dopamine from co-releasing cells drove effects in optogenetic 

experiments of this study. I identified both opto-tagged glutamatergic and 

dopaminergic neurons based on the following heuristic: a sudden increase in the firing 

rate above two standard deviations from the mean of baseline (directly preceding the 

laser pulse) within 4ms of the onset of the laser-coupled TTL pulse in averaged peri-

stimulus time histograms (2ms bins, Fig. 12 C). I chose a total of 4 ms for the detection 

of a significant increase in firing rate following the laser onset in order to be able to bin 

spikes across 2ms to obtain robust PSTHs. I did not want to discard neurons that 

would have fallen outside of the first 2ms bin by fractions of a millisecond and hence, 

extended the detection window by a second 2 ms bin. However, this approach may 

also include neurons that were activated via local monosynaptic connections. An 

experiment to control for this would be to test if the optogenetically entrained spikes 

are insensitive to pharmacological glutamate blockade. By mapping these neurons 

onto clusters of non-optotagged neurons, I ascribed a neurotransmitter identity to 

untagged cells. I only computed electrophysiological measures from spikes of opto-

tagged neurons from periods not including a 1s period following laser delivery to avoid 

contamination of our measures with optogenetic artifacts. The prevalence of 

optogenetically identified glutamatergic and dopaminergic was 10/68 (14.7 %) and 

20/321 (6.2 %), respectively. 
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Fig. 12 Opto-tagging of glutamatergic and dopaminergic VTA neurons. 

Optogenetic identification of VTA glutamatergic Vglut2-expressing cells and 
dopaminergic DAT-expressing cells. The schematics in (A) and (B) show the layout 
for quintuple-brain-region tetrode recording with bilateral optic fibers implanted above 
the VTA of Vglut2-Cre (A) and DAT-Cre (B) mice injected with the Cre-dependent 
ChRh2-eYFP viral construct in VTA. Below each brain schematic: wide-field confocal 
picture showing ChRh2-eYFP expression in VTA cell bodies in one Vglut2-Cre (A) and 
one DAT-Cre (B) mouse (scale bars are 200 micron). (C) Shown for two example opto-
tagged glutamatergic Vglut2 VTA neurons (one cell per row, top two rows) and two 
example dopaminergic DAT-expressing VTA neurons (one cell per row, bottom two 
rows), from left to right: ISI distribution and spike waveform, raster plot showing spike 
times with respect to the onset (red vertical line) of light pulses delivered in the VTA 
and corresponding firing response histogram. 

 

I sought to decide on an analytical framework to reliably distinguish between 

glutamatergic and dopaminergic neurons. It is important to note that in this work I 

deliberately attempted to find a framework that would allow us to impose a categorical 

distinction between glutamatergic and dopaminergic VTA cells. However, possibly 

VTA cell subtypes form a continuum. As a result, our classification may capture 

extreme ends of what is in reality a manifold, but as such not account for neurons that 

could have characteristics of both, dopaminergic and glutamatergic VTA cells. 
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I used hierarchical clustering throughout different electrophysiological measures. In 

order to identify putative dopaminergic neurons, traditionally heuristics based on the 

spike duration (>1 ms to 4-5 ms)  (Aghajanian and Bunney 1974; Johnson and North 

1992b), firing frequency (2-10 Hz) and spike shape (wide biphasic waveforms) have 

been used to identify putative dopaminergic cells from extracellular recordings 

(Ungless, Magill, and Bolam 2004; Ungless and Grace 2012; Anstrom and Woodward 

2005; Dahan et al. 2007; Hyland et al. 2002). I measured the spike duration from the 

onset of the negative deflection to the return to baseline levels of the waveform. 

Hierarchical clustering of non-optotagged cells based on a combination of the spike 

duration and firing rate yielded poor cluster separation (Fig. 13 A). Consistently, 

mapping opto-tagged neurons on those clusters did not reveal clear separation of 

glutamatergic from dopaminergic neurons (Fig. 13 A), although I noticed that spike 

durations for opto-tagged glutamatergic versus dopaminergic neurons were well 

separated (Fig.  7 I). Furthermore, a heuristic based on the average firing rate alone 

(2-10 Hz for dopamine neurons) (Satoh et al. 2003; Ungless and Grace 2012) was not 

sufficient to produce satisfactory discrimination between opto-tagged dopaminergic 

and glutamatergic VTA-neurons as only 40% of actual dopaminergic VTA neurons are 

correctly identified as such, whilst the remaining 60% of dopaminergic neurons are 

pooled together with the 80% of correctly identified non-dopaminergic (glutamatergic) 

cells (Fig. 13 H). This indicates that a combination of firing rate and spike duration may 

not be suitable to distinguish between glutamatergic and dopaminergic neurons.  

Next I attempted to use the shape of the spike waveform to separate the two cell types, 

which is typically considered to be biphasic and wide for dopaminergic neurons (Grace 

and Bunney 1983; Ungless and Grace 2012). To do so, I first normalised the average 

spike waveform from peak to trough to emphasize the spike shape over its amplitude 

https://paperpile.com/c/JOAPQI/h7af1+I8oIj
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for cluster separation. I then extracted the first three principal components as features 

for hierarchical clustering. I found that although this procedure seemingly produced 

better cluster separation, half of the opto-tagged glutamatergic neurons were mixed in 

clusters together with opto-tagged dopaminergic neurons (Fig. 13 B). Hence, the spike 

shape alone does not appear to be sufficiently informative to establish clear 

categorical borders. 

In the next attempt, I reasoned that the firing pattern might include relevant information 

of the different neuron types. Similarly to the procedure applied to the spike-waveform, 

I normalised the inter-spike interval distribution (ISI) and performed hierarchical 

clustering on its first three principal components of non-optotagged neurons (Fig. 13 

G). Visual inspection confirms that this approach yielded the clearest cluster 

separation. Additionally, optotagged dopaminergic and glutamatergic neurons 

mapped onto the clusters are well separated from each other. I identified one cluster 

that contains 8/10 optotagged glutamatergic neurons. Consistently, only one 

dopaminergic neuron is mapped onto this cluster. Three more clusters map solely onto 

opto-tagged dopaminergic neurons and one predominantly dopaminergic cluster 

contains two tagged glutamatergic neurons at the border of the cluster (Fig. 13 C). The 

proportions of identified glutamatergic and dopaminergic were evenly distributed 

across mice and recording days with on average 35.7±5.1% of glutamatergic and 

64.3±5.01% of dopaminergic cells per recording day. I concluded that the ISI 

distribution is the most effective measure to establish electrophysiologically defined 

clusters and to distinguish between dopaminergic and glutamatergic neurons in the 

mouse VTA. Using this method, I attributed a molecular profile to each recorded cell 

in non-optogenetically transduced animals. Other attempts at finding the optimal 

framework showed that a combination of several of these variables, such as ISI-
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distribution, waveform and firing rate and autocorrelogram did not yield a better 

separation of the cell types (data not included in this thesis). Hence, I decided to 

proceed with the simplest possible model and chose the framework based on the ISI-

distribution alone. 

 

Fig. 13 Optogenetically-validated electrophysiological identification of VTA cell types. 
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The hierarchical clustering performed using the (A) spike width and firing frequency, (B) the 

spike waveform and (C) ISI distributions of VTA neurons recorded in non-optogenetically 

transduced mice (empty circles; each circle representing one neuron) first led to the 

identification of (color-coded) clusters. Clusters in (B) and (C) are plotted in latent-

discriminant analysis space for visualisation purposes. The average ISI distribution and 

average spike waveform from these VTA neurons of each identified cluster with the different 

clustering approaches are shown in (D) for spike waveform and firing frequency, (E) for 

spike-waveform and (F) for ISI-distribution. I noticed that clusters are most clearly separated 

in (C) and by subsequently mapping the VTA neurons recorded and opto-tagged in 

Vglut2VTA::ChR2 and DATVTA::ChR2 optogenetically-transduced mice, I observed that 

identified glutamatergic Vglut2 VTA neurons (filled circles) mainly concentrate in one cluster 

(blue) whilst opto-tagged dopaminergic DAT VTA neurons (filled triangles) were allocated to 

the other four clusters. (G) Example inter-spike interval (ISI) distributions from four VTA 

neurons recorded in a non-optogenetically transduced mouse. Such ISI distributions were 

used as inputs to a hierarchical clustering. Note the longer ISIs of the two (left-column) 

example neurons that were subsequently identified to belong to optogenetically-identified 

dopaminergic cluster in (C). In contrast, note the shorter ISIs of the other two (right-column) 

example neurons that were clustered with optogenetically-identified glutamatergic cluster. 

(H) The matrix visualising success for clustering based on a firing-rate heuristic to identify 

dopaminergic neurons (2-10 Hz) shows the percentage of opto-tagged cells that have been 

correctly or incorrectly identified. Only 40% and 80% of opto-tagged dopaminergic and 

glutamatergic neurons, respectively, were correctly identified using the heuristic. (I) 

Distribution of firing rates and spike widths across opto-tagged and non-opto-tagged 

neurons. The occurrence of optogenetically identified cell-types in the distribution is 

indicated with vertical bars below the distribution (blue: glutamate, brown: dopamine). 

3.5 Firing relationship of both dopaminergic and glutamatergic 

neurons to behavioural task events 

 

Having established a method to attribute a neurotransmitter identity to VTA single 

units, I next wondered whether the two cell types responded differently to various task 

elements. To this end, I went back to the clustering analysis conducted in Fig. 3 with 

the aim to determine groups of neurons that respond similarly to various task 

elements. I mapped glutamatergic and dopaminergic neurons onto the clusters 

identified in Fig. 11 and determined the frequency at which they occur in any of the 5 

response-type clusters (Fig. 14). If the different cell types are randomly distributed 

across the different clusters, then one would expect the number of cells of a given 

neurotransmitter type in a given cluster to be proportional to the size of the clusters. I 

found that the percentage of expected dopaminergic/glutamatergic neurons was close 
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to their expected prevalence with the exception of two clusters: one smaller cluster 

(#4, 11.8% of classified VTA cells) contains only neurons that were labeled as 

dopaminergic. This cluster exhibits pronounced transient responses in response to the 

onset of the sucrose-paired LED and the consumption of the sucrose drop, which is 

consistent with commonly accepted temporal response-dynamics of reward-related 

dopaminergic cell firing in the VTA (Schultz 1998). The largest cluster (#1, 73.6% of 

clustered cells) appears to have a lower than expected frequency of glutamatergic 

cells while the same does not hold for dopaminergic neurons. Interestingly, cluster #1 

does not respond to the task events. This may suggest a potentially stronger overall 

recruitment of glutamatergic VTA neurons in our behavioural task. 

 

Fig. 14 Mapping of predicted dopaminergic and glutamatergic clusters onto response 
profile clusters 

The width of the bars represents the proportion of the identified dopaminergic / glutamatergic 

neurons of their respective optogenetically identified group in the given cluster (see section 

3.4 of this chapter). The dashed line indicates the expected proportion of dopaminergic and 

glutamatergic neurons in the cluster based on the cluster size. Notably, cluster 1 appears to 

contain less glutamatergic neurons than would be expected by chance, while the same is not 

true for dopaminergic cells. Cluster 4 contains exclusively as dopaminergic classified cells. 

 

To investigate this hypothesis, I determined how well firing activity of the two different 

cell types could distinguish between the different task sets (sucrose versus quinine) 

for each individual task event. (Fig. 14 A). To this end, I trained a Naive Bayes classifier 

to discriminate between the two task sets based on the time course of the response 

for every single cell separately (see chapter 2.12 for methodological details). The 

https://paperpile.com/c/JOAPQI/A2SdE
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prediction accuracy of the classifier is indicative of how well a given cell discriminates 

between the two conditions (Fig. 14 B). I found that glutamatergic neurons discriminate 

between the two task sets significantly better than dopaminergic neurons in response 

to the LED, tone and decision point, but not the drop identity (p=3.5e-6, 1.4e-5, 4.9e-

3, 0.46, respectively, independent t-tests).  This further suggests that glutamatergic 

VTA cells are more closely related to behavioural events in our task. As the ISI-

distributions reveal, glutamatergic VTA cells have higher firing rates compared to 

dopaminergic neurons. This suggests that glutamatergic neurons have more degrees 

of freedom when it comes to encoding information by reducing the firing rate compared 

to dopaminergic neurons. To test for this possibility, I also trained Naive Bayes 

classifiers to the same z-scored spike trains, but all negative deflections were set to 

zero. In contrast to non-thresholded spike trains, I found that a difference in encoding 

between the two neuron types does not reach significance for the LED (p=5.9e-2, 

independent t-test) and the tone (p=0.61, independent t-test). The result for liquid 

delivery remains the same (p=0.37, independent t-test). Only positive deflections of 

spike trains of glutamatergic VTA neurons remain more informative when decoding 

during the tone period compared to dopaminergic neurons (p=6.3e-3, independent t-

test). This confirms that glutamatergic neurons have more degrees of freedom to 

encode information due to their higher firing rates. 

Furthermore, I noticed that the time course of the response to the drop identity during 

the quinine versus sucrose contingency is strikingly different between the 

dopaminergic and glutamatergic cell populations (Fig. 14 A, bottom row). While the 

response of the glutamatergic population seems to decrease over a longer period of 

time, dopaminergic neurons exhibit a clear, phasic increase in firing rate directly 

following the delivery of sucrose, but not quinine. Strikingly, in contrast to 
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dopaminergic neurons the activity of glutamatergic cells is negatively modulated upon 

receiving the reward. This is consistent with the landmark study from Cohen et al. 

investigating response differences of different VTA cell types using opto-tagging 

(Cohen et al. 2012). Notably, Cohen et al. described a non-dopaminergic and likely 

non-GABAergic group of neurons, which responded with a decrease in firing rate upon 

the receipt of a reward without assigning a definite molecular identity to it. In our 

experimental paradigm, glutamatergic neurons responded with a decreased firing rate 

upon the receipt of the reward. This would suggest the following cell type-to-response 

mapping in the VTA: first, a classical dopaminergic response predicting rewards and 

reporting the outcome (Cohen et al. 2012), GABAergic cells that increase in firing rate 

following reward receipt (Cohen et al. 2012), and a third glutamatergic cluster, that 

decreases in firing rate following reward receipt, as identified in this study. It is tempting 

to imagine a local microcircuitry where GABAergic neurons control the firing of 

glutamatergic VTA cells during the receipt of a reward. 

https://paperpile.com/c/JOAPQI/eA9QE
https://paperpile.com/c/JOAPQI/eA9QE
https://paperpile.com/c/JOAPQI/eA9QE
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Fig. 15 Mapping of predicted dopaminergic and glutamatergic clusters onto response 
profile clusters 

(A) Average z-scored firing rate responses to behavioural task events (rows in this order: LED, 

tone, decision point, drop consumption) during the different task sets columns right to left: 

quinine, sucrose). Dopaminergic neurons are in brown, and glutamatergic cells are in blue. 
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(B) Task set decoding based on the firing rate responses for glutamatergic (blue) versus 

dopaminergic neurons (brown). Each data point in (B) represents one cell. 

 

3.6 VTA single units are grouped to behaviourally relevant cell 

assemblies 

 

After having investigated task-relevant representations at the single cell level, I went 

on to ask whether there is evidence for a holistic integration of single cell activity in the 

form of local VTA co-firing patterns. To detect co-activity patterns, I used the PCA/ICA 

method (see chapter 2.10). In short, co-firing patterns are isolated by performing 

independent component analysis (ICA) on the simultaneously recorded spike trains of 

individual cells. The co-firing patterns are expressed as vectors of weights with the 

same length as cells used for the detection (all VTA cells recorded in that session). 

Each weight corresponds to the extent to which an individual neuron’s spiking activity 

contributes to a particular co-firing pattern. This way, I identified 39 VTA assemblies, 

24.5±2.1 cells per assembly. 

I was first interested in how the organisation of co-firing patterns relates to the 

representation of individual task variables by single VTA neurons. In other words, are 

cells with similar task-event related response profiles more or less likely to be grouped 

into an assembly? To address this question, I developed a metric that accounts for 

both, the magnitude of contribution of an individual neuron to an assembly and its 

response profile to behavioural task events (see chapter 2.11 for methodological 

details). Briefly, every neuron was assigned a vector describing its firing rate 

responses to the different task events. For each assembly, this vector was weighted 

by the neuron’s weight in the PCA/ICA assembly vector. I then computed the cosine 

similarity between the neurons of all co-firing patterns, which were then compared to 
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a shuffled null-distribution. Using this method, I found that individual cells of VTA co-

firing patterns are grouped together based on the similarity of their firing response 

properties to behaviourally task events more than would be expected by chance (Fig. 

16 A, n=39, U=-8.1, p<1e-6, Wilcoxon ranksums). It is important to note that 

assemblies have been detected outside the task trial periods (i.e. outside the tone and 

drop availability). Hence, co-activity during the tone, decision point or drop delivery 

does not cause the PCA/ICA algorithm to group the neurons into a co-firing assembly. 

I conclude that the more similar the task-event response profiles are, the more likely 

cells are to fire together. Notably, cosine similarity for neurons within assemblies is 

below 1, the boundary for complete similarity.  

Next, I sought to determine the relevance of VTA co-firing patterns during ongoing 

behaviour. To this end, I tracked the expression strength of co-firing patterns over time 

(see chapter 2.5 for mouse tracking procedure) while the animal was left to explore a 

task-unrelated familiar enclosure and the task arena. I further split the time spent in 

the task arena into different ‘pre task’ and ‘task’ epochs. The ‘task’ epoch is defined 

by the onset of the tone and ends with the removal of the liquid from the dispenser 

while the ‘pre task’ period is defined as the time interval of equal length directly 

preceding the ‘task’ epoch. To evaluate whether these assembly patterns carried task 

relevant information, I tracked their coactivity strength over time. To disambiguate the 

methodology: I was not detecting new assemblies during different time periods, but 

rather determined how often cells defining an assembly fire together during a certain 

period of time. The time periods of trials would be too short to reliably detect 

statistically robust co-firing patterns. Coactivity pattern strength was different during 

the familiar, pre-task and task periods (Fig. 16 B, D; p=2.6e-3, F=6.41, ANOVA). Post 

hoc analysis revealed that VTA assembly strength is stronger during the task 
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compared to the other task-unrelated arena that mice also explored each day 

(p=1.32e-2, Tukey HSD adjusted p-value). Moreover, pattern strength increased more 

during tone-initiated trials than during periods before tone presentation (‘off-trial’) (Fig. 

16 B; change in pattern strength relative to task-unrelated arena: ‘off-trials’=11.1±8.4% 

versus ‘on-trials’=31.5±10.4%, p=2.5e-2, Tukey HSD adjusted p-value). Consistently, 

Naive Bayes models trained on pattern strength time courses to discriminate between 

the task sets (see chapter 2.12 for methods; similar to analysis in Fig. 14) further 

showed that decoding performance increases from the ‘pre task’ to the ‘task’ epoch, 

indicating the recruitment of task relevant representations in the form of co-activity 

assembly patterns (p=3.4e-3, paired t-test). 

 

 

Fig. 16 Recruitment of VTA co-firing patterns during ongoing behaviour. 

(A) Average cosine similarity of VTA cell-assembly members with respect to their 

responses to different behavioural task events. The contribution of individual cells has 
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been weighted based on their weights in the assembly vector and compared to a 

shuffled distribution of firing rate responses (see main text). (B) Average coactivity 

pattern strength was stronger in the task arena before tone presentation (pre-task) 

than in another control enclosure (FAM), further increasing during task trials (task). (C) 

Task-cue contingencies were better reported by coactivity pattern time course during 

tone trials compared to pre-task trials. (D) The task arena (dispenser: black rectangle) 

and the other (control) enclosure that mice also explored on each day. (E) Examples 

of assemblies detected during one recording day from the same mouse. For 

visualisation purposes, neurons with strong contribution to the assembly vector are 

grouped together and coloured in black. 

3.7 Discussion 

 

In this chapter, I introduce our behavioural task, which requires the animal to 

distinguish two sets of sensory cues in order to inform appetitive versus aversive 

behavioural responses. I utilise this design to explore the representation of task 

variables and report that single VTA cells have a rich repertoire of task-related 

responses, which is subject to strong variability between different VTA cells. Then I 

set out to establish a method to electrophysiologically separate dopaminergic from 

glutamatergic neurons using opto-tagging and find that a classification based on the 

ISI-distribution performs better than traditionally applied heuristics. With this method, 

I found that glutamatergic cells encode behavioural task events more reliably than 

dopaminergic neurons.  Finally, I report the existence of VTA co-firing assembly 

patterns and establish that their expression is linked to ongoing behaviour. In these 

assemblies, single cells with similar responses to behavioural task variables are 

grouped together. In the following pages, I will discuss these findings and highlight 

methodological, mechanistic and functional considerations. 

 

Behavioural task: our aim was to use a task that would require the animal to process 

and integrate multiple behaviourally relevant sensory modalities and would allow us to 
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monitor neural correlates alongside with behavioural readouts. To this end, I decided 

to develop a task in which stimuli are controlled externally via TTLs or easily 

heuristically estimated (i.e. decision point via position tracking). With this in mind, I 

used a spatio-visual context discrimination task which has events of a classical go-

nogo task. The animal was required to integrate spatio-visual (LED), auditory (tone) 

and gustatory (delivered liquid) information in order to make a decision about an 

appetitive or aversive outcome. On the one hand, this design bears the question 

whether a rapid and repeated contextual switch is ethologically relevant. On the other 

hand, I reasoned that an open field design where the animal can move freely would 

be preferable over spatially confined (linear track) or physically restrained (headfixed) 

designs and accepted this as a trade-off between external control of stimuli and natural 

exploration behaviour. I observed that animals returned to near chance-level 

performance in the beginning of every new session, but rapidly improved over time. It 

is possible that mice required several trials to reinstate the memory of task rules based 

on the sensory context. Over time, however, mice expressed progressively more 

approach behaviour during the sucrose condition. Importantly, this intra-session 

learning may have implications for the analysis of neural signals. For instance, reward 

prediction errors signatures may change as a course of learning (Amo et al. 2020) or 

different patterns of cross-structural co-activation might emerge as the animal 

remembers. I found that animals did not switch to a block-based strategy to solve the 

task, since mice solved the task contingencies correctly already during the first trial of 

any given block. Furthermore, as I quantified approach and not drop consumption 

behaviour, it is unlikely that behavioural performance is explained by the usage of 

olfactory cues to determine the drop identity. Lastly, it is important to note that although 

a total of 29 behaviour-sessions were used for these behavioural experiments these 

https://paperpile.com/c/JOAPQI/NQAJ
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came from only 5 mice and hence, more animals are required to add statistical 

robustness to the results.  

(i) Characterisation of the diversity of single unit responses to behavioural and 

sensory variables in the VTA. 

Methodological considerations: in this analysis, I used average firing rates during 

ongoing behaviour to obtain single-cell responses to various behavioural task events. 

Since task events often overlap in time, there is a chance that the response of one 

task event will be contaminated by another concurrently happening task event (e.g. 

decision point and tone, i.e. in trials when the mouse starts running towards the 

dispenser while the tone is still playing). To circumvent this issue, I applied a z-scoring 

procedure relative to the baseline prior to any given event onset yielding successfully 

separated response estimates (e.g. the first two cells in Fig. 8, which have distinct 

firing rate increases during the tone and decision point). I then used those z-scored 

responses to classify cells into separate groups based on which task event they 

respond to. However, the definition of task events is arbitrary and subject to categories 

imposed by the human experimenter. Undoubtedly, the VTA is involved in processing 

more environmental and internal variables (Ilango et al. 2012; Gomperts, Kloosterman, 

and Wilson 2015) than I tested for here. Therefore, the cluster architecture might well 

have been biased by our selection of task events. This also likely influenced the 

separability of the data and, hence, the decision on the cluster number. However, the 

advantage of using the parameters I chose for this investigation is that they are 

temporally precisely defined, and they cover a spectrum of different modalities (visual, 

auditory, cognitive and gustatory). This, hence, serves as a simplified method to 

sample responses from the multidimensional representational space of the VTA. A 

further parameter influencing the detected single cell responses may be the 

https://paperpile.com/c/JOAPQI/VFZUR+DcHmm
https://paperpile.com/c/JOAPQI/VFZUR+DcHmm
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anatomical site of the tetrode recordings. Different regions in the VTA receive not 

qualitatively, yet quantitatively different inputs from other brain regions. VTA cells may, 

thus, be biased towards some modalities over others in accordance to the origin of the 

presynaptic input (Watabe-Uchida et al. 2012; Beier et al. 2015; Ogawa et al. 2014; 

Faget et al. 2016). Therefore, it is possible that the same experimental setup could 

yield different clustering results based on the exact position of recordings within the 

VTA. Furthermore, different response profiles do not necessarily imply different cell 

types but may instead reflect the proficiency of the animal. For instance, a response 

to the LED but not the tone could simply reflect a gradual backwards shift of the 

conditioned response in some cells but not others (Amo et al. 2020). 

Mechanistic and functional considerations: I observed variability in the response to 

behavioural task events at the single-cell level across three dimensions: (i) which task 

event a cell responds to, (ii) if it responds with an increase or decrease in firing rate 

and (iii) how many such task events a cell responds to. Variables within and across 

those dimensions appear to be flexibly combinable giving rise to highly 

multidimensional representational properties of single VTA neurons. Three different 

mechanisms may underlie such high dimensionality: first, the response pattern of any 

given neuron may be inherited entirely from the pre-integrated presynaptic input it 

receives from other brain areas. For instance, the VTA has been shown to receive 

input from highly integrative brain structures such as the PFC (Beier et al. 2015) and 

hence, could inherit such high dimensional response properties. Second, the same 

authors showed that single VTA cells receive convergent input from different brain 

areas (Beier et al. 2015) and hence, may act as integrators for different behaviourally 

relevant parameters themselves. Third, as VTA cells are heavily interconnected, 

neurons may be sharing information locally between each other (Johnson and North 

https://paperpile.com/c/JOAPQI/OOJv2+8xGRr+AbYmy+tHDon
https://paperpile.com/c/JOAPQI/OOJv2+8xGRr+AbYmy+tHDon
https://paperpile.com/c/JOAPQI/NQAJ
https://paperpile.com/c/JOAPQI/8xGRr
https://paperpile.com/c/JOAPQI/8xGRr
https://paperpile.com/c/JOAPQI/kScDW+4VFvZ+EaEDc+ZD98D+BZUa2
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1992a; Tan et al. 2012; van Zessen et al. 2012; H.-L. Wang et al. 2015; Dobi et al. 

2010). Ultimately, those mechanisms are not mutually exclusive and may contribute 

to certain degrees to the representational richness of single VTA neurons. 

Whilst neurons exhibiting similar response patterns can be classified into separate 

clusters the borders between clusters as well as the optimal cluster number appears 

to be not clearly defined. This indicates that single-neuron response variability lies on 

a continuum. Why would it make sense to equip individual VTA cells with the ability to 

represent such complex and gradual combinations of behaviourally relevant 

parameters? One possibility is that this complexity allows for a fine-grained 

representation of the external and internal world and provides a way to modify 

behaviour in accordance with current environmental requirements. Furthermore, the 

brain may leverage the axonal infrastructure of single VTA cells to send a complex 

multimodal message via the same cell at the same time to different target cells, which 

can even be located in different brain regions (Aransay et al. 2015).  

(ii) Do glutamatergic and dopaminergic VTA neurons respond differently to 

behavioural and sensory variables? 

Methodological considerations. In order to classify cells electrophysiologically into 

glutamatergic or dopaminergic neurons, I first needed to find suitable metrics. I 

clustered VTA cells based on these electrophysiological metrics in an unsupervised 

manner and subsequently mapped opto-tagged neurons onto the previously identified 

clusters to assign a molecular profile. I chose this approach since this would allow us 

to build our model based on a comparatively large number of recorded neurons from 

the non-optotagged dataset. The reverse approach would be to train a classifier on 

the opto-tagged ground truth data and then predict the identity of non-opto-tagged 

https://paperpile.com/c/JOAPQI/kScDW+4VFvZ+EaEDc+ZD98D+BZUa2
https://paperpile.com/c/JOAPQI/kScDW+4VFvZ+EaEDc+ZD98D+BZUa2
https://paperpile.com/c/JOAPQI/qqwTm
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cells. However, this would render the model more vulnerable to potential to sample 

biases in the small opto-tagged populations. One limitation of our clustering framework 

is the lack of opto-tagged GABAergic neurons and so it is unclear which clusters these 

neurons correspond to. However, it is estimated that the proportion of GABAergic cells 

in the medial VTA (our recording site) is 12%, which is significantly lower than in other 

VTA nuclei, where prevalence can be up to 45% (Nair-Roberts et al. 2008). Whilst 

acknowledging the potentially drastic effects of individual interneurons on the local 

network, for the purposes of establishing a clustering framework based on extracellular 

signals, I consider this number negligible. Furthermore, a physiologically meaningful 

separation into glutamatergic versus dopaminergic clusters is supported by 

pronounced differences in the decoder performances as well as different temporal 

response profiles to the consumption of the sucrose drop (Fig. 14; bottom row) 

consistent with previously reported response phenotypes (Cohen et. al, 2012). 

Moreover, I noticed that two glutamatergic cells are located at the border of a 

dopaminergic cluster and one dopaminergic neuron is on the outskirts of the 

glutamatergic cluster. It is possible that these are misclassifications due to 

imprecisions in our model or alternatively, these neurons could be combinatorial 

neurons co-releasing glutamate and dopamine (Yamaguchi et al. 2015; Kawano et al. 

2006). In fact, in this study I deliberately imposed a categorical framework on a 

biological phenomenon that might in reality be a continuum. Lastly, it is important to 

note that optogenetic ground truth data was obtained from only 2 DAT-Cre and 2 

VGlut-Cre. In this sense, the validation of clusters obtained using unsupervised 

clustering using the ISI-distribution is subject to variability in tetrode placement. 

Similarly, despite the relatively high number of 318 VTA cells recorded in the non-

optogenetic dataset, these clusters may be subject to variability in tetrode placement. 

https://paperpile.com/c/JOAPQI/461WJ
https://paperpile.com/c/JOAPQI/3SHGs+nHIwi
https://paperpile.com/c/JOAPQI/3SHGs+nHIwi
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For instance, the electrophysiological signature in different regions of the VTA could 

be different for the same cell type; and conversely the features could be similar for 

different cell types depending on the locus of electrode placement. This could lead to 

different cell types being grouped together and erroneously validated as belonging to 

the same cluster. In connection with this, a post hoc histological verification of the 

electrode tracks is required. 

In our dataset, methods previously used to identify dopaminergic neurons based on 

spike width, firing frequency and spike shape  (Ungless, Magill, and Bolam 2004; 

Ungless and Grace 2012; Anstrom and Woodward 2005; Dahan et al. 2007; Hyland 

et al. 2002) did not yield satisfactory separation between glutamatergic and 

dopaminergic cells. Consistent with our findings, previous studies have questioned the 

validity of such heuristics (Lammel et al. 2008; Margolis, Lock, Hjelmstad, et al. 2006). 

At the time these electrophysiological heuristics were developed no cell-type specific 

optogenetic interrogation was available and hence, parameters were inherited from 

the study of substantia nigra dopaminergic neurons, where the cell population is much 

more electrophysiologically homogenous (Ungless and Grace 2012) and hence, 

possibly not readily applicable to the diversity of VTA neurons (Morales and Margolis 

2017). It is worth noting that dopaminergic substantia nigra neurons are biochemically 

heterogeneous (Poulin et al. 2020). Furthermore, classification approaches are 

sensitive the specific anatomical locus within the VTA, which determines molecular 

make up, presynaptic input and hence, the electrophysiological properties of single 

cells (Lammel et al. 2008, 2011; Margolis et al. 2008; Ford, Mark, and Williams 2006). 

In order to investigate the relationship of neurotransmitter identity to the 

representational diversity of single VTA cells, I investigated the proportion of 

https://paperpile.com/c/JOAPQI/Lu0M7+JUFYd+bAS9k+67DmY+xjTI2
https://paperpile.com/c/JOAPQI/Lu0M7+JUFYd+bAS9k+67DmY+xjTI2
https://paperpile.com/c/JOAPQI/Lu0M7+JUFYd+bAS9k+67DmY+xjTI2
https://paperpile.com/c/JOAPQI/Xipwj+LI4Ti
https://paperpile.com/c/JOAPQI/JUFYd
https://paperpile.com/c/JOAPQI/A2Jv
https://paperpile.com/c/JOAPQI/A2Jv
https://paperpile.com/c/JOAPQI/bWV0
https://paperpile.com/c/JOAPQI/Xipwj+IHJhF+JdSNI+7rqjc
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dopaminergic and glutamatergic cells in the clusters. I noticed that in one large cluster, 

the proportion of glutamatergic cells was lower than would be expected by chance, but 

the same was not true for dopaminergic cells. Interestingly, neurons grouped in this 

cluster did not exhibit any notable responses to the behavioural task events. One 

possible explanation would be a genuinely stronger involvement of glutamatergic cells 

in the task at hand. Alternatively, it is possible that I simply did not test for the relevant 

task parameters the dopaminergic cells in this cluster respond to. However, decoding 

analysis confirmed that glutamatergic cells spiking is more closely related to 

behavioural task events.  

Mechanistic and functional considerations. This decoder-based approach revealed 

that glutamatergic VTA neurons encode three of the four task variables more reliably 

than dopaminergic cells (i.e. LED, tone, decision point but not drop consumption). I 

found that controlling for positive and negative modulation of the firing rate reduces 

the decoding accuracy of glutamatergic cells towards the level of dopaminergic 

neurons for the LED and the decision point. This suggests that the brain leverages the 

higher firing rate of glutamatergic VTA neurons to increase their information encoding 

capacity. From a mechanistic perspective, this could either be achieved by more 

glutamatergic cells being tuned to task relevant variables. Alternatively, glutamatergic 

neurons could exhibit a higher inter-trial reproducibility of spike trains during the same 

task contingency. Both options are not mutually exclusive and are subject to the input 

from presynaptic regions. Consistently, glutamatergic cells receive quantitatively 

different input from other brain regions compared to dopaminergic neurons (Watabe-

Uchida et al. 2012; Beier et al. 2015; Faget et al. 2016; Ogawa et al. 2014). 

Additionally, spike train reliability is subject to differences in the molecular makeup of 

different cell types and their presynaptic inputs influencing stochastic noise processes 

https://paperpile.com/c/JOAPQI/OOJv2+8xGRr+tHDon+AbYmy
https://paperpile.com/c/JOAPQI/OOJv2+8xGRr+tHDon+AbYmy
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such as stochastic neurotransmitter release and opening/closing of ion channels 

(Deco, Rolls, and Romo 2009). 

From a functional perspective, the precision of spike timing plays an important role for 

the downstream reader neurons. While glutamate acts on a millisecond timescale at 

ligand-gated ion channels on axo-dendritic synapses, dopamine is widely considered 

to act on a slower timescale via volume conduction on (slower) metabotropic 

dopamine receptors (Tritsch and Sabatini 2012). Therefore, the encoding time window 

for dopaminergic neurons allows for more variability spike timing precision. The fact 

that glutamatergic VTA neuron spiking is better at encoding environmental 

contingencies may also reflect differences in the function of those neurons on a circuit 

level. Glutamatergic neurons may specialise more in broadcasting specific information 

content relying on precise spike timing and fast postsynaptic responses, dopaminergic 

cells may instead transmit more general, slightly less content specific and time-

sensitive signals such as motivational states (Bromberg-Martin, Matsumoto, and 

Hikosaka 2010) or general learning signals (Glimcher 2011). Importantly, our data do 

not support the idea that glutamatergic and dopaminergic VTA cells represent 

qualitatively different aspects of the internal or external world. Representational 

differences between the two cell types appear to be rather quantitative. Nonetheless 

the cell types may have functionally strikingly different roles from the perspective of 

downstream reader neurons given the temporal dynamics and metabotropic impact of 

glutamatergic versus dopaminergic neurotransmission. Ultimately, both cell-types in 

synergy could promote content-specific acute learning with glutamatergic cells 

selecting the right downstream neurons for ongoing behaviour whilst dopamine 

modulates their synaptic connectivity. 

https://paperpile.com/c/JOAPQI/GEkFB
https://paperpile.com/c/JOAPQI/P8kXm
https://paperpile.com/c/JOAPQI/VuKd
https://paperpile.com/c/JOAPQI/VuKd
https://paperpile.com/c/JOAPQI/RVsFX
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(iii) Are there behaviourally relevant co-firing assembly patterns within the VTA? 

Methodological considerations. To our knowledge, this analysis reports for the first 

time the existence of co-firing assemblies in the VTA. Strikingly, despite the relatively 

low number of VTA cells recorded simultaneously, VTA cell co-firing patterns were 

successfully identified using the PCA/ICA method, which suggests a tight and reliable 

coupling of single unit activity in the VTA. In order to sample sufficient neural co-firing 

events I decided to integrate across the entire task period for the assembly analysis 

as opposed to focusing on single behavioural task events as done for single cell 

spiketrain-decoding analysis. The downside of this approach is that the assembly 

activation time course will co-vary with the onset of non-static behavioural events such 

as the start of the decision point or the time of drop consumption. This variability 

reduces the ability of classifiers to learn the relationship between assembly activation 

and the identity of the decoded task set. 

Furthermore, I investigated whether cells representing similar task events are more 

likely to co-fire together in an assembly. To this end, I weighted the cell’s responses 

by their weights in the assembly vector. Since most weights in an assembly vector are 

close to zero, most weighted feature vectors for each cell will be close to zero too, 

resulting in an inflated similarity score for both the shuffled and non-shuffled feature 

vectors. Nonetheless, despite this bias I measured a difference between the shuffled 

and original distributions hinting towards a real biological organisational principle. 

Lastly, the analysis suffers from sparsity of biological replicates (5 mice). This could 

be particularly impactful in the face of sparsity in the expression of neuronal co-

activation strength over time and amplified by the low number of simultaneously 

recorded VTA neurons (15.4±1.7 per session). This could introduce noise in both, the 
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detection of assembly patterns as well as the usage of assembly strength traces for 

decoding of task contingencies.  

Mechanistic and functional considerations. The representational cosine similarity of 

neurons grouped to co-firing assemblies was above chance and below the possible 

limit of 1. I suggest that the imperfect similarity of neurons grouped to an assembly is 

indicative of a partial overlap in the representational space covered by single neurons. 

This could allow for a minimally necessary degree of response similarity to enable co-

activity whilst leaving room to flexibly integrate other neurons with partially dissimilar 

representational content. This finding is in line with recent research on distributional 

reinforcement learning in the brain suggesting that combinations of VTA neurons 

encode the spectrum of expected rewards (Lowet et al. 2020; Dabney et al. 2020). 

One could imagine a scenario in which cells responding to different sensory or 

behavioural variables jointly encode different quantiles of such a value distribution.  

This could provide a mechanism for the expansion and flexible adaptation of the 

behavioural repertoire driven by coordinated VTA single unit activity. In fact, I observed 

inter-regional variability of this property indicating that different brain structures apply 

degrees of similarity for grouping cells into assembly and hence support behavioural 

versatility to different degrees (results on other brain regions are presented in chapter 

4). I found that assembly patterns increase in expression strength in a task-relevant 

manner and are predictive of behaviourally relevant parameters. Such increases in 

VTA unit co-activity may help activate relevant downstream reader neurons through 

the simultaneous convergence of different inputs (Buzsáki 2010) and broadcast 

information in a coordinated manner via different VTA cells projecting to different 

regions (Aransay et al. 2015). Ultimately, the VTA might act as both an integration and 

broadcasting hub. In this scenario, information is inherited from other circuits, further 

https://paperpile.com/c/JOAPQI/KrZm+mK0o
https://paperpile.com/c/JOAPQI/kcUt7
https://paperpile.com/c/JOAPQI/qqwTm
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integrated locally and finally passed on to wide-reaching glutamatergic and 

dopaminergic projection neurons which send messages to the VTA’s downstream 

regions in a temporally and representationally coordinated fashion.  

4. CHAPTER 4: BRAIN-WIDE TASK RELEVANT REPRESENTATIONS AND 

DISTRIBUTED CELL ASSEMBLIES 

4.1. Introduction 

 

It is currently thought that information in the sensory, motor, and cognitive domains is 

processed within specific brain circuits. Notably, individual neurons in the dorsal CA1 

hippocampus (CA1) represent spatio-visual surroundings (O’Keefe and Dostrovsky 

1971b; Wilson and McNaughton 1993; Leutgeb et al. 2005); amygdala (Amy) and 

ventral tegmental area (VTA) neurons process negative and positive stimuli (e.g., 

conditioned auditory cues) (Ambroggi et al. 2008; Beyeler et al. 2016; Herry et al. 

2008; Cohen et al. 2012; Kyriazi, Headley, and Paré 2020); medial prefrontal cortex 

(PFC) neurons underpin decision- making  (Sul et al. 2010; Narayanan and Laubach 

2006; Passecker et al. 2019) and nucleus accumbens (NAc) neurons process cue-

predicted reward outcomes (Lansink et al. 2012; van der Meer and Redish 2009; 

Lavoie and Mizumori 1994; Setlow, Schoenbaum, and Gallagher 2003; Roitman, 

Wheeler, and Carelli 2005). Furthermore, some neurons appear to encode more than 

one stimulus. For instance, some hippocampal cells respond to both, place and reward 

(Bittner et al. 2015), or auditory cortex neurons simultaneously encode pitch and 

timbre (Walker et al. 2011), thus forming conjunctive codes between two external 

variables. It is unknown whether neurons in different brain areas specialise in different 

stimulus conjunctions. However, the idea of pure functional specialisation of different 

brain areas has progressively been subject of criticism (Fox and Friston 2012) and is 

https://paperpile.com/c/JOAPQI/FmHK8+eLDGW+82d4A
https://paperpile.com/c/JOAPQI/FmHK8+eLDGW+82d4A
https://paperpile.com/c/JOAPQI/jjwD+lEwfc+lKOsY+eA9QE+Ck293
https://paperpile.com/c/JOAPQI/jjwD+lEwfc+lKOsY+eA9QE+Ck293
https://paperpile.com/c/JOAPQI/VUoC3+BaEY5+2G0Ug
https://paperpile.com/c/JOAPQI/VUoC3+BaEY5+2G0Ug
https://paperpile.com/c/JOAPQI/D5P3N+4K4aP+RpkSD+HSi5A+OB9O3
https://paperpile.com/c/JOAPQI/D5P3N+4K4aP+RpkSD+HSi5A+OB9O3
https://paperpile.com/c/JOAPQI/D5P3N+4K4aP+RpkSD+HSi5A+OB9O3
https://paperpile.com/c/JOAPQI/0TASU
https://paperpile.com/c/JOAPQI/WmQ7a
https://paperpile.com/c/JOAPQI/YcJa4


96 
 

rivalled by models based on the concept of distributed processing (Rumelhart and 

McClelland 1987; Rissman and Wagner 2012). According to the parallel distributed 

processing (PDP) framework (Rumelhart and McClelland 1987), brain areas do not 

have a single psychologically defined function. Instead, information is computed in a 

distributed manner across different parts of the system. This raises the following 

question: if different events of the same percept are processed separately, how could 

the brain compute one single coherent percept? Donald Hebb’s idea of cell assemblies 

posits that neurons representing different items could be bound together through 

coincident firing and thus, form a rich and coherent representation (Hebb 1949b), 

1949). Hence, I hypothesized that short-timescale neuronal coactivity forming co-firing 

assemblies spanning multiple brain regions could provide a ‘platform’ to bind different 

pieces of information together and this way form behaviourally relevant 

representations. Here, I performed simultaneous tetrode recordings from CA1, Amy, 

NAc, VTA and PFC whilst the animal was engaging in our two-contingency 

behavioural task. Using this framework, I addressed the following questions: 

(i) Do different brain areas specialise in different behavioural task representations? 

(ii) Are there behaviourally relevant co-firing assemblies across multiple structures? 

 

  

https://paperpile.com/c/JOAPQI/paHVH+UHsM8
https://paperpile.com/c/JOAPQI/paHVH+UHsM8
https://paperpile.com/c/JOAPQI/W0CZI
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4.2. Neuronal representations of task variables across five brain regions 

 

I performed simultaneous tetrode recordings from PFC, NAc, CA1, Amy and VTA  in 

the right hemisphere (Fig. 17) while the animal was performing our task. This enabled 

us to probe for potential differences and similarities in task representation in different 

brain regions. I recorded 1241 neurons in 9 mice (CA1: 344, Amy: 161, NAc: 176, 

PFC: 242, VTA: 318). The cell yield for every region was CA1: 11-20, Amy: 3-25, NAc: 

11-14, PFC: 5-25, VTA: 6-43 (the range expresses minima and maxima across 

average cell yields by mouse). This variability may have an impact on population 

analyses conducted further below and is treated in the discussion. 

 

 

Fig. 17 Quintuple-brain-region tetrode recording from the right hemisphere. 

Example wide-band signals (top; color-coded raw traces of local field potentials) 

simultaneously recorded in the PFC, NAc, CA1, Amy and VTA along with spike times of 
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neurons (bottom raster plot; one cell per row; color-coded spike trains according to brain 

region) from a mouse performing the task. All tetrodes were positioned in the right hemisphere. 

 

I computed average PSTHs and standardise them with respect to the mean and 

standard deviation of the baseline directly prior to the onset of the event onset (LED, 

tone, decision point and drop consumption). Each region exhibited firing modulation 

to all the task variables, from LED to tone to outcome (Fig. 17-23). No differences in 

the mean response magnitude after event onset were observed between the regions 

for the LED and the Tone  (p=0.27 and p=0.82, respectively; ANOVA). However, there 

were differences in the response magnitude between the regions during the decision 

point and the drop consumption (p=1.6e-7 and p=1.2e-5, ANOVA). Post hoc analyses 

revealed that CA1 responded significantly more strongly to the decision point 

compared to Amy, NAc and PFC (p=5.4e-3, p=1e-3 and p=1.7e-2, respectively; 

Tuckey HSD adjusted p-values). Furthermore, VTA responded more strongly than 

Amy, NAc and PFC (p=1.7e-3, p=1e-3 and p=4.6e-3, respectively; Tuckey HSD 

adjusted p-values). During drop consumption, CA1, Amy, responded more strongly 

than the VTA (p=6.1e-3 and p=2.7e-3, respectively; Tuckey HSD adjusted p-values) 

but the VTA responded more strongly compared to NAc and PFC (p=1e-3 and p=9.3e-

3, Tuckey HSD adjusted p-values). For these analyses, each cell’s preferred condition 

was first determined based on which condition elicited the greater average firing 

response. Only trials from that respective trial were considered for this analysis. 

Please note that the temporal dynamics are not being taken into account when 

comparing the responses of the different regions. Also, for this analysis, positive and 

negative deflections of the response are averaged. At different points in time it may 

well be that one region responds more strongly than another, even if it does not show 
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when averaging across the entire response period. It remains questionable however, 

how biologically significant these rather small differences in amplitude changes are. 

Fig. 18 Average responses of single neurons to task events in different brain regions. 

From left to right: average firing rate responses to the LED, Tone, decision point and drop 

consumption split by region. For this analysis, I first determined which condition (sucrose or 

quinine) the cell responds more strongly to and calculated the PSTH only from those trials. 

The traces have been standardised with respect to the baseline preceding the event onset.  

 

 

Fig. 19 Example single-neuron firing modulation to task variables in PFC. 

Heatmap showing the average Z-scored firing rate (Hz) of example PFC neurons (one 

neuron per row) in response to each task variable. On the y-axis, neurons are organized 

according to their preferred task cue. 
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Fig. 20 Example single-neuron firing modulation to task variables in NAc. 

Heatmap showing the average Z-scored firing rate (Hz) of example NAc neurons (one 

neuron per row) in response to each task variable. On the y-axis, neurons are organized 

according to their preferred task cue. 
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Fig. 21 Example single-neuron firing modulation to task variables in Amy. 

Heatmap showing the average Z-scored firing rate (Hz) of example amygdala neurons (one 

neuron per row) in response to each task variable. On the y-axis, neurons are organized 

according to their preferred task cue. 
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Fig. 22 Example single-neuron firing modulation to task variables in CA1. 

Heatmap showing the average Z-scored firing rate (Hz) of example CA1 neurons (one 

neuron per row) in response to each task variable. On the y-axis, neurons are organized 

according to their preferred task cue. 
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Fig. 23 Example single-neuron firing modulation to task variables in VTA. 

Heatmap showing the average Z-scored firing rate (Hz) of example VTA neurons (one 

neuron per row) in response to each task variable. On the y-axis, neurons are organized 

according to their preferred task cue. 

 

When expressing peak firing rates to a given task event as proportion of the sum of 

peak firing responses (of all behavioural task events), it becomes apparent that 

different brain regions exhibit a strong representational overlap. The proportions of 

represented task events are roughly similar across regions with the most strongly 

represented task event being the decision point in CA1, VTA, Amy and NAc (42.2, 

42.1, 32.5 and 32.2%, respectively), and LED in PFC (30.1%) (Fig. 16). This indicated 

processing of multiple information streams in each brain region, yielding a substantial 

representational overlap between regions.  
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Fig. 24 Quantification of single-neuron representations of task variables within each 

brain region. 

Each pie chart shows for one brain region the proportion of all task-event related z-scored 

firing rate changes attributed to a given task variable: LED, tone, “decision-making point” or 

outcome. 

 

I next asked whether there were any differences with regards to conjunctive coding 

between the areas. To address this question, I created a ‘conjunction profile’ for each 

region consisting of conjunction scores for each possible stimulus pair in the following 

manner: for each given region I created separate population vectors for every stimulus. 

A population vector is composed of response scores to the given stimulus with the 

length equal to the number of neurons of the given region (i.e. one population vector 

each for LED, tone, decision point and drop consumption). Response scores were 

calculated as explained above as the maximum firing response standardised with 

respect to the baseline. Within each individual region I then computed the Pearson 

correlations between all possible combinations of the four population vectors. The 

resulting correlation coefficient is a measure of how correlated the responses of the 

neural population between different stimulus events are. I corrected the Pearson 
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correlation for each stimulus pair by subtracting the average of the null distribution, 

which was obtained by randomly shuffling response scores across neurons within the 

same region and same recording day. Only statistically significant Pearson 

correlations (p<0.05) were considered. Briefly, I created a firing-rate modulation score 

for each neuron based on the z-scored firing rate change from the baseline prior to the 

onset of the behavioural task event. Responses were binned in 100 ms bins windows 

and the largest positive or negative (whichever has the larger absolute value) value 

was taken as a response score. Across all regions, the strong correlations were 

obtained for the neural responses to the decision points during the sucrose and 

quinine conditions (Fig. 25). The VTA exhibited the most stimulus conjunctions. In 

addition, VTA, PFC and NAc but not CA1 and Amy showed strong stimulus 

conjunction between the decision point and tone during the sucrose condition. For 

VTA, PFC, Amy and CA1 the strongest negative correlations were between task 

events experienced during the two different contingencies. The only exception here 

was the negative correlation between quinine drop consumption and quinine-paired 

LED in CA1. This indicates that individual neurons in those regions responded with 

firing rate changes into opposite directions, i.e. inhibition versus excitation. 

Interestingly, the NAc did not follow this logic, and negative stimulus response 

correlations were both within the quinine condition indicating potentially less 

specialisation for contingency discrimination in the NAc compared to other regions. I 

observed positive correlations for stimulus events within and across the same 

contingency in all regions. Strikingly however, no two regions had the same 

conjunction profile. Instead, different regions exhibited unique combinations of 

conjunctions so that no single region but only several different regions together would 
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cover the entire space of possibilities. This indicates regional functional specialisation 

with respect to stimulus conjunction as opposed to single stimulus representation. 

 

 

Fig. 25 Conjunctive stimulus coding by different brain regions. 

Stimulus conjunction profiles for CA1, amygdala, NAc, PFC and VTA. The columns/rows of 

the matrix are organised as follows: LED (sucrose), LED (quinine), Tone (sucrose), Tone 

(quinine), decision point (sucrose), decision point (quinine), drop (sucrose), drop (quinine). DP 

stands for decision point. Each cell is the average Pearson correlation between the two 

stimulus representations. Numbers displayed in cells are the correlation coefficients of 

significant Pearson correlations (p<0.05). 
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4.3. Brain wide distributed cell assemblies 

 

Next, I investigated whether I was able to detect behaviourally relevant 

representations at the population level across multiple brain structures, specifically in 

the form of co-firing assemblies. As in chapter 3 (Fig. 16), in order to detect such 

coactivity, I considered time intervals spanning off-trial epochs (i.e., time intervals 

before the tone and after the removal of the drop) when mice explored the task arena, 

using 25-ms windows as the timescale for cell assembly expression. A two-step 

statistical method estimated the number of coactivity patterns in the simultaneously 

recorded spike trains, and then extracted these patterns using the PCA/ICA assembly 

detection method (Fig. 26 A, see chapter 2.10 for methods). This approach yielded 78 

co-activity patterns from 71.8±2.7 neurons recorded per day in 5 mice. Individual 

patterns exhibited sub-patterns (hereafter referred to as motifs) of local coactivity 

nested within CA1, PFC, NAc or Amy. Furthermore, consistent with our results from 

chapter 3 (Fig. 16), strong neuronal coactivity was further observed within the VTA 

(Fig. 26 B). Detected patterns further exhibited multiple within-region motifs of 

coincidental spiking, thus forming higher-order motifs of cross-structural coactivity 

(Fig. 26 A, B). Strikingly, VTA appeared to contribute the most to such distributed 

coactivity (Fig. 26 B, p=8.33e-8, Kruskal-Wallis). Between-region coactivity grouped 

neurons of anatomically directly connected structures (e.g., PFC and NAc) but would 

also group neurons of regions that are not directly connected (e.g., dorsal CA1 and 

Amy), thus opening the possibility that a common input functionally binds neurons 

distributed across regions at millisecond timescales. 
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Fig. 26 Detection of cross-regional patterns of neuronal coactivity 

(A) Detecting and tracking coactivity patterns. Shown for an example recording day, from left 

to right: correlation matrix for the spike trains of simultaneously recorded neurons, identified 

coactivity patterns (each of which is represented by a weight-vector indicating the contribution 

of each (color-coded) neuron to that pattern), and a 500-ms example z-scored spike trains 

with coactivity strength time course of the right-most weight-vector (red trace). Right inset: 

higher resolution showing, during the example (red) activation peak, the synchronized activity 

of the six (color-coded) neurons with the highest contribution to the right-most weight-vector. 

(B) Average contribution to coactivity patterns from neurons forming within-region (on-

diagonal) versus between-region (off-diagonal) pairs. Coactivity strength represented using 

color-coded events in the (left) matrix and weighted edges in the corresponding (right) network 

graph. 

 

Given the remarkably short timescale of co-firing across multiple brain structures, I 

sought to confirm the existence of the cross-structural co-firing patterns using other 

methods. To this end, I computed Pearson correlations between the spike trains of 

neurons with high contribution to detected patterns of coactivity (weight above/below 

two standard deviations of the mean assembly vector). I then formed pairs of such 

neurons with respect to the identity of both brain regions and coactivity patterns. That 

is, I considered neuron pairs of which the individual neurons were recorded in the 
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same brain region (within-region) or not (between-region), knowing whether these 

neurons had a high contribution to the same pattern (within-pattern) or to distinct 

patterns (between-pattern, Fig. 27 A). Consistently, neurons with high contribution to 

a given pattern’s coactivity showed stronger temporal correlation with the spike trains 

of their co-members compared to neurons from other patterns (Fig. 27 A,B, p<1e-5, 

unpaired t-test). This confirms that the PCA/ICA method correctly identified cross-

structural millisecond timescale synchronisation of single neurons. 

 

 

Fig. 27 Correlated spiking activity of neurons within and between brain regions. 

(A) The Pearson correlation was computed between the spike trains of neurons with high 

contribution (assembly members, two standard deviations above the mean of the vector) to 

the detected patterns of coactivity. Pairs of such neurons were formed with respect to the 

identity of both brain regions and coactivity patterns. That is, I considered neuron pairs of 

which the individual neurons were recorded in the same brain region (within-region) or not 

(between-region), knowing whether these neurons had a high contribution to the same pattern 

(within-pattern) or to distinct patterns (between-pattern). (B) This distinction allowed to 



110 
 

compare co-firing of neurons, from left to right: (i) within the same region but not members of 

the same pattern (within-region between-pattern), (ii) within the same region and members of 

the same pattern (within-region within-pattern), (iii) from different regions and not members of 

the same pattern (between-region between-pattern), and (iv) from different regions and 

members of the same pattern (between-region within-pattern). Notably, the correlated activity 

between the neurons from different brain regions that are members of the same coactivity 

pattern, is substantially higher than the correlated activity of the neurons that are from the 

same region but belong to different patterns (p<1e-5, unpaired t-test). (C) This approach was 

leveraged to consider each brain region separately, by computing the Pearson correlation 

between the spike trains of the neurons within a given region and with high contribution to the 

same pattern (within-pattern) or not (between-pattern). Note the significant co-firing among 

VTA neurons members of the same pattern (within-VTA between-patterns versus within-VTA 

within-pattern: p<1e-5, unpaired t-test). 

 

Additionally, I detected assembly patterns using tensor-component analysis (TCA) 

using the implementation provided in Python (Williams et al. 2018). This method relies 

on the construction of a tensor across the following dimensions: neuron identity, 

binned spike trains and trial number (but not trial identity). An unsupervised tensor 

decomposition method is then applied to extract lower dimensional patterns resulting 

in three vectors corresponding to the dimensions of neuron, time and trial for each 

TCA assembly (Fig. 28 B, C).  As with the PCA/ICA method, I binned spike trains at 

25 ms, which resulted in the detection of 51 TCA patterns. Since the contributions of 

neurons are expressed as weight vectors, I could analyse co-firing patterns in a similar 

fashion as the PCA/ICA method. Please note that the TCA method produces 

equivalent, but not necessarily the same assemblies, as inter-trial variability as a third 

dimension is taken into account with TCA. Using both methods, I assessed how much 

a given brain area would fire together with the other four brain regions. To address this 

question, I computed the average weight corresponding to such cross-regional 

interactions by applying a masking procedure (see chapter 2.10 for methodological 

details) to the ICA and TCA assemblies. For example, in order to assess the extent to 

which VTA neurons co-fire with the other brain regions, I selected only weights 

https://paperpile.com/c/JOAPQI/mua9q
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corresponding to (VTA-CA1, VTA-Amy, VTA-NAc and VTA-PFC interactions). I found 

that regardless of which assembly detection method was used, co-firing activity 

between VTA and other brain areas was strongest (Fig. 28 A, B; ICA: p=8.3e-8; TCA: 

p=3.7e-25, Kruskal-Wallis). The next strongest cross-regional interaction was between 

PFC and other regions. Notably, for TCA assemblies, cross-regional interactions were 

markedly stronger for VTA than for PFC. Cross-regional interactions from CA1, NAc 

and Amy with other regions was equally strong. This point towards a central role of the 

VTA in organising cross-structural assembly activity. Furthermore, the similarity of 

characteristics obtained using the ICA and TCA methods further support the original 

results from the PCA/ICA method with regards to millisecond timescale cross-

structural co-firing patterns. Lastly, I confirmed that the expression strength of cross-

structural co-firing during ongoing behaviour is consistent with the co-firing weights of 

detected assemblies. To this end, I tracked assembly expression strength while the 

animal was in the task enclosure (Fig. 28 A). Indeed, the strength of cross-regional 

interactions is stronger when involving the VTA or PFC (Fig. 28 A, right panel, p=6.7e-

7, ANOVA; all p<1e-3 for VTA and PFC compared to CA1, Amy and NAc, Tukey HSD 

adjusted p-values) mirroring the analysis of weight vectors. This highlights that cross-

structural activity is recruited during ongoing behaviour and opens up the possibility of 

assembly activation in a task-relevant manner.  
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Fig. 28 Both PCA/ICA and TCA analyses highlight the central contribution of VTA 
neurons to cross-regional coactivity. 

(A) Quantification of the contribution of each brain region to the coactivity motifs formed with 

the other four regions using the PCA/ICA analysis. Left: schematic matrix representing the 

selected (color-coded) pairs of brain regions used to calculate either the weight (middle) or 

the strength (right) contribution of each brain region to cross-regional co-firing. Middle: note 

that both VTA and PFC have the strongest weight contribution to cross-regional coactivity with 
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neurons of the other four regions (p=8.3e-8, Kruskal-Wallis). Right: Similarly, note that cross-

regional coactivity strength during the task is stronger when involving either VTA or PFC 

neurons (p=6.7e-7, ANOVA). (B) Another analysis framework based on Tensor Component 

Analysis (TCA) allows exploring neuronal coactivity by extracting three low-dimensional 

descriptions of the data: neuron factors (reporting sets of coactive neurons), time factors 

(reporting time courses of coactivity) and trial factors (reporting trial-to-trial changes in 

coactivity). Note that when considering these three dimensions, VTA has the strongest 

contribution to coactivity involving neurons of the other four regions (p=3.7e-25, Kruskal-

Wallis). (C) Shown for two example TCA-detected patterns (one per row) are the weight 

contribution of each neuron to detected coactivity, the time course of that coactivity pattern 

with respect to the onset of tone trials and the related trial-by-trial modulation of detected 

patterns. Please note that the TCA method is agnostic to the contingency of the trials and 

coloration was added for visualisation purposes afterwards (yellow: sucrose, green: quinine). 

 

I next sought to explore the organisational principles of detected assemblies with 

respect to the task events represented by neurons forming the pattern. In other words: 

can I find evidence for Hebb’s idea that rich perceptual representations are the result 

of co-firing neurons representing different mental items. To this end, I used the 

approach described previously (chapter 2.11) to assess representational similarity of 

neurons forming the assemblies. In short, single cells are assigned a vector describing 

the response magnitude to individual task events. This vector weighted by the 

contribution of the neuron to the assembly is then used to compute cosine similarity 

across the neurons/weights of an assembly pattern. The resulting cosine similarity is 

then corrected by subtracting the average of the shuffled null distribution and reflects 

the degree of representational similarity of cells contributing to the assembly. To 

investigate differences in co-firing patterns between the regions I applied this method 

to assemblies separately detected in the five regions. The number of analysed co-

firing patterns were CA1=38, Amy=25, NAc=18, PFC=42 and VTA=39. In addition, I 

also used the patterns detected from across the five brain regions (n=78) and isolated 

only cross-structural co-firing pairs of neurons. I observed that all brain regions seem 

to group co-firing neurons based on representational similarity more than would be 
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expected by chance (p<1e-6 for all regions, paired t-tests against the respective 

shuffle distributions). This suggests the existence of a lower bound of representational 

dissimilarity governing the contribution of individual neurons to assembly patterns. 

However, there is inter-regional variability in this tendency: CA1, Amy and NAc 

neurons contributing to the same assembly are representationally more dissimilar than 

neurons in PFC and VTA. Interestingly, also cross-regional co-activity appears to be 

related to representational similarity (Fig. 29, p=1.4e-8 ANOVA). Post hoc tests 

revealed that Amy, NAc, PFC and VTA group neurons more strongly based on 

similarity than CA1 (p=1e-3 for all comparisons, Tukey HSD adjusted p-values). 

Furthermore, the representational similarity was greater within PFC assemblies 

compared to cross-structural co-activity (p=2.8e-3, Tukey HSD adjusted p-values). 

This suggests that co-firing activity is strongly related to representational similarity of 

neurons contributing to an assembly. Furthermore, this principle is expressed to 

varying degrees in different brain regions. However, differences appear to be small 

and it is unclear how biologically relevant these differences are. 

 



115 
 

Fig. 29 Local and cross-structural assembly organisation with respect to behavioural 
task element representation. 

Similarity scores of the firing rate responses to behavioural task events are weighted in 

proportion to the assembly vector weights of individual neurons. The resulting similarity scores 

are corrected by subtracting them from a shuffled distribution. All co-firing activity is related to 

representational similarity of neurons contributing to the pattern. Notably, co-firing of PFC, 

VTA and interregional neuron pairs (‘Between’) is more driven by representational similarity 

than co-firing activity in CA1, Amy and NAc. 

 

Given the relationship of neurons forming assemblies to task variables, I next 

evaluated whether activation of cross-structural assembly patterns during the task 

carried task relevant information. To this end, I tracked their co-activity strength over 

time (Fig. 30 A). I found that coactivity patterns were stronger in the task arena 

compared to the task-unrelated arena that mice also explored each day (Fig. 30 C, 

p=1.26e-6, ANOVA). Moreover, pattern strength increased more during tone-initiated 

trials than during periods before tone presentation (‘off-trial’) (Fig. 30 C; change in 

pattern strength relative to task-unrelated arena: ‘off-trials’=26.39±6.02% versus ‘on-

trials’=38.93±9.18%, p=1.2e-2, Tukey HSD adjusted p-value). Furthermore, I trained 

Naive Bayes classifiers to discriminate between the two task sets based on the pattern 

strength time courses. I found that assembly activity encodes the task sets more 

reliably during ‘on trials’ compared to ‘off trials’ (p<1e-5, paired t-test). This indicates 

that upon onset of a task-episode, as delineated by the onset of the tone, behaviourally 

meaningful co-activity of cross-structural assemblies is recruited. This prompted the 

question which regional motifs of co-firing this observation was driven by, specifically 

whether it is cross-structural or localised co-firing that drives the gain in behaviourally 

relevant assembly expression strength. To this end, I differentiated between weights 

describing local (‘within’ regions) or distributed co-activity (‘between’ regions) using 

the masking procedure (see chapter 2.10) and calculated the difference in decoder 

performance based on activity in ‘on trials’ versus ‘off trials’ (‘decoder gain’). I found 
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that between-region coactivity motifs contributed more to decoding of task-cue 

contingencies once the trial was initiated compared to within-region motifs (Fig. 30 B, 

right; p=7.75e-3, paired t-test). These findings support task relevance of inter-regional 

coactivity. 

 

Fig. 30 Task-relevant activation of cross-structural assembly patterns. 

(A) Average coactivity pattern strength was stronger in the task arena before tone presentation 

(Off-trial) than in another familiar control enclosure (Other context) and further increased 

during task trials (On-trial). (B) Task-cue contingencies were better reported by coactivity 

pattern time course during tone trials (left), a decoding gain explained by between-region 

coactivity motifs (right-inset).  
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4.4. Discussion 

 

(i) Do different brain areas specialise in different behavioural task representations? 

In this chapter I present evidence that firing rate modulation by behavioural task events 

is similar across different brain regions yielding a strong representational overlap. 

However, representational differences between brain regions become more apparent 

when investigating conjunctive coding of neurons of different areas. This leads us to 

ask the questions of how such representational similarity is achieved from a 

mechanistic perspective and why it makes sense for the brain to implement it. 

 

Methodological considerations: Here, I report that firing rates of different brain regions 

are similarly modulated by different task events creating a strong representational 

overlap. However, single neurons of different brain regions appear to engage in 

different conjunctive codes. One limitation of our approach is the pre-selection of 

experimentally imposed and analytically investigated behavioural task events resulting 

in blind spots for potentially different responses to behavioural task events. 

Furthermore, it could be argued that a temporal overlap of behavioural events such as 

a tone and decision point might make it hard to distinguish between neuronal 

signatures belonging to separate events. However, since PSTHs are expressed as z-

scores with respect to the baseline preceding the event onset, only additional 

increases on top of previous responses contribute to the scores. Furthermore, our 

approach of focusing on the magnitude of firing rate modulation is blind to temporal 

coding - as defined by sequential firing patterns or the relationship of spike timing to 

the LFP (Stefano Panzeri et al. 2010) - by single cells. However, at least sensory 

stimulus encoding by single neurons appears to be predominantly driven by the firing 

https://paperpile.com/c/JOAPQI/XwJ4


118 
 

rate while spike timing rather additionally boosts information content of single neuron 

spike trains (S. Panzeri et al. 2001; Kayser et al. 2009). Hence, I decided that I can 

reasonably accept this potential loss of information in favour of easier interpretability 

for the purpose of comparisons of inter-regional stimulus representations. Finally, 

within the chosen 25 ms time window of co-activity, not only direct monosynaptic 

connections, but also indirect polysynaptic between the regions may contribute to 

cross-structural co-activation. This means that it is not possible to make direct 

inferences from our sub-selected regions of interest whether co-activation is triggered 

via direct connections between the areas and which pieces of information (e.g. 

potential responses to task elements) have been transferred from one area to another 

purely based on co-activity. 

Mechanistic and functional considerations: given the ascribed classical 

representational and behavioural roles of the brain regions under investigation (CA1: 

space, Amy and VTA: appetitive and aversive conditioned cues, NAc: cue-predicted 

reward outcomes, PFC: decision-making) (O’Keefe and Dostrovsky 1971a; Ambroggi 

et al. 2008; Sul et al. 2010; Lansink et al. 2012), I expected to find differences across 

the regions in the respective dimensions. However, I did not observe any striking 

functional specialisation of any region for a certain stimulus. 

From a mechanistic perspective, such a representational overlap could be achieved 

anatomically by different but not mutually exclusive architectures. One extreme 

possibility is that all recorded regions inherit the same response properties from input 

originating from the same common upstream source. Such a source would need 

extensive anatomical connection to regions across the brain and receive inputs from 

areas covering a broad range of sensory modalities. For instance, the axonal 

arborisation of VTA projections could potentially provide a large part of the required 

https://paperpile.com/c/JOAPQI/CtYcq+JCplI
https://paperpile.com/c/JOAPQI/oMsiE+jjwD+VUoC3+D5P3N
https://paperpile.com/c/JOAPQI/oMsiE+jjwD+VUoC3+D5P3N
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infrastructure. This is consistent with our findings showing the VTA has a very 

prominent role in co-firing patterns. In the other scenario, all regions are directly 

interconnected and share any processed information with each other, which inevitably 

leads to duplication of information across separate brain areas. For instance, recent 

graph-theoretical analyses of brain connectivity indicate that both solutions are utilised 

to some degree since the brain exhibits characteristics of a small world network 

(Bullmore and Sporns 2009). In such networks information is processed in local hubs 

consisting of multiple interconnected nodes and the output is then shared between 

interconnected hubs of the network. This idea has interesting implications in 

connection with our finding that different brain regions exhibit different stimulus 

conjunction profiles. In this scenario, single neurons in any given region or ‘hub’ 

specialise in certain combinations of stimulus conjunctions, which are then passed on 

to downstream target areas. Our findings suggest that it might be an oversimplification 

to ascribe unique functions to brain regions simply based on aggregate firing rate 

responses of single cells to individual stimuli. More refined approaches assessing 

multidimensional stimulus representations at the neuron level such as linear 

combinations of features (L. Chang and Tsao 2017), temporally multiplexed codes 

(Stefano Panzeri et al. 2010) or stimulus conjunction profiles might be more accurate 

at capturing representational differences between brain areas. 

Our results provide new insights to the two-century-old debate on the localized versus 

distributed nature of brain function (Zola-Morgan 1995; Tizard 1959). In the functional 

localization framework, individual brain regions undertake specialized roles, reducing 

noise during information processing. Notably, the CA1, PFC, NAc, and Amy are 

thought to each use specific information streams for learned behaviours (O’Keefe and 

Dostrovsky 1971b; Kyriazi, Headley, and Paré 2020; Sul et al. 2010; Janak and Tye 

https://paperpile.com/c/JOAPQI/DuXaP
https://paperpile.com/c/JOAPQI/i2x4X
https://paperpile.com/c/JOAPQI/XwJ4
https://paperpile.com/c/JOAPQI/88lhW+aknHx
https://paperpile.com/c/JOAPQI/FmHK8+Ck293+VUoC3+ALL0D+xdkXW
https://paperpile.com/c/JOAPQI/FmHK8+Ck293+VUoC3+ALL0D+xdkXW
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2015; Peyrache et al. 2009). But here, neuronal correlates for sensory cues, 

behavioural actions and experienced outcomes all co-exist within each of these 

regions, in line with recent work showing that brain regions are less specialized than 

originally thought (Stringer et al. 2019; Steinmetz et al. 2019), and are also similar 

across regions. Understanding why the brain duplicates information across different 

brain regions to hold similar representations is an important challenge for 

neuroscientific research. One possible explanation might come from the redundancy 

versus degeneracy framework (Tononi, Sporns, and Edelman 1999): degeneracy 

refers to the ability of structurally distinct events to perform the same function. It is 

distinguished from redundancy because in the latter case, similar events perform the 

same function. Therefore, only from the perspective of the whole system it is possible 

to differentiate ‘degenerate’ events from ‘redundant’ ones. It is thought that like 

redundant components, degenerate events can contribute to the robustness to 

perturbation as they can functionally compensate for each other - provided the input 

into the system (i.e. environmental contingencies) remains constant. However, once 

the input to the system changes, degenerate events produce different output in 

response to changing conditions. This is not the case for systems built of redundant 

components. As a result, systems equipped with degeneracy are adaptable in addition 

to being resilient (Whitacre 2010). This concept is readily applicable to 

representational similarity across brain regions: while neurons of different brain 

regions represent similar behavioural events, their effect on the system and ultimately 

on the animal’s behaviour is determined by their downstream projections. In line with 

this, I propose that the representational overlap across brain regions might not only 

support resilience but also adaptability of the brain and behaviour. 

(ii) Are there behaviourally relevant co-firing assemblies across multiple structures? 

https://paperpile.com/c/JOAPQI/FmHK8+Ck293+VUoC3+ALL0D+xdkXW
https://paperpile.com/c/JOAPQI/ViAOy+9Mdi3
https://paperpile.com/c/JOAPQI/2x0MZ
https://paperpile.com/c/JOAPQI/cooh7
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Here I show that short timescale co-activation of neurons scattered across five brain 

regions exists by detecting co-firing assemblies using two unrelated and unsupervised 

methods. I further determine that the VTA appears to have a dominant role in the 

organisation of cross-structural assembly patterns. Our results suggest that 

assemblies are organised based on a certain degree of representational similarity of 

neurons forming the assembly. Finally, I show that cross-regional co-activity pattern 

strength is related to ongoing behaviour and bears information about behavioural task 

contingencies. These findings raise questions as to how such short timescale 

synchronisation spanning multiple brain regions is achieved mechanistically and what 

the benefits of the observed organisational principles could be. 

Methodological considerations: In this study I report the successful detection of cross-

regional co-firing patterns at a 25 ms timescale. As noted earlier (chapter 2.10), the 

PCA/ICA assembly detection method may have some inbuilt biases. First, there might 

be a firing rate bias in detection, which might skew cross-regional assembly detection 

towards regions with neurons that have higher average firing rates. However, this 

issue is addressed by z-scoring the spike trains relative to each neuron’s own standard 

deviation and mean. If a neuron is particularly silent, this will lead to a very low 

standard deviation over time. This causes the z-score to rise and compensates for low 

firing frequencies by increasing variance that is picked up by the PCA/ICA assembly 

detection algorithm.  Second, the variability in the number of neurons recorded from 

the different regions might bias the detected assemblies to be more dominated by one 

region over another. A possibility to counteract this would be to sub-sample the 

neurons that are used for assembly detection in a manner that equalises the number 

of cells from each region. However, this would severely reduce the number of pairwise 

interactions I could sample from and hence, introduce substantial noise in an already 
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challenging analytical paradigm (limited number of trials, short time windows of 

observation). Thus, I accept a potential bias towards regions with more neurons in 

exchange for a greater number of detected assemblies and noise reduction when 

tracking assembly strength over time. Importantly, this bias did not prevent the 

detection of cross-regional interactions. 

Another important consideration is the low number of biological replicates. Variability 

electrode placement may result in very different pairwise co-activity strengths between 

regions depending on whether the recorded cells are directly connected with the other 

regions or not. As a result, in the Naive Bayes decoding analysis based on assemblies, 

not every assembly would encode the same aspect of the task and even if it did, the 

degree of encoding accuracy would vary. Furthermore, the assembly strength time 

course during the trials would also be expected to vary depending on the exact location 

of the electrodes. Post hoc confirmation of the recording sites is required and should 

be conducted in the future. 

The remarkably short timescale for cross-structural co-firing activity of 25 ms prompted 

us to cross-validate detected assembly patterns using different methods. Both, the 

cross-correlation of assembly members and TCA method confirmed the existence of 

co-firing activity at this timescale. Interestingly, I noticed that for TCA assemblies, the 

VTA had by far the strongest weight contributions to cross-structural co-activity. This 

could be due to the fact that the TCA method detects patterns by taking into account 

the trial number. Hence, the resulting patterns might be more representative of inter-

trial variability. This could indicate that cross-structural co-activity involving the VTA 

discriminates trials and possibly trial identity (Fig. 28 B ‘trial factors’) particularly well. 

This in turn suggests that the contribution of the VTA to cross-structural co-activity 

brings strong behavioural relevance into the assembly. Furthermore, I investigated 
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how behavioural task event representation by single neurons relates to assembly 

organisation in the different brain regions. To avoid contamination by other brain 

regions I detected assemblies only from cells of one single area at a time. The 

downside of doing so is that I was much more limited in the number of cells to sample 

from, especially in the case of Amy and NAc, which might explain the comparatively 

wide spread of similarity scores of those regions. I report co-activity within CA1, Amy, 

NAc and PFC in line with previous reports (Beyeler et al. 2016; Herry et al. 2008; 

Kyriazi, Headley, and Paré 2020; Peyrache et al. 2009)) and to our knowledge, for the 

first time in VTA.  

Mechanistic and functional considerations: I observed a particularly strong average 

co-activation between CA1-PFC, VTA-CA1, VTA-NAc, VTA-Amy and VTA PFC. 

Consistent with previous literature, the CA1-PFC co-activation may serve memory 

retrieval that depends on contextual information (Schacter, Harbluk, and McLachlan 

1984; K. A. Corcoran and Maren 2001). Co-activity between VTA-CA1 could support 

learning and modulate entry of new hippocampal dependent information into long-term 

memory through dopaminergic modulation of synaptic connectivity (John E. Lisman 

and Grace 2005). The VTA-PFC interaction may reflect either modulation of prefrontal 

decision-making via dopaminergic VTA fibers (Ellwood et al. 2017). VTA-NAc 

projections may be driving co-activity related to reward seeking as well as aversive 

behaviour (Ambroggi et al. 2008; Qi et al. 2016). Lastly, the projection from VTA to 

Amy may contribute to the salience of adverse events, such as quinine delivery in our 

task (Wei Tang et al. 2020). It should be noted that the absence of strong co-activity 

between regions on average does not mean that there are no individual cell pairs that 

there is no meaningful co-operation. There may simply be fewer of such connections, 

but these may not necessarily be functionally less important. One interesting question 

https://paperpile.com/c/JOAPQI/lEwfc+lKOsY+Ck293+xdkXW
https://paperpile.com/c/JOAPQI/lEwfc+lKOsY+Ck293+xdkXW
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https://paperpile.com/c/JOAPQI/2lMWC
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to follow up on would be whether co-activity strength directly correlates with the 

strength of anatomical connectivity or with the impact it has on behaviour. One 

question is how the brain manages to synchronise neuronal firing across brain regions 

at such short time scales. One possible explanation is oscillatory activity which forms 

well defined periods of excitation and inhibition parsing neuronal firing into defined 

chunks of synchronicity (Buzsáki 2010). It has been shown that gamma oscillations 

support localised cell assembly formation, for instance in the hippocampus and the 

PFC (Kenneth D. Harris et al. 2003; Sirota et al. 2008). At the same time, it has been 

suggested that while local synchronisation is driven by fast oscillatory activity (e.g. in 

the gamma range), slower oscillations promote long range synchronisation (von Stein 

and Sarnthein 2000) at longer time scales, an idea that has been supported by more 

recent studies of PFC-Amy and PFC-hippocampus oscillatory coupling (Fanselow 

2019; Roy et al. 2017). This suggests that while oscillations are likely to contribute to 

such short time scale brain wide synchronization (e.g. through nesting mechanisms 

(John E. Lisman and Jensen 2013) there might be other mechanisms to help 

synchronise neurons at millisecond timescales across different and possibly not even 

connected brain areas. Consistent with this notion I detected short timescale cross-

regional co-activity between neurons of anatomically directly connected structures 

(e.g., PFC and NAc) but would also co-firing between regions that are not directly 

connected (e.g., dorsal CA1 and Amy). This opens up the possibility that a common 

input functionally binds neurons distributed across regions of not connected regions.  

Another important question is why the brain synchronises firing activity of brain cells 

distributed across different brain regions in the first place. Generally, it is thought that 

the formation of assemblies is best understood from the perspective of a downstream 

reader neuron, which would only fire if a sufficient number of presynaptic neurons are 

https://paperpile.com/c/JOAPQI/kcUt7
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activated simultaneously, and hence, reflect the integration of the upstream neurons 

forming co-firing assembly (Buzsáki and Watson 2012). Consequently, neurons 

representing different pieces of information (e.g. from different modalities) can be 

bound in space and time to create rich representations. This makes sense as long as 

neurons that are bound together represent sufficiently different mental items. 

Interestingly, I observed that in assemblies, neurons with a strong degree of 

representational similarity are grouped together. Importantly, however, such 

representational similarity was not complete. This might reflect a balance between a 

need for a degree of representational flexibility on one side and the necessity to ensure 

a baseline representational similarity in order to ensure reliable co-activation on the 

other side. Hence, this may be reflective of a trade-off between flexibility at the 

behavioural level and reliability on the mechanistic level. One could imagine a scenario 

in which global synchronisation is driven by a certain degree of representational 

similarity across neurons of different brain regions. This similarity driven co-activation 

across regions sparks task-relevant activity within different brain regions in a localised 

manner, which in turn triggers region-specific computations (e.g. region-specific 

stimulus conjunctions). The output of these computations can then be shared with 

other components of the network. This is reminiscent of the parallel distributed 

processing framework, which posits that the whole system’s constraints are reduced 

by incorporating multiple sub-systems devoted to different tasks. Furthermore, the 

authors argue that partial activity patterns can trigger the retrieval of whole patterns in 

such systems (Rumelhart and McClelland 1987). However, the authors of this seminal 

work were not able to expand on the mechanistic details or the distribution of 

computation across different brain regions. I suggest that PDP in the brain might be 

https://paperpile.com/c/JOAPQI/wqu96
https://paperpile.com/c/JOAPQI/paHVH


126 
 

enabled through co-activation of neurons scattered across different regions based on 

a minimally necessary degree of representational similarity. 
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5. CHAPTER 5: ROLE OF GLUTAMATERGIC VTA CELLS IN BRAIN-WIDE 

ASSEMBLY ORGANISATION 

5.1. Introduction 

 

In the previous chapter I have shown that ongoing behavioural task performance is 

accompanied by cross-structural assembly activation at millisecond timescales. 

Furthermore, I observed that the VTA occupied a privileged role in the organisation of 

cross-structural co-firing activity. This prompted us to investigate what the 

mechanisms behind such precisely timed synchronisation would be. Such 

mechanisms would have to be temporally precise, acting globally (or at least across 

the five brain structures I recorded from) and behaviourally relevant. With this in mind 

I hypothesised that glutamatergic inputs from the VTA could broadcast the fast 

synaptic transmission latencies (Jonas 2000). Consistent with this idea, glutamatergic 

VTA neurons have previously been shown to provide excitatory inputs to the PFC, 

NAc, Amy and CA1: using electrical stimulation in the VTA, one early study 

demonstrated that it is possible to evoke electrophysiological responses which are 

indicative of monosynaptic connections in the rat frontal cortex (Mercuri et al. 1985). 

Subsequent research has shown that glutamatergic VTA neurons synapse onto 

GABAergic neurons in the PFC and only exert a modest effect on pyramidal cells 

(Lavin et al. 2005; Kabanova et al. 2015). Anatomical tract tracing studies confirmed 

that dual glutamate-dopamine and glutamate-only neurons innervate the PFC 

(Yamaguchi et al. 2011). The same authors demonstrated that this was also true for 

glutamatergic projections from the VTA to the NAc. Consistently, optogenetic 

stimulation of genetically identified dopaminergic neurons in the VTA using ChRh2 

demonstrated that glutamate-mediated excitatory postsynaptic potentials could be 

induced in the NAc (Stuber et al. 2010). Furthermore, optogenetic activation of 

https://paperpile.com/c/JOAPQI/Np3N0
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glutamatergic fibers from the VTA triggered spiking in NAc-GABAergic interneurons, 

which inhibited neighbouring medium-spiny neurons, the excitatory output cells of the 

NAc (Qi et al. 2016). Moreover, anatomical studies confirmed the existence of 

glutamatergic projections from the VTA to the Amy (Hnasko et al. 2012). Lastly, one 

recent study showed that optogenetic stimulation of glutamatergic VTA inputs into CA1 

reliably induces pyramidal cell spiking (Adeniyi, Shrestha, and Ogundele 2020). 

However, one criticism of this study has been that the supramammillary nucleus may 

have been transfected in these experiments and hence, projections may not be 

attributable to the VTA. In light of these anatomical and functional connectivity studies 

I formulated the following two questions addressed in this chapter: 

(i) Can glutamatergic VTA neurons entrain simultaneous spiking activity in CA1, Amy, 

NAc and PFC? 

(ii) Is glutamatergic VTA neuron spiking necessary for cross-structural assembly 

formation? 

Several previous studies have investigated the role of glutamatergic VTA neurons in 

behaviour. Optogenetic activation of glutamatergic VTA cell bodies produces 

appetitive behaviour (H.-L. Wang et al. 2015) in a dopamine dependent manner 

indicating excitation of neighbouring dopaminergic neurons or co-release of dopamine 

by VGlut2-expressing cells. Other studies demonstrated that activation of 

glutamatergic VTA fibers to the NAc and the lateral habenula drives aversive 

conditioning (Qi et al. 2016; Root, Mejias-Aponte, Qi, et al. 2014; Lammel et al. 2015) 

pointing towards a role in negative memory formation and expression. In line with this, 

recent work demonstrated that cell-type specific permanent ablation of glutamatergic 

VTA neurons abolishes innate defensive behaviour (Barbano et al. 2020). 
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Consistently, the firing rate of the majority of glutamatergic VTA cells increased during 

an aversive stimulus (airpuff) while the remaining cells decreased firing rate (Root, 

Estrin, and Morales 2018). Interestingly, the same study reports that amongst the 

neurons which responded to an increase in firing rate were neurons that also 

responded to reward delivery leading to the conclusion that glutamatergic VTA cell 

function is heterogeneous: one part of the glutamatergic VTA population responds to 

aversion whereas the other one signals general salience (Root, Estrin, and Morales 

2018). Furthermore, a recent study showed that chemogenic inactivation of 

glutamatergic VTA fibers to the dorsal hippocampus prevents the acquisition as well 

as expression of context-specific fear memory (Han et al. 2020). However, in this study 

supramammillary nucleus transfection may have led to the effects observed. 

Interestingly, this procedure also impaired the retrieval of conditioned place preference 

memories, confirming a more general role of glutamatergic VTA neurons in signaling 

salience in addition to simply negative memories as reported in earlier studies cited 

above (Han et al. 2020). Furthermore, another study suggested that the specific role 

of glutamatergic VTA neurons in aversive versus appetitive behaviour may depend on 

the VTA subpopulation as defined by their presynaptic inputs (Montardy et al. 2019). 

Here, our study shows the effects of optogenetic silencing of glutamatergic VTA 

neurons on behavioural performance when there are ambiguous sets of stimuli 

combining multiple, negative as well as positive task elements. With this in mind, the 

third question addressed in this chapter is:  

(iii) Is glutamatergic VTA neuron spiking necessary for the performance of a 

behavioural task requiring the discrimination of ambiguous sets of stimuli? 
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5.2. Brain-wide single unit responses to optogenetic stimulation of 

glutamatergic VTA neurons 

 

In order to investigate whether glutamatergic VTA neuron firing could elicit 

simultaneous spiking activity in CA1, Amy, PFC and VTA, I transduced neurons 

expressing the vesicular-glutamate transporter-2 (Vglut2) with the blue light (473 nm)-

driven neural activator channelrhodopsin-2 (ChR2)-eYFP while performing quintuple-

site recordings in two mice (Fig. 31 A, B). For the recordings, animals were placed in 

a familiar environment or in a sleep box (see chapter 2.14 for methods). I recorded the 

following number of cells: CA1= 282, Amy = 199, NAc = 161, PFC = 240, VTA = 68. 

During each recording session, a total of 700 laser pulses were delivered with one 

pulse every every 8±2 seconds. Light delivery elicited robust responses in VTA 

neurons at different latencies. For the following number of cells the firing rate 

increased by two standard deviations above the mean within a 20ms window following 

the delivery of the light pulse: CA1=167 (59.2%); Amy = 135 (67.8%), NAc = 55 

(34.2%), PFC = 82 (34.2%), VTA = 33 (38.5%) (Fig. 31 D, E). I classified cells as 

VGlut2-positive based on a significant firing rate increase (two standard deviations 

above the mean of the baseline prior to laser delivery) within a 4ms window following 

light delivery. This way, I identified 10 glutamatergic VTA neurons (4 and 6 cells from 

two separate mice), which fired the first spike following optogenetic stimulation on 

average after 1.2±0.15ms and reached their peak firing rate after 2.3±0.1ms (Fig. 24 

C, D). Following the activation of these glutamatergic VTA cells, I observed a wave of 

excitation within the VTA with neurons reaching peak firing rates at slower latencies 

of up to 25 ms and was on average 9.6±1.0 ms following laser delivery (Fig. 31 E). In 

this VTA cell population, the average latency to the first spike in this population was 

2.8±0.32 (Fig. 24 C). The existence of a second, slower responding population of VTA 
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cells suggests that glutamatergic VTA cells form excitatory synapses onto 

neighbouring cells in the VTA, triggering a wave of excitation through the local VTA 

microcircuitry, which is consistent with previous reports (Dobi et al. 2010).  

Strikingly, optogenetic stimulation triggered a similar wave of excitation in the other 

four regions at similar latencies observed in the population of the VTA cells that 

responded more slowly to optogenetic stimulation (Fig. 13 E). Latencies to the first 

spike following laser pulse delivery were PFC=2.6±0.18ms, NAc=4.0±0.27ms; 

Amy=3.8±0.18ms, CA1=3.6±0.15ms. These responses appear after the 1.2 ms 

response latency of opto-tagged glutamatergic VTA neurons and hence, are suitably 

within the range of monosynaptic glutamatergic transmission. Furthermore, it is 

important to keep in mind that the probability of efficiently entraining spikes in the 

postsynaptic targets of glutamatergic VTA cells is very high, since transfected neurons 

have been activated as a population by the optic fiber above the VTA. The latency 

from laser onset to the peak firing peak response was: PFC=12.6±0.6ms, 

NAc=11.9±0.8ms; Amy=12.3±0.4ms, CA1=16.0±0.3ms (Fig. 32 C, D). Our results are 

consistent with previous reports showing functional glutamatergic connections 

between VTA and NAc/PFC (Mercuri et al. 1985; Lavin et al. 2005; Yamaguchi et al. 

2011; Stuber et al. 2010),  CA1 (Adeniyi, Shrestha, and Ogundele 2020) and Amy 

(Hnasko et al. 2012). Additionally, I noticed that glutamatergic VTA neuron activation 

produced a prolonged activation increase in firing rates in downstream regions which 

is sustained beyond the point when the cell reaches its peak response (Fig. 31 E). Our 

findings demonstrate for the first time simultaneous firing rate increases across five 

brain regions in response to glutamatergic VTA neuron activation indicating that 

glutamatergic VTA neuron firing is sufficient to elicit cross-structural spiking co-activity 

within a 25 ms time window.  

https://paperpile.com/c/JOAPQI/BZUa2
https://paperpile.com/c/JOAPQI/3gQFG+DNscT+M1uKw+FnWVh
https://paperpile.com/c/JOAPQI/3gQFG+DNscT+M1uKw+FnWVh
https://paperpile.com/c/JOAPQI/llBLK
https://paperpile.com/c/JOAPQI/1fb3e
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Building on this idea, I hypothesised that I could be able to identify  glutamatergic VTA 

neurons that fire prior to assembly activation. In order to address this idea, I cross-

correlated peak activation times of assemblies with spike timing of all VTA cells 

previously recorded during task performance. Similar to previous studies, to determine 

peak activation times of assemblies, I used timestamps where assembly activation 

exceeded five standard deviations above the mean (van de Ven et al. 2016). I found 

three VTA neurons that showed significantly increased firing prior to CA1-Amy-NAc-

PFC assembly peak activation (e.g. example neuron in Fig. 31 C). Consistently, these 

neurons were classified as glutamatergic in the classification framework described in 

chapter 3 (Fig. 13). I did not find any VTA cells that increased their firing rate prior to 

assembly activation in the dopaminergic clusters opening up the possibility that this 

could be a specific characteristic of VGlut2-expressing VTA neurons. 

https://paperpile.com/c/JOAPQI/If5Qy
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Fig. 31 Glutamatergic VTA neuron spiking entrains PFC-NAc-Amy-CA1 co-activity. 

(A,B) Quintuple-brain-region recording layout with bilateral VTA optic fibers (B) targeting 

ChRh2-transduced glutamatergic Vglut2 VTA neurons (B scale bar=200 micron; inset: 20 

micron). (C) Shown for two example VTA neurons (one per column) simultaneously recorded 

during the task: inter-spike interval (ISI) distribution, (color-coded) average spike waveform 

and firing rate with reference to activation peaks of cross-regional patterns detected using 

neurons from the other four regions. These two neurons were classified as putative 

dopaminergic (left) and glutamatergic (right) cells, respectively. Note the increased firing of 

the putative glutamatergic VTA neuron (with shorter ISIs) before neuronal co-activation 

distributed across PFC, NAc, CA1 and Amy. (D) Example single-neuron firing response to 

optogenetic stimulation of VTA Vglut2 neurons. (E) Optogenetic stimulation of VTA Vglut2 

neurons entrains spiking activity spreading from VTA to PFC, NAc, Amy and CA1. 

 

n=2 mice 
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I next went on to investigate the fidelity of the temporal dynamics of the wave of 

excitation triggered by glutamatergic VTA cell stimulation. In other words, is the 

observed sequence of single-cell firing an artifact of temporally ordering cells by 

average response latency or is the sequence reliably reproducible across trials?  To 

this end, I constructed a jitter score based on the following logic: I split the 700 laser 

pulse delivery trials 500 times randomly into two equally large sets and ranked the 

latency to peak firing for each cell for both sets independently. The difference between 

the position of the two cells hence is a measure of the trial-by-trial jitter of a cell’s 

position in the sequence. Furthermore, with this approach I could leverage the 

advantage of maintaining a high number of sample trials to compute reliable PSTHs 

while destroying their chronological relationship. Jitter scores were computed as 

follows: I first ordered the cells based on their latency to reach peak firing rate (as 

shown in Fig. 31 E) so that the index of each cell would denote the ordered position of 

the cell in the sequence.  I expressed the jitter of a given cell around its position in the 

sequence as the normalised absolute difference of the cell’s position in one versus the 

other random set of trials. This procedure was repeated 500 times and for each cell I 

computed the average jitter from those repetitions. Normalisation was performed with 

respect to the number of cells to be ranked, which allowed us to compare jitter of cells 

from different brain regions. A value of 0.5 indicates a completely random position of 

a cell in the sequence, whereas 0 means no jitter at all. I found that the average jitter 

was: VTA-VGlut2=0.29±0.05, VTA-non-VGlut2=0.13±0.02, PFC=0.28±0.04, 

NAc=0.17±0.03, Amy=0.25±0.03, CA1=0.34±0.07.  The results are visualised as the 

average position of each neuron during one laser trial set versus the other averaged 

over 500 trials. This resulted in a clear diagonal across the matrix (Fig. 32 E). Our 

findings show that glutamatergic VTA neuron firing elicits a wave of excitation across 
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downstream target regions and within each region the elicited sequence of neuronal 

firing follows a non-random order. 

 

 

Fig. 32 Cross-regional effect of optogenetic activation of glutamatergic Vglut2 VTA 
neurons. 

(A) Glutamatergic VTA neurons of Vglut2-Cre mice were transduced with DIO-ChR2-eYFP. 

Blue light was delivered using optic fibers targeting VTA while simultaneously monitoring 

neuronal spiking in VTA, PFC, NAc, CA1 and Amy with tetrodes. (B) Higher temporal 

resolution of the spike matrix shown in Fig. 31. Note that optogenetic VTA stimulation of 

glutamatergic VTA neurons entrains neuronal spiking in all recorded regions, from VTA to 

PFC, CA1, NAc and CA1. (C, D) Latency of spike response of non-opto-tagged VTA 

neurons and PFC, NAc, Amy and CA1 neurons following optogenetic activation of Vglut2 

VTA neurons. Each data point represents one neuron. (C) Mean±SEM latency from laser 

onset to first spike response (D): Mean±SEM latency from laser onset to firing peak 

response. (E) Reliability of temporal dynamics response to optogenetic stimulation. Laser 

delivery trials were randomly split into two sets (i.e. the two axes) and neurons were ranked 

according to their latency to peak response following the laser delivery for both sets. Each 

row/column is one neuron and each pixel is the average of 0 or 1 for the position of the 

neuron in the 2D coordinate system over 500 randomly picked splits. Please note the clear 
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diagonal indicating little jitter of individual neurons around their position in the temporal 

activation sequence following laser pulse delivery. 

 

5.3. Effects of optogenetic silencing of glutamatergic VTA neurons on 

distributed assemblies 

 

To determine whether glutamatergic VTA projections form a diverging pathway that is 

required for distributed coactivity, I transduced Vglut2-expressing VTA neurons with 

the yellow light (561nm)-driven neural inhibitor Archaerhodopsin-T (ArchT; Fig. 33 A, 

B). Consistent with previous reports, Vglut2-expressing VTA axons densely innervated 

many brain regions including PFC, NAc, Amy and CA1 (Fig. 33 C) (Bariselli et al. 2016; 

Adeniyi, Shrestha, and Ogundele 2020; Morales and Margolis 2017). In our 

experimental design I considered the following potential behavioural confounds: first, 

if I were to lock the laser delivery to certain behavioural events such as the tone offset 

(i.e. drop delivery) the animal might get conditioned to the laser as opposed to sensory 

task cues. In order to avoid such optogenetic conditioning effects, I silenced 

glutamatergic VTA neurons for the time covering the entire task period, i.e. starting 

with the onset of the tone until the removal of the drop and added a temporal jitter of 

±0.5-2.5 seconds prior and after the task period. Second, I considered the possibility 

that animals could unlearn the behavioural paradigm during the task if the stimulus-

outcome (i.e. tone-liquid) contingencies would become unreliable. This scenario is 

contingent on optogenetic intervention influencing behavioural performance and 

optogenetic trials being mixed with non-optogenetic trials. To reduce such effects, I 

decided to apply optogenetic stimulation in a separate session. Accordingly, mice first 

experienced a non-optogenetic session followed by a 1h break. Subsequently mice 

were subjected to the task once again but with optogenetic intervention. Afterwards, I 

ensured that the animal was fit to perform the task on the next day by retraining mice 

https://paperpile.com/c/JOAPQI/RAW74+llBLK+A2Jv
https://paperpile.com/c/JOAPQI/RAW74+llBLK+A2Jv
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after a three-hour break at the end of the day. I found no significant difference in the 

performance between the session before laser delivery and the retraining session 

(p=0.89, paired t-test).  

In these three Vglut2VTA::ArchT-GFP mice, I detected 81 co-firing patterns during 21 

task-days and tracked their expression strength throughout the task period (using the 

assembly tracking procedure described in chapter 2.10). The task period 

encompassed the time from tone onset to the removal of the drop. Importantly, I 

focused on cross-structural assemblies formed by the four downstream regions only 

(PFC, NAc, CA1 and Amy) by applying the masking procedure (see chapter 2.10 for 

methods) to isolate only co-activation not involving the VTA. This way, our analysis 

would not be confounded by local optogenetic silencing of VTA neurons. Optogenetic 

silencing of glutamatergic VTA neurons during the tone-initiated trial periods (Fig. 33 

D) prevented the dynamic strengthening of patterns distributed across the other four 

downstream structures compared to trials without optogenetic intervention. In fact, 

optogenetic silencing reduced cross-structural co-activity strength towards the non-

specific strength levels seen in the control arena (Fig. 33 E; p=1e-4, ANOVA). This 

effect cannot be explained by a time-dependent change in assembly expression or 

laser pulse administration itself as light delivery did not affect assembly strength in 

Vglut2VTA::GFP-only control mice (Fig. 33 E; p=0.36, paired t-test, n=71 assemblies 

from 2 mice and 18 task-days). I cross-validated the reduction in co-activation strength 

in Vglut2VTA::ArchT-GFP mice by computing co-firing coefficients (Pearson r) 

between cell-pairs of significant members within a given assembly. Significant 

assembly members were defined as neurons with absolute weights of more than two 

standard deviations of the assembly vector. Co-firing coefficients for local and cross-

regional co-activity was significantly reduced by light delivery (Fig. 33 G, p=3.7e-10 
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and p=4.1e-19, respectively, Mann-Whitney U-test). Finally, I tested for the ability of 

assemblies to encode the task sets by training Naive Bayes classifiers to discriminate 

between task-cue contingencies based on the assembly activation time course during 

the tone-initiated trials. As expected, decoding task-cue contingencies from PFC-NAc-

CA1-Amy co-activity was impaired during VTA light delivery in Vglut2VTA::ArchT-GFP 

but preserved in Vglut2VTA:: GFP-only mice (Fig. 33 F; p=0.014, paired t-test). These 

results demonstrate that glutamatergic VTA neurons are necessary for cross-regional 

assembly activation. 
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Fig. 33 Glutamatergic VTA neurons support cross-regional co-activity. 

(A) Glutamatergic VTA neurons of Vglut2-Cre mice were transduced with either ArchT-GFP 

or GFP-only. Yellow light was delivered using optic fibers bilaterally targeting VTA while 

simultaneously monitoring VTA, PFC, NAc, CA1 and Amy neuronal spiking.(B, C) ArchT-GFP 

expression in VTA cell bodies (B; with tyrosine hydroxylase staining) and their axons observed 

in PFC, NAc, Amy and CA1 (C) of a Vglut2VTA::ArchT-GFP mouse. Cell nuclei stained with 

DAPI (grey). Bottom-right inset: high-magnification confocal picture of ArchT- and Vglut2-

expressing axon terminals in CA1. (D) Shown for two example VTA neurons (one per row) 

simultaneously-recorded in a Vglut2VTA::ArchT-GFP mouse: example spikes (grey traces) 

with superimposed mean waveform (color-coded trace) above inter-spike interval distribution 

(left) and raster plots of spike discharge with respect to light delivery (right). Note the 

optogenetic suppression of the top cell indicating its Vglut2 profile. (E-F) VTA light-delivery in 

n=3 mice n=2 mice 
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Vglut2VTA::ArchT-GFP mice, but not control Vglut2VTA::GFP mice, disrupts cross-regional 

(PFC-NAc-Amy-CA1) co-activity towards non-specific levels seen in the control (task-

unrelated) enclosure (E; each point represents one assembly from 3  ArchT-mice and 2 GFP-

control animals), impairing co-activity pattern decoding of contingencies (F; each point 

represents one assembly from 3  ArchT-mice and 2 GFP-control animals). (G) Visualisation 

of changes in correlated spiking (co-firing) among neurons recorded across PFC, NAc, Amy 

and CA1 (between-region motifs of co-activity) or among neurons recorded within either PFC, 

NAc, Amy or CA1 (within-region motifs of co-activity) in Vglut2VTA::Arch-T mice during the 

two-contingency task. OFF: no VTA light delivery (gray); ON: 561-nm VTA light delivery during 

tone trials (yellow). Top panel shows the mean±SEM Pearson correlation coefficient for each 

condition (color-coded bar charts), with each data point representing the co-firing coefficient 

for a given cell pair. Bottom panel displays the mean change in co-firing caused by optogenetic 

silencing of Vglut2 VTA neurons for between-regions and within-region co-firing. Fluorescence 

microscopy and immunohistochemistry was conducted by Laura Lefevre and Ben Micklem. 

 

5.4. Effects of optogenetic silencing of glutamatergic VTA neurons on 

behavioural performance 

 

Silencing experiments were conducted in 3 ArchT animals and 2 GFP control mice. 

The number of behavioural recording days was 22 and 18, respectively. Since the 

recording days cannot be treated independently from each other, the statistics on 

behavioural experiments are underpowered and more behavioural experiments in 

separate mice will be required in the future. Nonetheless, I observed consistent trends 

across all animals. In line with our findings at the assembly level, silencing of Vglut2 

VTA neurons during the task episode prevented successful behavioural performance 

of Vglut2VTA::ArchT-GFP mice as reflected by the complete abolishment of the 

preference score (Fig. 34 A; OFF: 0.6±0.09, ON: 0.1±0.06, n=3 mice, p=1.4e-2, paired 

t-test). This effect was not observed in GFP-control mice (Fig. 34 A; average sucrose 

preference score for first animal: OFF: 0.39±0.1, ON: 0.47± 0.1; second animal: OFF: 

0.74±0.14, ON:0.74±2.4). This bears the question of what the reduction of the 

preference score was driven by; a change in preference for sucrose, quinine or both. 

I calculated the ratios of trials during which the mouse would approach the dispenser 

out of the total number of trials for each condition separately. I found that approach 
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behaviour towards the dispenser during the quinine condition was unaffected by laser 

delivery (Fig. 34 B; OFF: 0.54±0.01, ON: 0.54±0.04,  n=3 mice, p=0.91, paired t-test). 

In contrast, mice approached the dispenser significantly less frequently during light 

delivery in the sucrose condition (OFF: 0.81±0.03, ON: 0.56±0.06, n=3 mice, p=0.02, 

paired t-test) and in fact approach ratios dropped to the levels of quinine trials without 

light delivery (n=3mice, p=0.78, paired t-test). This opens up two possibilities: first, the 

animal is unable to distinguish between the two task sets. Or second, the valence of 

or motivational drive to acquire sucrose is reduced upon silencing glutamatergic VTA 

cells.  In order to test for this possibility, the same mice performed a simple pavlovian 

conditioning task whereby the same tone was paired with the delivery of sucrose at a 

dispenser. Importantly, mice learned and performed this task in a separate spatial 

enclosure in order to avoid any contextual cross-contamination from our main 

behavioural paradigm. The optogenetic silencing protocol was the same as during our 

main behavioural task. I discovered that simple silencing glutamatergic VTA neurons 

did not affect sucrose approach behaviour during a simple pavlovian conditioning task 

(Fig. 34 C; n=3 mice, p=0.12). Hence, I conclude that glutamatergic VTA neuron 

activity is necessary to perform a task in which conflicting task-related cues require 

disambiguation to decide on approach versus avoidance. 
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Fig. 34 Glutamatergic VTA neurons are required for successful task performance. 

Individual recording days are shown as data points. Please note that statistics have been 

calculated from mouse-averages, not sessions (except for GFP controls, where individual 

mouse averages are listed).(A) Optogenetic silencing of glutamatergic VTA neurons in 

VGlut2VTA::Archt-GFP mice prevents the expression of a preference for sucrose over 

quinine. Light delivery had no impact on behavioural performance in VGlut2VTA::GFP-control 

animals. (B) Silencing of glutamatergic VTA neurons had no impact on the frequency of 

approach towards the dispenser during the quinine condition but reduced approach behaviour 

during the sucrose condition towards the levels seen in quinine trials. (C) Left: dispenser 

approach during a simple Pavlovian conditioning task in which the availability of a sucrose 

drop was signalled with the same tone remained unaffected by light delivery in 

VGlut2VTA::Archt-GFP animals. Right: enclosure in which the animal performed the simple 

conditioning task mapped out with animal positioning traces. The black rectangle shows the 

position of the liquid dispenser. This task was performed by the same animals in a different 

arena. (A-C) Every dot is one recording day.  

  

ArchT: n=3 mice 

GFP: n=2 mice 
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5.5. Discussion 

 

In this chapter I show that optogenetic activation of glutamatergic VTA neurons causes 

synchronous firing activity in downstream target regions, namely PFC, NAc, Amy and 

CA1. Using optogenetic silencing, I demonstrate that glutamatergic VTA neuron 

activity is not only sufficient but also necessary for the full expression of cross-

structural co-activity. In chapter 4 I demonstrated that cross-structural assembly 

activation is linked to successful behavioural performance. Consistently, when 

assembly formation is impaired through silencing of glutamatergic VTA neurons the 

animal approaches the dispenser during the sucrose and quinine condition with equal 

frequency. In the following pages, I will discuss methodological, mechanistic and 

functional considerations of our findings. 

(i) Can glutamatergic VTA neurons entrain simultaneous spiking activity in CA1, Amy, 

NAc and PFC? 

Methodological considerations: I chose a 20ms laser pulse to closely match the 

timescale of the assembly detection window. One concern could be that the duration 

of the laser pulse would skew the response kinetics of VGlut2VTA-neurons and their 

postsynaptic targets. However, I found that opto-tagged VGlut2VTA-neurons were 

silent immediately following peak firing rate (Fig. 32 C) excluding the possibility of 

prolonged firing locked to the laser pulse. In fact, despite glutamatergic neurons being 

silent, excitation carried on locally suggesting a regional chain of excitation following 

glutamatergic VTA cell activation. Our results indicate that this temporal sequence of 

neuronal firing in this wave of excitation was non-random. The assessment of such 

temporal stability can be confounded by the following factors: first, are there enough 

laser-deliveries to obtain a sufficiently precise PSTH to calculate the time-to peak 
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latency? However, I found that 350 light pulses produced robust PSTHs in all five 

recorded regions. Second, plastic changes during light delivery might have influenced 

population response dynamics as a function of time. I sought to avoid such effects by 

leaving sufficiently long gaps with a random jitter between the laser deliveries 

(8±2sec). Third, are excitatory effects due to glutamatergic transmission alone or are 

they mixed with dopaminergic signaling? The sources of such a confound could be 

either due to the optogenetic activation of dual VGlut2VTA-positive neurons co-

releasing dopamine and glutamate (Morales and Margolis 2017) or glutamatergic VTA 

neurons exciting neighbouring dopaminergic cells (H.-L. Wang et al. 2015). One 

possible concern is that spiking activity in other brain areas could be the result from 

antidromic stimulation of retrogradely transfected neurons. Another concern is the 

transfection of other target areas, such as the supramammillary nucleus located 

directly below the VTA. If this was the case, then cross-structural activity may have 

been driven by other regions and not glutamatergic VTA neurons. Although I used only 

150 nl of viral injections via a glass pipette to enhance precision, transfection of other 

brain areas needs to be tested for in a formal histological analysis. Since dopamine 

acts on slower-scale metabotropic receptors modulating postsynaptic excitability 

(Tritsch and Sabatini 2012), it is unlikely that immediate responses at monosynaptic 

timescales are due to dopaminergic transmission. However, prolonged excitation in 

the target regions may have partly been caused or at least modulated by dopamine 

release. 

Mechanistic and functional considerations: The short-timescales with response 

latencies of 2.6-4.0 ms indicate monosynaptic connections between glutamatergic 

VTA neurons and the PFC, NAc, Amy and CA1, which is consistent with previous 

functional and anatomical connectivity studies (Mercuri et al. 1985; Lavin et al. 2005; 

https://paperpile.com/c/JOAPQI/A2Jv
https://paperpile.com/c/JOAPQI/ZD98D
https://paperpile.com/c/JOAPQI/P8kXm
https://paperpile.com/c/JOAPQI/3gQFG+DNscT+M1uKw+FnWVh+llBLK+1fb3e
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Yamaguchi et al. 2011; Stuber et al. 2010; Adeniyi, Shrestha, and Ogundele 2020; 

Hnasko et al. 2012). I furthermore observed sustained activation in all of these regions, 

which could be explained by the following not mutually exclusive mechanisms. In the 

first scenario, glutamatergic inputs into a downstream region trigger a cascade of 

excitation propagating through the local microcircuitry. Previous studies have shown 

that glutamatergic VTA fibers synapse onto GABAergic interneurons in the NAc (Qi et 

al. 2016) and in the PFC  (Kabanova et al. 2015). In light of this, it is possible that the 

first neurons to respond to the TTL pulse in our experiment are interneurons altering 

the excitation-inhibition balance of the local circuitry in such a way that triggers a wave 

of excitation. In chapter 3 I showed that glutamatergic VTA cell firing is related to 

behavioural task elements. In line with this observation, glutamatergic VTA inputs may 

serve as the initial behaviourally relevant impulse that triggers local task-related 

computations such as stimulus conjunctions (as described in chapter 4, Fig. 33) and 

possibly others such as pattern completion (Colgin, Moser, and Moser 2008) or pattern 

separation (Sahay, Wilson, and Hen 2011). This way the VTA may serve as a 

centralised hub that sparks downstream parallel computing processes in a coordinated 

fashion in other hubs of the network. The second possibility is that glutamatergic 

terminals cause excitation in other (not recorded) regions, which project to one or more 

of the five (recorded) regions causing a polysynaptic summation of response latencies 

in our target regions. The third option is that dopamine from co-releasing or 

polysynaptically activated dopaminergic neurons triggers slow changes in membrane 

conductance via metabotropic G-protein-coupled receptor signalling (Tritsch and 

Sabatini 2012) leading to spiking activity at later latencies. All these mechanisms likely 

contribute to some degree to the temporal dynamics of the wave of excitation 

spreading through the different brain regions following glutamatergic VTA cell spiking. 

https://paperpile.com/c/JOAPQI/3gQFG+DNscT+M1uKw+FnWVh+llBLK+1fb3e
https://paperpile.com/c/JOAPQI/3gQFG+DNscT+M1uKw+FnWVh+llBLK+1fb3e
https://paperpile.com/c/JOAPQI/sASc
https://paperpile.com/c/JOAPQI/sASc
https://paperpile.com/c/JOAPQI/TTUZD
https://paperpile.com/c/JOAPQI/hGm5g
https://paperpile.com/c/JOAPQI/wzHpp
https://paperpile.com/c/JOAPQI/P8kXm
https://paperpile.com/c/JOAPQI/P8kXm
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I observed that the wave of excitation exhibited a relatively stable sequence of single-

cell activations. However, this sequence was not perfectly static and exhibited some 

degree of flexibility. Beyond the methodological factors discussed above, variability in 

the sequence could arise from biological determinants: for instance, the network state 

during which the laser pulse was delivered (Kelly et al. 2010), the probability of spike 

transmission following laser delivery, which is in turn dependent on synaptic properties 

such as quantal release probability, postsynaptic receptor density, identity and cellular 

geometry (Citri and Malenka 2008; Augustine and Kasai 2007; Freche et al. 2011) and 

presence of polysynaptic pathways accumulating probabilistic effects. In our 

experiments, CA1 exhibited the largest jitter, which may reflect the fact that 

glutamatergic VTA fibers largely target the stratum lacunosum moleculare and 

pyramidal neuron spiking is less reliably induced due to dendritic filtering (Dudman, 

Tsay, and Siegelbaum 2007). The relatively high jitter in the PFC might be a 

consequence of the fact that glutamatergic VTA axons tend to terminate preferentially 

on GABAergic interneurons and have only a modest effect on pyramidal cells 

(Kabanova et al. 2015). Ultimately, regardless of the mechanism, from the functional 

perspective, such jitter could be beneficial as it may support memory flexibility and 

updating and hence, behavioural adaptation (Mau, Hasselmo, and Cai 2020). 

Another important question is whether the same glutamatergic VTA neuron can entrain 

spiking activity in different brain regions via a monosynaptic pathway or whether one 

cell projects to one region only. There is limited availability of single-cell tracing 

studies. While different multi-regional arborisation patterns have been confirmed for 

dopaminergic neurons (Aransay et al. 2015), there is no such data on specifically 

identified glutamatergic VTA neurons yet. However, one previous study identified TH-

negative neurons projecting to the forebrain and brainstem in mice (Aransay et al. 

https://paperpile.com/c/JOAPQI/WCq1m
https://paperpile.com/c/JOAPQI/AJrRL+8JhUx+EyU6B
https://paperpile.com/c/JOAPQI/BlWZv
https://paperpile.com/c/JOAPQI/BlWZv
https://paperpile.com/c/JOAPQI/TTUZD
https://paperpile.com/c/JOAPQI/Cs2tq
https://paperpile.com/c/JOAPQI/qqwTm
https://paperpile.com/c/JOAPQI/qqwTm
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2015). This opens up the possibility that one single glutamatergic neuron can send the 

same information and trigger behaviourally appropriate synchronised activity in 

different brain regions. However, generalizability of this idea across different rodent 

species might be put into question as another study in rats found that VTA neurons 

generally project only to one target region (Swanson 1982). Finally, multiple 

glutamatergic neurons with different downstream projection targets could be locally 

synchronised (as shown in chapter 3, Fig. 16) and thus, trigger co-activity in a broader 

range of downstream regions. One interesting future area of investigation would be to 

determine whether these glutamatergic inputs are subject to synaptic plasticity 

themselves. This would vastly expand the computational possibilities of a distributed 

processing network across different hubs and hence, support behavioural flexibility.  

 

(ii) Is glutamatergic VTA neuron spiking necessary for cross-structural assembly 

formation? 

Methodological considerations: In our study, I decided to silence the somata of 

glutamatergic VTA neurons. However, this approach makes it impossible to discern 

the effects of individual pathways on cross-structural assembly activity. For instance, 

it is possible that part of the assembly activity is driven by direct connections between 

VGlut2VTA cells and their downstream targets. The remainder would be attributable 

to indirect polysynaptic connections. Furthermore, our approach cannot distinguish 

between behavioural effects exerted by glutamate-only cells, dual glutamate-

dopamine neurons (Zhang et al. 2015) and dopamine-only neurons that would 

normally receive excitatory input from neighbouring glutamatergic cells (H.-L. Wang et 

al. 2015). In fact, dopaminergic activity has been previously suggested to promote 

https://paperpile.com/c/JOAPQI/qqwTm
https://paperpile.com/c/JOAPQI/KgdtH
https://paperpile.com/c/JOAPQI/t1xB7
https://paperpile.com/c/JOAPQI/ZD98D
https://paperpile.com/c/JOAPQI/ZD98D
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striatal assembly formation in computational models (Humphries, Wood, and Gurney 

2009).  

Another concern is potential retrograde transfection of target areas. However, even if 

this is the case, laser exposure of the somata in target areas would be extremely 

limited, since the optic fibres were implanted above the VTA. However, this does not 

exclude antidromic stimulation. Additionally, during an initial visual inspection of target 

regions no transfected somata were detected (Fig. 33). Nonetheless, a formal 

histological quantification is required. Furthermore, it is possible that other regions, 

such as the supramammillary nucleus were transfected and hence, confounded 

effects on assemblies and behaviour, as it is implied in contextual memory formation 

and expression (Shim et al. 2018). Similarly, this needs to be shown histologically in 

the future.  

Moreover, silencing experiments were conducted in only three animals. Hence, inter-

animal variability in electrode placement may have impacted the composition of 

assemblies hence, the effect of silencing glutamatergic VTA cells on cross-structural 

assembly strength. Furthermore, different transfection rates across animals may result 

in variability affecting the effectiveness of perturbing cross-structural assembly 

formation. My colleague Laura Lefevre attempted to limit variability by using aliquots 

from the same batch for all mice and used glass pipettes for viral injections to enhance 

precision. Nonetheless, more mice will be required in the future to gain statistical 

robustness. 

Another consideration is whether there was a time-dependent difference in assembly 

strength from sessions without optogenetic stimulation to sessions without light 

delivery. However, the fact that GFP-only control mice did not exhibit any changes in 

https://paperpile.com/c/JOAPQI/rBaO
https://paperpile.com/c/JOAPQI/rBaO
https://paperpile.com/c/JOAPQI/TSFS
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assembly strength between the two sessions, this speaks to the stability of cross-

structural co-activity patterns and hence, purely time dependent changes can be 

excluded. Finally, optogenetic silencing might trigger compensatory changes in the 

network that either act to re-establish learned co-firing patterns or alternatively, bypass 

previously established neural activity patterns. In the former case this would 

counteract the reduction of co-activity strength and in the latter case it would amplify 

the diminishing effect on assembly strength. While in our set up it is not possible to 

assess the contribution of those factors the necessity of glutamatergic VTA input for 

the expression of cross-structural co-activity remains evident. 

Mechanistic and functional considerations: I noticed that without glutamatergic VTA 

input task related assembly activity was significantly reduced. However, a component 

of co-activation remained as assembly strength remained at levels above those seen 

when the animal was placed in another familiar enclosure. This shows that diverging 

glutamatergic input from the VTA is required for the full expression of the cross-

structural co-activity but a component remains independent of it. Such remaining co-

activity may then be supported by other means such as local oscillatory activity 

(Buzsáki and Watson 2012), cross-structural oscillations (Fujisawa and Buzsáki 2011) 

or other upstream diverging synchronising inputs (Allen et al. 2019). 

One important question is how glutamatergic VTA inputs trigger co-activity in 

downstream regions from a mechanistic perspective. One component of cross-

structural co-activity is likely to be driven by direct monosynaptic connections from 

VTA to cells in downstream target regions. Once this initial activity has been induced, 

it is up to local mechanisms to sustain it. One possibility is that glutamatergic VTA 

neurons directly synapse onto GABAergic interneurons (Mingote et al. 2015; 

Kabanova et al. 2015; Qi et al. 2016) which then inhibit neighbouring excitatory cells. 

https://paperpile.com/c/JOAPQI/wqu96
https://paperpile.com/c/JOAPQI/Vwdpj
https://paperpile.com/c/JOAPQI/uaTF3
https://paperpile.com/c/JOAPQI/vhGsM+TTUZD+sASc
https://paperpile.com/c/JOAPQI/vhGsM+TTUZD+sASc
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This could help select the right excitatory neurons for assembly formation. 

Consistently, glutamatergic VTA fiber activation preferentially excites interneurons, but 

only has modest effects on average pyramidal cell activity (Kabanova et al. 2015). 

Furthermore, the involvement of interneurons in the generation of oscillatory activity, 

as demonstrated for instance in the hippocampus (J. Csicsvari et al. 1999), opens up 

the possibility that glutamatergic inputs induce local oscillatory activity driving co-firing 

assemblies (Buzsáki and Watson 2012). In line with this, an interesting avenue for 

future research would be to investigate oscillatory coupling of glutamatergic VTA cells 

as well as LFP state dependence of the probability to elicit spikes in downstream target 

regions. 

How could the brain benefit from using a central hub coordinating synchronisation 

across different brain structures as opposed to a fully decentralised mechanism? First, 

a centralised mechanism for distribution of information ensures that downstream 

regions are engaged towards processing a solution for the same behavioural 

demands. Second, a fully decentralised system could make it harder to synchronise 

neurons at a millisecond timescale as errors across regions would compound. On the 

other hand, a fully centralised system would make brain-wide synchronisation prone 

to errors or disruption of a central coordinator. Hence, I suggest that the brain might 

need to strike a balance between the resilience of a distributed coordination system 

and the benefits of a centralised coordinator. Alongside the VTA, other regions may 

exert large-scale synchronising effect, as has been demonstrated previously for the 

hypothalamus (Allen et al. 2019). Other potential candidate regions could be the locus 

coeruleus or the dorsal raphe nuclei both of which have widespread axonal projections 

capable of releasing glutamate (Liu et al. 1995; Fung et al. 1994; H.-L. Wang et al. 

2019). 

https://paperpile.com/c/JOAPQI/TTUZD
https://paperpile.com/c/JOAPQI/lpGC8
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https://paperpile.com/c/JOAPQI/UsBPL+vHMhB+mevjj
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(iii) Is glutamatergic VTA neuron spiking necessary for the performance of a 

behavioural task requiring the discrimination of ambiguous sets of stimuli? 

Methodological considerations: I chose to deliver trials with and without light 

stimulation in two separate sessions in order to avoid confusion effects from 

inconsistent reward/punishment associations and potential lag effects on the network 

from optogenetic perturbation within the same session. One possible criticism of this 

design is that in the first session, animals would be fed sufficient drops of sucrose to 

induce satiety effects and reduce the motivational drive for further approach behaviour. 

Another option is that after having performed the first session, mice might have been 

too tired for the second session, which I addressed by letting animals rest for 1h in the 

home cage between sessions. Ultimately, if either of these possibilities were true, 

approach behaviour to quinine should have been equally reduced in the laser session 

as sucrose approach behaviour. Furthermore and more strikingly, I did not observe 

any changes in dispenser approaches for either condition in VGlut2VTA:GFP-control 

mice.  

I considered the possibility that animals switched to another strategy to circumvent 

optogenetic perturbation and obtain sucrose rewards. For instance, mice could choose 

to approach the dispenser with equal probabilities during both conditions whilst simply 

accepting the occasional quinine outcome. However, regardless of whether mice 

deliberately chose this strategy or simply could not discriminate between the 

conditions, the behavioural change was triggered by the lack of glutamatergic input 

from the VTA.  

Previous reports showed that the locus of optogenetic activation of glutamatergic VTA 

neurons has different behavioural outcomes. Since generalised optogenetic activation 
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of glutamatergic VTA somata produces conditioned place preference and enhances 

instrumental behaviour by exciting dopaminergic projection neurons (H.-L. Wang et al. 

2015), one possible criticism of our study would be that the observed reduction in 

approach behaviour towards the dispenser during the sucrose condition is due to a 

lack of dopaminergic tonus. However, this scenario is unlikely as dispenser 

approaches in the simple conditioning experiments remain unaffected, indicating that 

the effects I observe depend on the presence of multiple conflicting task elements. 

Interestingly, previous pathway specific studies indicated that optogenetic activation 

of glutamatergic VTA fibers to the NAc or lateral habenula produced conditioned place 

aversion (Qi et al. 2016; Root, Mejias-Aponte, Qi, et al. 2014; Lammel et al. 2015).  

Hence, one might expect opposite results or ‘reversal’ of those optogenetic activation 

results in our optogenetic silencing study. However, I did not observe such a reversal. 

This could either be the result of the biological role of glutamatergic projections 

(discussed below in “mechanistic and functional considerations), methodological 

differences or a consequence of the recruitment of different compensatory 

mechanisms in the network in response to optogenetic stimulation compared to 

inhibition. From a methodological perspective there are two possible explanations: 

first, since our optogenetic stimulation protocol does not allow for a pathway specific 

analysis, our behavioural results represent the net consequence of a lack of 

generalised glutamatergic tonus from the VTA that is composed of several pathway 

dependent sub-effects. Second, differences in behavioural paradigms may explain the 

lack of a reversal of results. In a previous study mice were exposed to a black disc 

above the arena mimicking a predator. Animals which underwent glutamatergic VTA 

cell ablation showed a reduced innate escape response (Barbano et al. 2020). In our 

study, the animal was free to choose whether to approach the dispenser during the 

https://paperpile.com/c/JOAPQI/ZD98D
https://paperpile.com/c/JOAPQI/ZD98D
https://paperpile.com/c/JOAPQI/sASc+M4nI+sO7h
https://paperpile.com/c/JOAPQI/x8gZU
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quinine condition. Furthermore, quinine may not be an equally strong negative 

stimulus as the externally imposed threat. Furthermore, it is possible that permanent 

ablation of glutamatergic VTA cells produced more permanent network changes that 

contributed to the reduction of an escape response but might not have been evident 

upon short and reversible optogenetic intervention. Lastly, it is possible that the 

behavioural effects observed here are due to a reduction of dopaminergic tonus 

resulting either from silencing dopamine-glutamate co-releasing neurons or the lack 

of excitation onto dopaminergic VTA cells receiving local glutamatergic input (H.-L. 

Wang et al. 2015). For instance, manipulation of dopaminergic input to the PFC 

causes a deviation from previously learned rules (Ellwood et al. 2017) 

Mechanistic and functional considerations: In light of a previous study showing that 

generalised glutamatergic VTA cell activation produces appetitive behaviour (H.-L. 

Wang et al. 2015), one might hypothesise that silencing would produce the reverse 

effect, namely aversive conditioning or at least a lack of appetitive behaviour. Whilst I 

observed a decline in sucrose preference in our experiment this is unlikely to be the 

result of this idea since I did not observe any optogenetically induced changes in 

dispenser approach behaviour during simple conditioning experiments. 

Previous studies demonstrated that activation of glutamatergic VTA fibers to the NAc 

and the lateral habenula drives aversive conditioning (Qi et al. 2016; Root, Mejias-

Aponte, Qi, et al. 2014; Lammel et al. 2015). It is tempting to hypothesise that 

silencing could produce a reversal of those results, i.e. appetitive behaviour, which is 

inconsistent with our results. However, as discussed above, differences in the 

behavioural and optogenetic stimulation protocol may account for the lack of such a 

reversal. However, I argue that glutamatergic neurons are not solely responsible for 

signaling negative events. A recent study showed that chemogenic inactivation of 

https://paperpile.com/c/JOAPQI/ZD98D
https://paperpile.com/c/JOAPQI/ZD98D
https://paperpile.com/c/JOAPQI/WOKc
https://paperpile.com/c/JOAPQI/ZD98D
https://paperpile.com/c/JOAPQI/ZD98D
https://paperpile.com/c/JOAPQI/sASc+M4nI+sO7h
https://paperpile.com/c/JOAPQI/sASc+M4nI+sO7h


154 
 

glutamatergic VTA cells projecting to the dorsal hippocampus results in a reduction 

of both, appetitive and aversive memory retrieval (Han et al. 2020). Furthermore, 

previous authors suggested that part of glutamatergic VTA cells is involved in 

signalling general salience (Root, Estrin, and Morales 2018). I suggest that the loss 

of glutamatergic VTA signalling in downstream structures across the brain equips the 

system with the ability to retrieve salient memory elements scattered across the 

brain regardless of their positive or negative content. Hence, glutamatergic VTA cells 

could be required for the processing of tasks involving multiple contingencies by 

supporting the integration of all (positive and negative) relevant task elements. 

Taken together with our results at the assembly level, I suggest that glutamatergic 

VTA neurons are required to retrieve and synthesize behaviourally relevant 

information through the formation of behaviourally appropriate brainwide co-firing 

assembly patterns. 

6. CONCLUSION AND PERSPECTIVES 

6.1 Conclusions 

 

In this thesis, I show the existence of co-firing assemblies composed of neurons 

distributed across CA1, Amy, NAc, PFC and VTA. Importantly, these assembly 

patterns carry behaviourally relevant information. 

On an initially separate note, I describe strong variability in VTA single cell responses 

to task events. Single neurons respond with decreases and increases in firing rates to 

rewarding or aversive unconditioned stimuli as well as to their associated conditioned 

stimuli. To investigate differences in task variable representation between 

glutamatergic and dopaminergic VTA neurons, I establish a clustering framework 

https://paperpile.com/c/JOAPQI/ykKSI
https://paperpile.com/c/JOAPQI/3YVAa
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allowing us to separate the two cell types based on extracellular electrophysiological 

recordings. Using this method, I found that both cell types respond to the task stimuli. 

Notably, however, I found that spike trains of glutamatergic VTA neurons carry more 

information about behavioural task variables indicating an important role in 

behavioural control. 

In the last chapter, I bring the above findings together and show that activation of 

glutamatergic VTA cells is sufficient to trigger simultaneous cross-structural spiking 

activity. Notably, I also demonstrate that glutamatergic VTA activity is necessary for 

the formation of brain-wide distributed assembly patterns as well as for the expression 

of appropriate behaviour. Interestingly, the expression of simple conditioning is not 

dependent on glutamatergic VTA cell input, but the animal’s ability to discriminate 

between an aversive versus an appetitive condition based on predictive sensory cues 

is. This suggests a crucial role of glutamatergic VTA neurons in the formation of cross-

structural co-firing assemblies ultimately enabling the brain to synthesise information 

to produce appropriate behaviour. 

6.2 Perspectives 

6.2.1 Future experiments 

 

a) An anatomical validation of tetrode placement is required in order to interpret the 

emergence of cross-structural co-activity. It would help the functional interpretation of 

such connections based on the classical understanding of the function of brain regions 

investigated here. Additionally, it would help answer the question whether the 

observed co-activity is driven through direct monosynaptic connections or whether it 

could be attributed in full or in part to the diverging glutamatergic pathway. 
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b) A detailed analysis of tetrode placement within the VTA is required to discern 

ambiguity in the classification framework for glutamatergic versus dopaminergic VTA 

neurons. Depending on the tetrode location within the VTA, different cell types (as 

defined by their neurotransmitter) may appear electrophysiologically similar or similar 

cell types may appear different (Hnasko et al. 2012). 

c) Additionally, it would be valuable to see the proportion of optogenetically transfected 

cells co-expressing VGlut2 and TH to estimate the degree to which optogenetic 

experiments were contaminated by dopamine release. Moreover, the same 

experiments could also be conducted while silencing dopaminergic VTA neurons. 

These investigations would reveal how specific the observations in this study are to 

glutamatergic transmission. 

d) A formal histological analysis of ArchT and ChRh2 expression across the brain to 

exclude retrograde transfection and unintended leakage of the virus into other areas 

such as the supramammillary nucleus would be required to ensure that results here 

are not contaminated by direct stimulation or inhibition of other areas. 

e) In order to account for methodological variability in tetrode placement, viral 

transfection and biological variability, such as animal behaviour, more biological 

replicates of the experiments need to be conducted in the future. 

f) It would be interesting to see how specific the synchronising effect of glutamatergic 

projections is to the VTA. Other heavily interconnected regions such as the PFC, locus 

coeruleus or raphe nuclei may be equally important in cross-structural synchronisation 

and replicating our experiments while silencing those other regions could help shed 

light on this question. 

https://paperpile.com/c/JOAPQI/1fb3e
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g) It would be useful to apply other methods, such as a generalised linear model, to 

measure representational differences between the regions. While the approach I 

chose here is simple and easily interpretable, other methods may be more sensitive 

and uncover subtle representational differences between the regions in our task after 

all. 

h) One could explore the change in cross-structural co-activation as the animal learns 

the task by relating co-firing motifs to different stages of learning. For instance, this 

could be done during simple conditioning, first exposure to the task and learning within 

the same session. 

e) Similarly, it would be interesting to see whether VTA cells are related to ongoing 

learning. For instance, one could relate glutamatergic VTA neuron firing to intra-

session learning curves and determine if their spiking activity changes as a function of 

learning. By extension, silencing experiments could be used to answer the question 

whether glutamatergic VTA neurons are necessary to learn (not perform) a simple 

conditioning paradigm or a more complex task, such as the one I employed here. 

i) Lastly, I would be interested in seeing whether glutamatergic VTA cell inputs into 

downstream target regions are subject to synaptic plasticity. Mechanisms governing 

the induction of such plastic changes could be uncovered in vitro and possibly 

perturbed in vivo during learning. 

6.2.2 Match/mismatch computations in CA1 

 

The anatomical circuitry of the hippocampus has led to the suggestion that CA1 

functions as a coincidence or mismatch detector (J. E. Lisman 1999). This is 

underpinned by the observation that CA1 pyramidal neurons receive convergent 

https://paperpile.com/c/JOAPQI/ssafA
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inputs via the distal dendrites in the stratum lacunosum moleculare from the entorhinal 

cortex, while the Schaffer collaterals synapse onto apical dendrites in the stratum 

radiatum (Jarsky et al. 2005). It has been suggested that the hippocampus, thus, 

serves as a comparator between present environmental contingencies, as transmitted 

by entorhinal cortex inputs, and remembered states as encoded in the hippocampus. 

This ultimately allows for an update of internal models of the world (S.-H. Wang and 

Morris 2010). Similar to the entorhinal inputs into CA1, I observed a strikingly selective 

innervation of the stratum lacunosum moleculare by glutamatergic VTA fibers (Fig. 33 

C). Given this anatomical resemblance, it is tempting to hypothesise that such 

match/mismatch computations in CA1 account for direct input from glutamatergic VTA 

neurons and, hence, expand the computational repertoire of CA1 as match/mismatch 

detector. As I have shown, such input could contain information on reward, 

punishment, associated conditioned stimuli (Fig. 11; 8) and brain-wide 

synchronisations signals (Fig. 33 E). 

 

  

https://paperpile.com/c/JOAPQI/ulSc1
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6.2.3 Disease 

 

Schizophrenia is thought to result from the lack of functional integration in the brain 

and, therefore, depends on intact connectivity between different brain systems (Friston 

2002). Our results demonstrate that such functional connectivity depends on 

synchronising glutamatergic input from the VTA and, hence, raise the possibility of its 

involvement in the pathogenesis of schizophrenia. Indeed, there has been much early 

interest in the involvement of glutamatergic hypofunction in schizophrenia (Kitzinger 

and Arnold 1949). However, more recent research has been inconclusive. While a 

large metanalysis showed significant benefits of treatment with NMDAR agonists (G. 

E. Tsai and Lin 2010),  this could not be replicated in a subsequent study (Weiser et 

al. 2012). Recent evidence points to abnormalities in trafficking of specific NMDAR 

subunits as opposed to a generalised glutamatergic tonus (Howes, McCutcheon, and 

Stone 2015). These findings could potentially be reconciled by accounting for the 

source of glutamatergic innervation, such as the VTA, in animal models of 

schizophrenia (Jones, Watson, and Fone 2011).  

6.2.4 Central coordination of distributed processing 

 

Our findings add a new perspective to the debate on functional localisation versus 

distribution in the brain. I suggest that distributed processing may be supported—if not 

coordinated—from centralised hubs, such as the VTA and so the seat of distributed 

processing is localised. This property may be a function of downstream 

interconnectedness of the hub in question. One other strong candidate region to act 

as such a synchronising hub could be the PFC due to its widespread downstream 

connectivity (Gabbott et al. 2005). Consistently, I observed an almost equally 

prominent position of PFC neurons compared to VTA cells in brain wide distributed 

https://paperpile.com/c/JOAPQI/yeJvr
https://paperpile.com/c/JOAPQI/yeJvr
https://paperpile.com/c/JOAPQI/UXQJx
https://paperpile.com/c/JOAPQI/UXQJx
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https://paperpile.com/c/JOAPQI/FJF4p
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co-activity patterns (Fig. 28 A, B). Similarly, other neuromodulatory systems with 

neurons co-releasing glutamate, such as in the raphe nuclei or locus coeruleus 

(Trudeau 2004), could potentially prove to be potent sources of brain wide assembly 

formation in the future. 

6.2.5 Is representational redundancy a semantic artifact? 

 

In this thesis, I show that there is a strong representational overlap across brain 

regions in the sense that different brain regions exhibit firing rate changes following 

the experience of the same stimuli. Such responses have traditionally been referred 

to as representations of a specific external stimulus or internal variable. However, 

recent philosophical work has brought the concept of representation into question by 

claiming that such responses are merely the result of the activity of ‘detectors’ 

(Ramsey 2007) and have no meaning in isolation. In line with connectionist views of 

the mind (Buckner and Garson 2019), I suggest that the representation carried by a 

single neuron’s response is determined by the neuron’s position within the network. 

The same stimulus can elicit firing rate changes in neurons scattered across the brain, 

but their responses do not necessarily represent the stimulus with a precise one-to-

one mapping, but instead merely reflect the neuron’s contribution to the network’s 

ultimate output, i.e. behaviour. In this light, neural responses are only overlapping in 

the sense that they occur after the experience of a certain stimulus. Their meaning for 

the network and, hence, representational content is totally different. The traditional 

usage of the term ‘representation’ may in fact confound neuroscientific research. One 

possibility to attach representational meaning to single neuron responses could be to 

transfer recent research on the interpretability of the output of artificial neural networks 

(Montavon, Samek, and Müller 2018) to biological systems. 

https://paperpile.com/c/JOAPQI/hsGFo
https://paperpile.com/c/JOAPQI/RFLAJ
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The main conclusions of my dissertation are: brain regions are less specialised than 

previously thought with regards to the representation of stimuli or behavioural 

variables. Spiking of individual neurons in multiple different brain areas is coordinated 

in brain-wide distributed assemblies. Such assemblies encode behavioural 

contingencies and group neurons together based on a minimally necessary degree of 

representational similarity, while leaving room for differences across neurons 

contributing to an assembly. Such an organisational principle may support adaptability 

of neural representations and behaviour. Finally, I discovered that glutamatergic VTA 

neuron firing causes cross-structural co-activity and is required for the expression of 

appropriate approach and avoidance behaviour when conflicting predictive sensory 

cues overlap. I conclude that glutamatergic VTA inputs to its target areas causes the 

formation of multisensory brain-wide distributed assemblies, which in turn are required 

to drive effective behaviour. 
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