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A B S T R A C T

Neuroinflammation is increasingly implicated in post-infectious brain atrophy and cognitive impairment, as well 
as the etiology of neurodegenerative and psychiatric disorders. Here, we employed an established mouse model 
of neuroinflammation (systemic lipopolysaccharide [LPS]) and studied its macrostructural, microstructural, and 
cellular effects on the mouse brain. We combined whole-brain two-photon microscopy, multiparametric mag
netic resonance imaging, and in silico transcriptomics. We demonstrate that LPS increases microglial soma size, a 
marker of microglial proinflammatory transformation, throughout the brain. LPS also induces in vivo volumetric 
increases of multiple brain regions, but not of the cerebral cortex. These in vivo increases are no longer observed 
ex vivo (post-fixation), suggesting they may be due to brain edema. Moreover, LPS induces microstructural al
terations, as indicated by ex vivo reductions in fractional anisotropy and magnetization transfer ratio, which were 
most pronounced in the cerebral cortex. These reductions had the largest effect size in regions with higher 
expression of genes specific to parvalbumin inhibitory neurons and excitatory layer 4/5 intratelencephalic 
neurons, which were enriched in genes encoding synapse components. Thus, these results suggest that LPS- 
induced neuroinflammation may lead to brain edema, which spares the cerebral cortex, and microstructural 
alterations, which impact the cerebral cortex and may involve specific subtypes of inhibitory and excitatory 
neurons and their synapses.

1. Introduction

Neuroinflammation is a complex, multi-cellular process initiated by 
the activation of microglia, the resident immune cells in the brain 
(Waisman et al., 2015; Becher et al., 2016; Woodburn et al., 2021). 
Activated microglia release proinflammatory cytokines and reactive 
oxygen species, which affect the surrounding glial and neuronal cells 
(Becher et al., 2016; Glass et al., 2010). Neuroinflammation plays a 
critical role in post-infectious brain atrophy and cognitive impairment 
(Davis et al., 2023; Duggan et al., 2024) and the etiology of various 
neurodegenerative and psychiatric disorders, including Alzheimer's 
disease (Glass et al., 2010; Heneka et al., 2024) and depression (Miller 

et al., 2015; Troubat, 2021). Lipopolysaccharide (LPS), a potent endo
toxin derived from gram-negative bacteria, is widely used to model 
neuroinflammation and its sequelae in the rodent and human brain 
(Robert et al., 2023; Marschallinger et al., 2020; Chen et al., 2012; 
Monzón-Sandoval, 2022; Lehnardt et al., 2003; Reichenberg et al., 
2001).

Multiple effects of LPS-induced neuroinflammation on the brain have 
been reported (Robert et al., 2023; Marschallinger et al., 2020; Chen 
et al., 2012; Monzón-Sandoval, 2022; Lehnardt et al., 2003; Reichenberg 
et al., 2001), but a comprehensive, whole-brain view of its impacts on brain 
macrostructure, microstructure, and cellular underpinnings is still 
lacking. Multimodal magnetic resonance (MR) imaging coupled with 
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microscopy and transcriptomics can provide such a view. Brain MR 
imaging can assess regional volumes (macrostructure) using anatomical 
T1-or T2-weighted imaging and microstructural variations using diffu
sion tensor imaging (DTI) and magnetization transfer (MT) imaging 
(Edwards et al., 2018). Both DTI and MT imaging are sensitive (but not 
specific) to water content and variations in the quantity and structure of 
cellular membranes, including those forming myelin and neurites 
(axons/dendrites/dendritic spines)(Edwards et al., 2018; Mori and 
Barker, 1999; Patel, 2020; Vavasour et al., 2011; Gareau et al., 2000; 
Sled, 2018; Uematsu et al., 2004). Additionally, brain MR images can be 
co-registered with ex vivo whole-brain two-photon microscopy images of 
various cell types, such as microglia, allowing the examination of 
regional perturbations of the cell types (Patel et al., 2024a; Amato et al., 
2016). Further, brain MR images can be co-registered with in silico 
transcriptomic data, allowing for a further, albeit indirect, inference of 
cellular perturbations (Patel et al., 2020; Patel et al., 2024a; Patel et al., 
2024b). This approach is implemented in ‘virtual histology (Shin et al., 
2018, 2023a; Patel et al., 2024c), a cell-type enrichment method inte
grating MR imaging data with independent bulk and single-nucleus RNA 
sequencing datasets from the mouse brain (Yao, 2021; Lein et al., 2007).

In the present study, we employed an established mouse model of 
neuroinflammation, specifically a 4-day series of intraperitoneal in
jections of 1 mg/kg/day LPS (Marschallinger et al., 2020; Chen et al., 
2012), and a combination of whole-brain two-photon microscopy of 
microglia, multimodal MR imaging, and virtual histology. Our results 
revealed region-specific microglial remodelling, volume expansion, and 
alterations in brain microstructure involving synapse-related cellular 
components on specific subtypes of inhibitory and excitatory neurons. 
These results offer novel insights into the spatial dynamics and cellular 
underpinnings of LPS-induced neuroinflammation.

2. Results

A 4-day treatment regimen was conducted using 33 Cx3cr1GFP/+

mice (20 weeks of age), assigned to either LPS (n = 17; 8 females, 9 
males) or saline (n = 16; 8 females, 8 males) groups. In vivo T1-weighted 
imaging was acquired longitudinally (baseline and post-treatment). At 
the study endpoint, brains were perfused and fixed for ex vivo T2- 
weighted imaging, DTI, MT imaging, and whole-brain two-photon mi
croscopy (serial two-photon tomography).

2.1. LPS-treated mice show widespread activation of microglia

Serial two-photon tomography of microglia, co-registered with T2- 
weighted MR imaging was used to quantify LPS-induced differences in 
microglial soma size (area) at the end of the 4-day treatment protocol. 
Microglial soma size is an established index of microglia proin
flammatory transformation (Davis et al., 2017). Across the 22 
atlas-based brain regions, LPS-treated mice exhibited a 6–16 % increase 
in microglial soma size compared to saline controls. This effect was most 
prominent in the midbrain (β = 1.98, p-value = 0.001, Fig. 1, Table S1a).

2.2. LPS induces hydrocephalus and regional brain edema

Longitudinal T1-weighted MR imaging was used to evaluate volu
metric changes following LPS treatment, comparing pre- and post- 
intervention volumes. Globally, there was a 1.1 % increase in total 
brain volume (time*LPS interaction β = 5.5 mm3, p = 0.002) in the LPS 
group, as compared with saline controls. This was driven in part by a 6 % 
volumetric enlargement of the ventricles (time*LPS interaction β = 0.32 
mm3, p = 2.01E-07). Similarly, several dorsal parenchymal regions, 
including the cerebellum, medulla, pons, midbrain, thalamus, and hy
pothalamus, showed 2–4 % volume increases in LPS-treated mice (all p 
< 0.05; Figs. 1 and 2, Table S2a). No statistically significant volumetric 
changes were observed in the cerebral cortex (all <1 %, p > 0.05, Fig. 2). 
In contrast, ex vivo imaging of perfusion-fixed brains revealed no 

volumetric differences (Fig. 1, Table S3). Given that post-fixation brains 
may shrink due to tissue water-loss during formaldehyde fixation (Wehrl 
et al., 2015; de Guzman et al., 2016), these in vivo-specific findings 
suggest that LPS induces accumulation of cerebrospinal fluid (CSF) in 
the ventricles (i.e., hydrocephalus) and regional parenchymal edema 
(Stokum et al., 2016). Furthermore, across all analyzed regions, the 
degree of parenchymal volume expansion correlated positively with the 
increase in microglial soma size (Pearson's r = 0.50, p = 0.02; Fig. S1).

2.3. LPS-treated mice show microstructural alterations in the cerebral 
cortex

We evaluated the Magnetization Transfer Ratio (MTR) and DTI- 
derived Fractional Anisotropy (FA) and Mean Diffusivity (MD) to 
assess microstructural integrity. LPS-treated mice displayed reduced 
MTR across multiple predominantly gray-matter regions. These re
ductions were most profound in the cerebral cortex, specifically within 
the temporal β = − 0.005, p = 3.17 × 10− 10), frontal (β = − 0.007, p =
3.82 × 10− 7), and parietal cortices (β = − 0.008, p = 7.55 × 10− 7) 
(Fig. 1, Table S4a). FA values were similarly reduced, with effects again 
most pronounced in the cerebral cortex (frontal β = − 0.026, p = 0.0001) 
and cerebellar gray matter (β = − 0.031, p = 8.11E-05, Fig. 1, 
Table S4a). No statistically significant differences in MD were observed 
between groups (Fig. 1, Table S4a).

2.4. Microstructural alterations in the cerebral cortex involve synapse- 
related cellular components on subtypes of inhibitory neurons and 
excitatory neurons

To understand better the cellular underpinnings of the LPS-induced 
microstructural changes (i.e., reductions in MTR and FA), we 
employed an insilico, virtual histology (Shin et al., 2018, 2023a; Patel 
et al., 2024c), approach. This cell-type enrichment analysis integrates 
MR imaging data with independent datasets of gene expression (bulk 
and single-nucleus RNA sequencing) in the mouse cortex (Yao, 2021; 
Lein et al., 2007). For this analysis, we utilized a 15-region cortical atlas 
based on the Allen Institute's Common Coordinate Framework (Fig. 3a). 
The effects of LPS on MTR, FA, and MD were retested across the 15 
cortical regions of the atlas (Fig. 3a and b). The MTR and FA decreases 
(LPS vs. NaCl mice) were spatially correlated (Fig. 3c and d; r = 0.58, p 
< 0.01), with both exhibiting the largest effect sizes in the posterior 
parietal cortex (Fig. 3c and d).

To assess cell-type enrichment (and perform virtual histology (Shin 
et al., 2018; Shin et al., 2023a; Patel et al., 2024c)), the spatial corre
lation (across 15 cortical regions) between the bulk gene expression 
from the Allen Mouse Brain Atlas (Yao, 2021; Lein et al., 2007) and 
LPS-associated MTR (or FA) decreases (Fig. 3b) was tested against the 
cell-type specificity of individual genes (Fig. 3e). This analysis revealed 
that cortical regions with higher expression of genes specific to parval
bumin inhibitory neurons (INH_Pvalb) and excitatory layer 4/5 intra
telencephalic neurons (EXC_L4/5_IT) show larger LPS-lowering effects 
on both MTR and FA (Fig. 3e). Functional gene ontology-enrichment 
analysis of these two sets of genes revealed enrichment in the cellular 
components of synapses (Fig. 3f). The enriched terms for the inhibitory 
INH_Pvalb neurons included ‘axon terminus’, ‘internal component of 
synaptic membrane’, and ‘potassium channel complex’, and the 
enriched terms for the excitatory EXC_L4/5_IT neurons included ‘post-
synaptic membrane’ and ‘dendritic spine’ (Fig. 3f).

3. Discussion

The results of the present study suggest that systemic LPS induces: (i) 
widespread neuroinflammation (as evidenced by enlarged microglia 
soma size throughout the brain), (ii) hydrocephalus and edema of 
multiple brain regions, but not the cerebral cortex (as evidenced by in 
vivo [but not ex vivo] enlargement of ventricles and mostly dorsal, 
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Fig. 1. Multi-modal, whole-brain characterization of LPS-induced neuroinflammation. (a) Coronal brain sections displaying the spatial distribution of False 
Discovery Rate (FDR)-corrected p-values projected onto the mouse anatomical atlas. Columns display (from left to right): the anatomical atlas, ex vivo microglial 
soma size (serial two-photon tomography), in vivo regional volume, ex vivo regional volume, and ex vivo microstructural MR imaging metrics (Magnetization Transfer 
Ratio [MTR], Fractional Anisotropy [FA], and Mean Diffusivity [MD]). (b) Corresponding region-wise bar plots illustrating the statistical significance of the LPS effect 
across 22 brain regions. The vertical dashed lines represent the threshold for statistical significance (FDR p < 0.05). Color Scale: The color bars indicate the direction 
and significance of the effect: warm colors (red/yellow) denote significant increases in the metric for LPS-treated mice relative to controls, while cool colors (blue/ 
cyan) denote significant decreases. The scale represents the magnitude of significance (-log10(FDR-p value)), where higher values indicate stronger statistical sig
nificance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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subcortical parenchymal regions), and (iii) microstructural alterations 
of mainly the cerebral cortex (as evidenced by lower MTR and FA in 
multiple regions of the cortex), possibly involving synapse-related 
cellular components on subtypes of inhibitory neurons and excitatory 
neurons (as inferred from in silico bulk and single cell RNAseq of the 
mouse cerebral cortex using cell-type and cellular components enrich
ment analysis).

Our combined use of in vivo and ex vivo (post-fixation) volumetric 
imaging revealed that LPS treatment induces hydrocephalus and edema 
in several, predominantly dorsal, parenchymal regions, but not in the 
cerebral cortex. These results support previous research demonstrating 

that LPS induces brain-fluid accumulation (Alexander et al., 2008; Cao 
et al., 2012; Kim, 2023) and ventricle enlargement (Robert et al., 2023), 
but they also provide new information on the regional distribution of 
this (likely) fluid accumulation. Regarding the underlying pathobiology, 
it has been demonstrated that systemic LPS disrupts the blood-brain 
barrier (Peng et al., 2021; Zou et al., 2022; Haruwaka et al., 2019), 
leading to intravascular fluid and protein leakage into the brain tissue 
and the development of vasogenic edema (Stokum et al., 2016). It has 
also been demonstrated that LPS enhances the production of CSF by the 
ventricular choroid plexus (Robert et al., 2023; Karimy et al., 2017), 
leading to the accumulation of CSF within the ventricles, i.e., 

Fig. 2. Region-specific in vivo volumetric changes induced by LPS. (a) Longitudinal changes in regional brain volumes. Line plots display the mean percent 
change in volume from baseline (Pre) to post-treatment (Post) for LPS (black filled circles) saline mice (white open circles). Error bars represent the standard error of 
the mean (SEM). (b) Statistical significance from the cross-sectional analysis of group differences in regional volume between LPS and NaCl mice at timepoint 2 (post- 
treatment). Bars represent the -log10(FDR-adjusted p-value) for between-group comparisons in each region.
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hydrocephalus (Robert et al., 2023). Accumulating CSF in the ventricles 
increases hydrostatic pressure within the ventricles, promoting a CSF 
shift outside to adjacent brain tissue and the development of interstitial 
edema (Stokum et al., 2016). The relative contributions of these two 
pathways to our findings are not clear. Further, other transient physio
logical mechanisms not assessed in this study, such as cerebral hyper
emia or the expansion of perivascular spaces, could also have 
contributed to the in vivo volumetric changes. Future studies using in 
vivo quantitative MRI, such as T2 mapping or DTI-derived mean diffu
sivity, would be better suited to quantify changes in tissue water content 
directly.

We observed that regional increases in parenchymal volumes 
correlated positively with regional increases in microglial soma size (r =
0.50, p = 0.02; Fig. S1). Whether regions with higher microglia proin
flammatory transformation are also regions with higher vulnerability to 
LPS-induced disruption of the blood-brain barrier and thus vasogenic 
edema requires further study. Of note, the observed increases in soma 
size are not likely to be a major contributor to the increases in paren
chymal volumes, as (i) the enlargements in microglia soma size are 
generally accompanied by reductions in microglia neuropil, diminishing 
the overall cell volume (Davis et al., 2017), and (ii) microglia represent 
less than 5 % of all brain cells (Herculano-Houzel et al., 2006, 2011; 
Keller et al., 2018; Ero et al., 2018).

Our microstructural imaging showed that LPS treatment induces 
robust reductions in MTR and FA signals, predominantly in the cerebral 
cortex. The most affected region was the posterior parietal cortex. One 
previous study in rats also reported lower FA in LPS-treated animals 
compared to controls, which, similarly to our study, was most pro
nounced in the posterior parietal cortex (Kim, 2023). Prior research 
suggests that the MTR and FA signals in the cerebral cortex may be 
driven, to some extent, by macromolecules associated with dendritic 
arbor and spines (typically containing synapses) (Patel et al., 2019; 
Reveley et al., 2022). Our cell-type enrichment analysis supports this 
possibility. It shows that cortical regions with higher expression of genes 
specific to certain subtypes of excitatory and inhibitory neurons exhibit 
larger lowering effects of LPS on MTR and FA, and that these gene sets 
are enriched in the cellular components of dendritic spines and synapses. 
We speculate that the MTR and FA reductions may indicate a loss of 
synapse-related cellular components. Consistent with this possibility, 
previous research demonstrates that LPS lowers the expression of mul
tiple inhibitory neuron genes (Rezaei et al., 2024), as well as the density 
and size of inhibitory neuron presynaptic puncta (Jung et al., 2023). The 
latter has been linked to the enhanced phagocytic function of microglia 
and their more frequent engulfment of inhibitory neuron synapses in 
LPS-treated animals compared to control animals (Jung et al., 2023). 
Neuronal hyperexcitability, linked to reduced GABAergic inhibition, has 
also been reported (Kurki et al., 2023). Our cell-type enrichment anal
ysis suggests the involvement of both inhibitory and excitatory neurons, 
as well as the cellular components at inhibitory-excitatory neuron syn
apses (Fig. 3f). A loss of inhibition enhances neuron-toxic hyperexcit
ability. Accordingly, a previous study using MR spectroscopy of a brain 
region containing a large segment of the hippocampus shows that a 
single, larger dose of LPS (10 mg/kg) lowers N-acetyl aspartate/choline, 

creatine/choline, and myoinositol/choline ratios (Towner et al., 2018), 
indicating impaired neuronal health due to alterations in cellular 
membrane structure and cell bioenergetics (Towner et al., 2018). The 
subtypes of inhibitory and excitatory neurons implicated in this study 
were the parvalbumin inhibitory neurons and excitatory layer 4/5 
intratelencephalic neurons (Fig. 3e). Parvalbumin inhibitory neurons 
are the largest subpopulation of cortical GABAergic neurons, which 
mediate lateral, feedforward, and feedback inhibition in local circuits 
and modulate the activity of excitatory neurons (Hijazi et al., 2023). The 
excitatory neurons within layer 4 are crucial for processing incoming 
sensory information. In contrast, the excitatory neurons within layer 5 
are involved in cortical output, projecting to other cortical areas and 
subcortical structures. Parvalbumin inhibitory neurons are present in 
both layer 4 and layer 552− 54.

In the present study, about half of all mice were females. Secondary 
sex-stratified analyses yielded comparable results for males and females 
regarding microglia soma size, MTR, and DTI metrics (Table S1b and 
S4b). The volumetric enlargements of parenchymal regions (but not of 
the ventricles) tended to be greater in females than in males (Table S2b 
and c). Previous research suggests this may be related to the effects of 
female sex hormones on tissue fluid retention and swelling (Stachenfeld 
et al., 1999; Farin et al., 2003).

The present study has some limitations. First, our in vivo longitudinal 
imaging used manganese chloride (MnCl2) as a T1-weighted contrast 
agent. Although our protocol was standardized across groups and time 
points, we cannot rule out the possibility that MnCl2 administration 
interfered with the LPS-induced inflammatory response. The use of 
MnCl2 contrast is quite common in the literature on brain diseases due to 
its ability to enhance anatomical detail on T1 imaging. Future work 
using a MnCl2-free in vivo arm would strengthen causal inference.

Second, our finding of reduced MTR in the cerebral cortex appears to 
contrast with human studies that reported increased magnetization 
transfer exchange rates (kf) following acute inflammatory stimuli. For 
example, studies using a typhoid vaccine found increases in magnetiza
tion transfer (MT) metrics 3–4 h after the immune challenge (Plank 
et al., 2024; Harrison et al., 2015). These discrepancies are likely 
attributable to fundamental differences in experimental design. Thus, 
those studies measured the acute in vivo effects of inflammation, 
whereas our study assessed the cumulative impact of a 4-day LPS pro
tocol using ex vivo imaging post-fixation. In addition, MTR – magneti
zation transfer ratio – is a simpler, composite, semi-quantitative metric 
(a ratio of images with and without a saturation pulse), and is influenced 
by acquisition parameters, B1 inhomogeneities, sequence timing, and 
tissue-relaxation times. In contrast, quantitative MT can assess more 
specific biophysical parameters such as the rate of the proton pool ex
change. The differences in inflammatory timing (acute vs. sub-acute), 
imaging methods, and tissue state (in vivo vs. post-mortem) likely ac
count for these opposing findings.

Third, our assessment of microglial proinflammatory transformation 
was based on soma size, an established morphological marker. We did 
not perform more comprehensive morphological analyses, such as Sholl 
analysis, branch length, or circularity, which can provide additional 
information on microglial proinflammatory transformation states (Leyh 

Fig. 3. Cerebral cortex-specific analysis of microstructural alterations (a) Coronal sections displaying the 15-region cortical parcellation derived from the Allen 
Mouse Brain Atlas used for analysis. Regions are color-coded with abbreviations listed on the right. (b) Regional estimates of the LPS effect (beta coefficients) on ex 
vivo Magnetization Transfer Ratio (MTR), Fractional Anisotropy (FA), and Mean Diffusivity (MD) across the 15 cortical regions. Filled circles indicate statistically 
significant effects. Filled circles represent FDR-adjusted p < 0.05. (c) Correlation matrix of LPS-induced changes across MTR, FA, and MD, spatially, across the 15 
cortical regions. (d) Scatter plot demonstrating the coordinated effect of LPS on ex vivo MTR and FA across cortical regions. (e) Cell-type enrichment analysis based on 
correlations between MR imaging-derived LPS effect sizes (MTR, FA) and bulk tissue gene expression, across deciles of genes based on their cell specificity, using 
independently derived single-nucleus RNAseq data, and bulk tissue expression data. (f) Gene-ontology enrichment analysis of genes spatially correlated with LPS- 
induced MR imaging changes (MTR/FA) and expressed in L4/5 IT excitatory and parvalbumin (PVALB)-positive inhibitory neurons. Nodes represent significantly 
enriched cellular components, and edge thickness denotes the semantic similarity between GO terms. FRP: Frontal pole, ORB: Orbital, PL: Prelimbic, ILA: Infralimbic, 
ACA: Anterior cingulate, AI: Agranular insular, MO: Somatomotor, SS: Somatosensory, AUD: Auditory, RSP: Retrosplenial, PTLp: Posterior parietal, TEa: Temporal 
association, PERI: Perirhinal, ECT: Ectorhinal, VIS: Visual. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.)
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et al., 2021; Liu and Xiu, 2025). This is a methodological trade-off: our 
goal was a whole-brain characterization using serial two-photon to
mography, which provides broad spatial coverage at the expense of the 
high-resolution detail needed for complex single-cell tracing (but with 
narrower spatial coverage).

Fourth, the Cx3cr1GFP/+ mouse line used to identify microglia also 
labels other myeloid cells, including infiltrating peripheral monocytes. 
Given that our LPS model likely disrupted the blood-brain barrier, our 
serila two-photon tomography analysis could not definitively distin
guish between resident microglia and infiltrating monocytes. Future 
work could use more specific markers to differentiate these cell 
populations.

Finally, our virtual histology, a cell-type enrichment analysis, cor
relates LPS-induced microstructural variations (MTR and FA reductions) 
with baseline gene-expression data from an external atlas. These 
external data are single-cell RNAseq data from the mouse cerebral cortex 
that can distinguish 21 cell types, including 7 subtypes of excitatory 
neurons, 5 subtypes of inhibitory neurons, 4 subtypes of glial cells 
(microglia, astrocytes, oligodendrocytes, and oligodendrocyte precursor 
cells), and 5 vascular cell subtypes. This in silico analysis does not 
directly measure changes in gene expression or cellular components in 
our own samples. It indicates that cortical regions with greater effects of 
LPS on MTR or FA show higher expression of genes specific to parval
bumin inhibitory and layer 4/5 excitatory neurons that are enriched in 
synaptic compartments. Therefore, the conclusion that these changes 
involve specific synaptic components on parvalbumin inhibitory and 
layer 4/5 excitatory neurons is an inference. However, this inference is 
biologically plausible and supported by previous research (Rezaei et al., 
2024; Jung et al., 2023; Kurki et al., 2023). Notably, we did not detect 
significant reductions in MTR or FA in cerebral white matter, and our 
cortical virtual histology results did not implicate 
oligodendrocyte-enriched gene sets, suggesting that the observed 
microstructural effects in the cerebral cortex may not be primarily 
driven by myelin-related mechanisms. Prior reports of LPS-associated 
demyelination have largely focused on non-cortical contexts (Felts 
et al., 2005).

In summary, our findings provide a comprehensive, whole-brain 
view of LPS-induced neuroinflammation, evaluating region-specific 
microglial remodelling, volume expansions, and alterations in brain 
microstructure involving a loss of cellular components of inhibitory- 
excitatory neuron synapses. The findings may aid in the development 
of new diagnostic and treatment options for neuroinflammation, which 
is increasingly being recognized as one of the key contributors to the 
development of post-infectious brain atrophy and cognitive impairment, 
as well as neurodegenerative and psychiatric disorders (Glass et al., 
2010; Davis et al., 2023; Duggan et al., 2024; Heneka et al., 2024; Miller 
et al., 2015; Troubat, 2021).

4. Methods

4.1. Animals

All MRI experiments were conducted on the Cx3cr1GFP/GFP mice (JAX 
stock #032127). At 20 weeks of age, mice were randomly assigned to 
receive either LPS (8 females and 9 males) or NaCl (8 females and 8 
males). LPS (E. Coli strain O55:B5, Sigma Aldrich) was administered via 
intraperitoneal (i.p.) injection at a dose of 1 mg/kg of body weight daily 
for 4 consecutive days (or equivalent volume of 0.9 % NaCl). 
Throughout the 4 days, each cage received hydrogel, which is a hy
dration supplement, to ensure adequate hydration. The day before the 
first LPS injection (Time 1) and the day after the last LPS injection (Time 
2), mice underwent an in vivo brain MR imaging. Mice were group- 
housed with up to 5 mice per cage and on a 12-h light/dark cycle 
with ad libitum access to food and water. Hormonal status was not 
tracked.

All animal procedures were performed in accordance and 

compliance with the Animals for Research Act of Ontario and the Ca
nadian Council on Animal Care. The Centre for Phenogenomics Animal 
Care Committee approved all procedures performed on the animals 
(27–0341H).

4.2. In vivo longitudinal brain MR imaging

Image acquisition Before and after the 4-day treatment period, mice 
underwent in vivo T1-weighted FLASH 3D gradient echo manganese- 
enhanced magnetic resonance imaging (MEMRI) to assess region- 
specific macrostructural (volumetric) changes in the brain. To enhance 
the contrast of the images, 24 h before the scan, mice were i.p. injected 
with 0.4 mmol/kg of manganese chloride (MnCl2; Sigma-Aldrich, Mis
souri, USA), which was administered in 2 equal doses to minimize the 
adverse effects of MnCl2. A 7.0 T MRI scanner with a 30-cm diameter 
bore magnet (Bruker BioSpin, Ettlingen, Germany) was used to image 
the mice; up to 4 mice can be scanned in parallel using cryogenically 
cooled surface coils (Arbabi et al., 2022). The mice were anesthetized 
with 1–2 % isoflurane in 100 % oxygen, their respiration was monitored 
throughout the scan with self-gating signals (Nieman et al., 2009), and 
they were kept warm during the scan with a heated water platform. The 
imaging parameters for the in vivo MEMRI consisted of a 75-μm isotropic 
resolution was used with a T1-weighted FLASH 3D gradient echo 
sequence: TR = 26 msec, TE = 8.25 msec, flip angle = 23◦, field-of-view 
= 25 x 22 × 22 mm, matrix = 334 x 294 x 294, 2 averages. The total scan 
duration was ~58 min, and the mice were allowed to recover in a heated 
chamber before returning to their home cage.

4.3. Ex vivo cross-sectional brain MR imaging

Image acquisition A multi-channel 7 T MR imaging scanner (Agilent 
Inc., Palo Alto, CA) was used to image perfusion-fixed brains in skulls.

Brain fixation After the completion of the 4-day LPS treatment, mice 
were anesthetized with a combination of Ketamine (150 mg/kg, Ketaset, 
TCP) and Xylazine (10 mg/kg, Rompun) at a dose of 0.1 mL/10g of body 
weight via i.p. injection. Once mice reached the proper plane of anes
thesia, the chest cavity was opened, and the mice were intracardially 
perfused with 30 mL room-temperature solution of 0.1M phosphate- 
buffered solution (PBS) (Wisent, CAT: 311-010-CL) combined with 1 
μL/mL heparin (10,000 USP/10 mL, Fresnius Kabi, DIN 02229066) and 
2 mM ProHance® (Gadoteridol, Bracco Diagnostics Inc., DIN: 
02229066) at a flow rate of 1.0 mL/min followed by 30 mL of room- 
temperature solution of 4 % paraformaldehyde (PFA) (EMS, Ceder
lane, Cat: 15710) combined with 2 mM ProHance® (Gadoteridol, Bracco 
Diagnostics Inc., DIN: 02229066) at a flow rate of 1.0 mL/min. Once the 
perfusion was complete, the skull (with brain inside) was removed and 
kept in 4 % PFA combined with 2 mM ProHance® (Gadoteridol, Bracco 
Diagnostics Inc., DIN: 02229066) for 1 day at 4 ◦C, which was then 
switched to 0.1M PBS combined with 2 mM ProHance® (Gadoteridol, 
Bracco Diagnostics Inc., DIN: 02229066) and 0.02 % sodium azide 
(Fisher, Cat: S227-10) at 4 ◦C for future ex vivo MR imaging. ProHance®, 
is a gadolinium-based MR imaging contrast agent used to enhance the ex 
vivo MR images. To obtain comparable inter-individual results for ex vivo 
MR imaging, the brains were allowed to equilibrate for at least 1 month 
before ex vivo MR imaging, as this ensures that the shrinkage of the brain 
is stabilized (de Guzman et al., 2016). Sixteen samples were imaged in 
parallel using a custom-built 16-coil solenoid array. Three sets of images 
were acquired: T2-weighted anatomical images were obtained with the 
following scanning parameters: T2-weighted 3D FSE cylindrical k-space 
acquisition sequence, TR/TE/ETL = 350 ms/12 ms/6, 2 averages, 
FOV/matrix-size = 20 x 20 × 25 mm/504 x 504 x 630. The resulting 
anatomical images had an isotropic resolution of 40-μm voxels. DTI 
scans were performed with the following scanning parameters: 30 di
rections, 5 b0 scans, b-value 2147 s/mm2, TR 325 ms, echo spacing = 6 
ms with first echo acquired 32 ms, followed by spacing of 6 ms for 6 
echos. Resolution = 180 x 180 x 324 matrix, 78-μm isotropic voxels. 
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MTR images were obtained with the following scanning parameters: 224 
x 224 x 278 matrix size, 90-μm isotropic, TR = 50 ms, TE = 2.8 msec, 
excitation flip angle = 54◦, magnetization transfer (MT) flip pulse =
9000◦, mt pulse width = 10 ms, Gaussian shape, spoiled gradient echo 
sequence. The total duration of the scanning session (T2-weighted, DTI, 
and MTR) was 14 h.

4.4. MR image processing

In vivoT1-weighted images and ex vivoT2-weighted images were 
processed using the same pipeline detailed below. The Mouse Brain 
Mapping (MBM) toolkit was used for intensity normalization and initial 
six-parameter linear (LSQ6) registration. The pre-processed T1/T2- 
weighted images were then segmented using the Multiple Automatically 
Generated Templates (MAGeT) Brain algorithm (Chakravarty et al., 
2013). MAGeT-Brain employs a multi-atlas voting procedure based on a 
template library derived from the subject set. Segmentations from each 
atlas are propagated via image registration to a subset of the subject 
images (the ‘template library’) before being propagated to each subject 
image and fused. This approach leverages the neuroanatomical vari
ability of the subjects to refine individual segmentations. These tools 
were implemented using the Pydpiper toolkit (Friedel et al., 2014). For 
this study, we used the Dorr_2008_Steadman _2013_Ullmann_2013_Ri
chards_2011_Qiu_2016_Egan_2015 (Dorr et al., 2008; Steadman et al., 
2014; Ullmann et al., 2013; Richards et al., 2011) mouse brain atlas to 
derive volumetric values for 22 regions, including 4 cortical lobar re
gions. DTI metrics (FA and MD) and MTR maps were registered to the ex 
vivo T2-weighted space using the Advanced Normalization Tools (ANTs) 
registration framework. The registration was performed using a series of 
transformations (Rigid, Affine, and SyN) with mutual information (MI) 
as the similarity metric, optimizing the alignment between the images. 
Segmented volume labels obtained from the MAGeT-Brain segmentation 
were used to extract mean FA, MD, and MTR values for each region of 
interest defined in the atlas.

All processed scans and registrations were visually inspected to 
ensure data quality and the accuracy of the registrations. Any scans 
exhibiting artifacts or misalignments were excluded from the analysis (n 
= 7 for DTI [FA, MD maps] and n = 6 for MTR).

4.5. Two-photon microscopy

Serial two-photon tomography of Cx3cr1GFP/+ mice was used to 
assess microglia soma size; it was performed using a previously estab
lished system (Shigematsu et al., 2024; Kubota, 2014). Each brain was 
imaged at 1.37-μm in-plane resolution with 100-μm slice spacing, 
resulting in roughly 170 coronal slices and 8 h of imaging per brain. 
Signal intensities across samples were normalized using OpenCV tools 
(Stachenfeld et al., 1999). Contrast Limited Adaptative Histogram 
Equalization (CLAHE) was used to enhance local image contrast by 
distributing pixel intensities across a wider range of intensity values, 
thereby improving microglia conspicuity. Intensities were winsorized 
(scipy (Farin et al., 2003)) within a predetermined range to minimize the 
impact of intensity outliers on microglia detection and segmentation 
(lower bound threshold = 85 %, upper bound threshold = 0.5 %). Next, 
the normalized coronal sections were input for the ‘fastCell’ 
cell-segmentation pipeline, which employs an artificial neural network 
incorporating supervised machine learning to detect and segment indi
vidual cells (Plank et al., 2024). The neural network was trained using a 
set of manually segmented microglia labels (n ~ 8000) with varying 
size, shape, density, and signal intensity, from distinct samples and sli
ces. The fastCell platform was used to train a neural network based on 
the ResNet-50 architecture, with a batch size of 16 and 20 epochs of 
training across two rounds. The first round used a learning rate (lr) of 
1E-04, and the second round used ‘lrs = slice (lr/1000, lr/10)’, both 
rounds optimizing the Dice coefficient. The refined neural network was 
subsequently applied to segment the normalized coronal sections, 

generating output images that displayed segmented microglia labels 
throughout the brains. To verify the accuracy of the automated fastCell 
segmentation, we compared manual segmentation and fastCell counts of 
microglia across representative regions, including the cortex and hip
pocampus. Two-photon data were registered to in vivo MRI images using 
a two-step registration pipeline with ANTS (Karimy et al., 2017) and 
MNI-autoreg (Harrison et al., 2015) tools implemented within the 
Pydpiper toolkit (Haruwaka et al., 2019). First, a consensus average 
image of all two-photon images was created, which was then registered 
to native MR image space.

4.6. Statistical analyses

We performed two types of analyses: longitudinal and cross- 
sectional. The longitudinal analyses were performed with linear 
mixed-effects regression of in vivo T1-weighted images, where we have 
an image before and after the 4-day LPS treatment. We examined 
whether the LPS effect (LPS vs. NaCl) varied over Time (before and after 
the 4-day LPS treatment) by testing the LPS*Time interaction term, with 
sex as a fixed-effect covariate. P-values were false discovery rate (FDR)- 
corrected for 22 brain regions. For ex vivo volumes, FA, MD, MTR, and 
serial two-photon tomography-derived microglial soma sizes, we used 
linear regression to test the effect of LPS (vs. saline). For the serial two- 
photon tomography data, statistical models included the time difference 
between the time of sacrifice and the time to microscopy.

4.7. Virtual histology

To evaluate the relative cellular contributions to interregional vari
ability in the effects of LPS on cortical MR imaging measures (FA and 
MTR), we developed a mouse analogous mouse approach based on 
previous methods designed for humans (Shin et al., 2018, 2023a; Patel 
et al., 2024c). For cell-type enrichment, we tested the relationship be
tween a gene's cell-type specificity and the correlation between its 
expression level and the effect size of LPS-cortical MR imaging measure 
across the 15 cortical regions (Yao, 2021; Lein et al., 2007). To achieve 
this, we first use single-nucleus RNA sequencing data from the Allen 
Mouse Cortex (SMART-Seq) dataset (Yao, 2021), consisting of 59,150 
isocortical cells (after excluding hippocampal samples), to determine the 
specificity for each gene to a given cell type (21 unique cell types: 7 
subtypes of excitatory neurons, 5 subtypes of inhibitory neurons, 4 
subtypes of glial cells [microglia, astrocytes, oligodendrocytes, and 
oligodendrocyte precursor cells], and 5 vascular subtypes). We calculate 
an aggregate measure of cell specificity using the CELLEX toolkit 
(Chakravarty et al., 2013). Cell specificity is defined as the mean of 4 
different measures of specificity: gene enrichment score (Friedel et al., 
2014), expression proportion, normalized specificity index (Steadman 
et al., 2014), and differential expression T-statistic, following rank 
normalization. Next, bulk-tissue in situ hybridization expression data 
from the Allen Mouse Brain Atlas were employed using the sagittal atlas. 
Mean gene expression was extracted from the Allen's mouse hierarchical 
atlas, mapped using their common atlas space, termed the Common 
Coordinate Framework, CCF (Wang et al., 2020). Lastly, we correlated 
the MR imaging-derived association effects of LPS on cortical metrics 
(FA and MTR) across the 15 cortical regions with mean gene expression 
across the same 15 cortical regions (also from the CCF). This 
expression-MR imaging profile correlation per gene was evaluated with 
decile-transformed gene specificity for each cell type using linear 
regression. We have described the method in detail previously (Patel 
et al., 2024a; Shin et al., 2023b). Finally, to characterize the functional 
relevance of genes driving the association between effects of LPS on MR 
imaging measures and expression of cell-type specific genes, we ran a 
Gene Ontology analysis using genes that were: (i) nominally significant 
p < 0.05 (MR imaging measure vs. gene expression correlation), and (ii) 
within the 10th decile in cell specificity for a given cell type (IT4/5 
excitatory, or Parvalbumin inhibitory). The R library ClusterProfiler (Yu 
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et al., 2012) was used to run gene ontology enrichment analysis and plot 
the results.
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