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Abstract 

Background Neuroinflammation is involved in the pathogenesis of almost every central nervous system disorder. 
As the brain’s innate immune cells, microglia fine tune their activity to a dynamic brain environment. Previous studies 
have shown that repeated bouts of peripheral inflammation can trigger long-term changes in microglial gene expres-
sion and function, a form of innate immune memory.

Methods and results In this study, we used multiple low-dose lipopolysaccharide (LPS) injections in adult mice 
to study the acute cytokine, transcriptomic, and microglia morphological changes that contribute to the forma-
tion of immune memory in the frontal cortex, hippocampus, and striatum, as well as the long-term effects of these 
changes on behavior. Training and tolerance of gene expression was shared across regions, and we identified 3 
unique clusters of DEGs (2xLPS-sensitive, 4xLPS-sensitive, LPS-decreased) enriched for different biological func-
tions. 2xLPS-sensitive DEG promoters were enriched for binding sites for IRF and NFkB family transcription fac-
tors, two key regulators of innate immune memory. We quantified shifts in microglia morphological populations 
and found that while the proportion of ramified and rod-like microglia mostly remained consistent within brain 
regions and sexes with LPS treatment, there was a shift from ameboid towards hypertrophic morphological states 
across immune memory states and a dynamic emergence and resolution of events of microglia aligning end-to-end 
with repeated LPS.

Conclusions Together, findings support the dynamic regulation of microglia during the formation of immune 
memories in the brain and support future work to exploit this model in brain disease contexts.
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Background
Innate immune cells dynamically adjust their responses 
to immune challenges through innate immune mem-
ory, a process influenced by their past encounters with 
inflammatory events [1–4]. As the brain’s resident 
immune cells, microglia rapidly respond to inflamma-
tion and engage in classic immune functions including 
cytokine and chemokine production and phagocyto-
sis of pathogens and cellular debris. In addition to their 
responsibilities as immune cells, microglia play critical 
roles in establishing and maintaining brain homeosta-
sis including the regulation of neuron and oligodendro-
cyte cell numbers [5], shaping of brain circuitry [6], and 
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fine-tuning of neuronal connections [3, 7, 8]. Many of 
these processes are disrupted in brain disorders, support-
ing a key role for microglia in health and disease. Several 
clinical and post-mortem studies point to a neuroinflam-
matory component of brain disorder etiologies, including 
Schizophrenia, Autism Spectrum Disorder, and Alzhei-
mer’s Disease, driven by increased activation of micro-
glia [9–12]. Microglia release and respond to cytokines, 
chemokines, and neurotransmitters  in the brain [13]  to 
communicate with other cell types and regulate their 
functions. Thus, disrupted microglial responses can 
impact  communication across cell types  in the brain 
environment and potentially lead to downstream altera-
tions in brain function.

Innate immune cells update their responses to inflam-
matory events based on previous exposures to immune 
stimuli [4, 14, 15]. After the resolution of an initial 
immune activating event, innate immune cells can 
remain in a ‘trained’ state, characterized by exaggerated 
responses to subsequent immune challenges, or in a ‘tol-
erized’ state characterized by blunted responses [4]. Both 
forms of innate immune memory serve as mechanisms 
that enhance an organism’s ability to respond effectively 
to recurring infections or damage, but can become det-
rimental if dysregulated. While immune training allows 
proactive adaptation of immune responses that have 
a protective benefit to the organism, this process can 
become maladaptive in the context of disease or injury 
when inflammation cannot be resolved [4]. Similarly, 
tolerized immune responses play a crucial role in avert-
ing chronic inflammatory conditions when encountering 
commensal microbes [4, 16]. However, these responses 
can be counterproductive when facing a new pathogen. 
As the resident innate immune cells of the brain, micro-
glia are unique in that they are long-lived cells that locally 
self-renew over the lifespan [17, 18], suggesting that for-
mation of innate immune memories in microglia could 
have long-lasting impacts on brain function and disease 
development throughout life.

Innate immune cells, including microglia, express 
receptors that respond to microbe-associated molecu-
lar patterns. Microglia Toll-like receptor 4 (TLR4) binds 
lipopolysaccharide (LPS), a major structural component 
of gram-negative bacteria. Repeated peripheral injec-
tions of low-dose LPS has recently been demonstrated 
as a robust model to study microglial immune memory 
responses in the brain [4, 19]. Repeated LPS induces long-
lasting immune training and tolerance in brain microglia 
that has been shown to persist for at least 6 months [19]. 
Similarly, LPS preconditioning has also been shown to 
reduce damage in traumatic brain injury by preventing 
tolerance [20]. Interestingly, Wendeln et al. [19] showed 
that pathological hallmarks of Alzheimer’s disease and 

stroke in mouse models are exacerbated by LPS-induced 
immune training and alleviated by immune tolerance. 
Long-term functional changes in microglia were paral-
leled by long-term reprogramming of microglial enhanc-
ers and gene expression in these models. Genes involved 
in hypoxia-induced factor-a (HIF-1α) regulation, meta-
bolic glycolysis, and Rap1-mediated phagocytosis were 
increased several months after training but not toler-
ance with repeated LPS. Together, findings in the litera-
ture support a model in which long-term reprogramming 
of gene expression underlies long-term innate immune 
memory in the brain relevant to disease contexts. How-
ever, the mechanisms involved in the initial formation of 
innate immune memories are not as well characterized in 
microglia and hence form the major focus of this study.

Here, we used a mouse model of repeated LPS to 
identify how gene expression, cytokine expression, and 
microglia morphology changes drive the formation of 
training and tolerance in the brain. Unlike prior stud-
ies using the same repeated low-dose LPS paradigm, 
ours focused specifically on characterizing immediate, 
acute microglial changes across multiple brain regions 
including the frontal cortex, striatum, and hippocampus, 
which have known differences in microglial morphology 
and function [21, 22]. Furthermore, we assessed long-
term impacts of innate immune memory induction in a 
comprehensive battery of anxiety-like, depressive-like, 
repetitive, and learning and memory behaviors and per-
formed a systematic evaluation of LPS-induced shifts in 
microglia morphological states across brain regions. We 
describe shared patterns of gene expression across brain 
regions with shared and unique regulatory pathways. We 
also describe the dynamic emergence and resolution of 
events of microglia aligning end-to-end with the forma-
tion of immune priming and tolerance, a morphologi-
cal phenotype which has not previously been described 
in the context of repeated LPS. Together, these findings 
offer new insight into microglial changes in the formation 
of immune memory and support future work to further 
explore the described mechanisms in the context of brain 
disease.

Methods
Animals
All experiments were conducted in accordance with the 
National Institutes of Health Guidelines for the Care 
and Use of Laboratory Animals, with approval from the 
Institutional Animal Care and Use Committee at the 
University of California, Davis and the Canadian Coun-
cil on Animal Care guidelines, with approval from the 
Animal Care Committee at the University of British 
Columbia. Mice in experiments undertaken at the Uni-
versity of California, Davis (RNA-seq, Luminex protein 
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array) were housed in treatment-matched groups of two 
to four on a regular 12-h light/12-h dark cycle and all 
experiments were performed in regular light during the 
mouse’s regular light cycle. Mice in experiments under-
taken at the University of British Columbia (RT-qPCR, 
microglia morphology, behavioral battery) were housed 
in treatment-matched groups of two to four on a reversed 
12-h light/12-h dark cycle. Because mice are nocturnal 
animals, all behavior experiments were performed in red 
light during the mouse’s dark cycle when they are most 
active. All mice had ad libitum food and water and cages 
were changed biweekly.

In vivo injections
Adult male and female C57BL/6J mice (10–18 weeks old) 
were given daily intraperitoneal injections of 0.5  mg/kg 
LPS (from E. coli O55:B5, Sigma-Aldrich L5418) or an 
equal volume of vehicle solution (1xPBS; Phosphate buff-
ered saline, Fisher Scientific BP3991) for 4 days between 
09:00 and 10:00 on each day. Animals received either four 
PBS vehicle injections on four consecutive days (PBS), 
three vehicle injections on three consecutive days fol-
lowed by a single LPS injection on the fourth day (1xLPS), 
two vehicle injections on two consecutive days followed 
by two LPS injections on the following two days (2xLPS), 
a single vehicle injection followed by three LPS injections 
on the following three days (3xLPS, males only), or four 
LPS injections (4xLPS). PBS, 1xLPS, 2xLPS, 3xLPS, and 
4xLPS were the five experimental groups analyzed in this 
study (Fig. 1A). Body weight was measured right before 
administering injections each day.

Sickness behavior scoring and analysis
Changes in sickness behavior were assessed 3  h-post 
injection each day. Sickness behavior was scored accord-
ing to a 4-point grading scale (0 to 3 points total). Leth-
argy signified by diminished locomotion and curled body 
posture, ptosis signified by drooping eyelids, and pilo-
erection signified by ruffled and greasy fur were each 
assessed individually for either 0, 0.5, or 1 point. A total 
cumulative score of 0 indicated no symptoms of sick-
ness behavior and a total cumulative score of 3 points 
indicated that all symptoms of sickness behavior were 
maximally present. We assessed how cumulative scores 
for each mouse on the last day of assessment (3  h after 
final injection) changed with LPS treatment by fitting a 
non-parametric Aligned Ranks Transformation (ART) 
model to measure scores as a factor of LPS Treatment 
(Total Score ~ Treatment) using the ARTool R package 
[23]. The model was assessed using ART ANOVA and 
tests between Treatment groups were corrected for mul-
tiple comparisons using the Benjamini-Hochberg (BH) 

method. Corrected p-values < 0.05 were considered sta-
tistically significant.

Behavioral battery
Animals underwent a battery of behavioral tasks meas-
uring anxiety-like behavior, repetitive behavior, learning 
and memory, and depressive-like behaviors. All behav-
ioral tests were performed during the dark cycle under 
red light (40–100  lx) between the hours of 09:00–17:00. 
Behavioral testing began on day 9, or 5  days after the 
last injection, and ended on day 50 (Fig.  2B). We made 
the choice to start behavior on day 9 of the experiment 
to ensure that the animals recovered as fully as possible 
from the LPS paradigm (stabilization in weights, resolu-
tion of sickness behaviors) before assessing changes in 
the behavioral battery. This was important to be able to 
mitigate any effects of ongoing recovery on task perfor-
mance and allowed us to specifically test how exposure to 
repeated LPS affects behaviors beyond the acute impacts 
of sickness. ANY-maze tracking software was used to 
record and track animal movement during the task. All 
statistical analyses of behavior were performed using 
GraphPad Prism 9 software. (Supp. File S1) Behavior was 
analyzed using a one-way ANOVA assessing treatment as 
the main effect and using the BH-correction for multiple 
comparisons. Corrected p-values < 0.05 were considered 
statistically significant. While the individual points in 
Fig. 2B are colored by sex for visualization purposes, the 
statistical analysis was run on treatment groups with sex 
combined (n = 4–6).

Light dark box
The light–dark box test was performed to measure 
anxiety-like behavior. The light chamber was an open-
top 25  cm × 25  cm × 30  cm (lwh) white box. The dark 
chamber was a closed-top 16  cm × 25  cm × 30  cm (lwh) 
black box that was connected to the light box through a 
10  cm × 5  cm (wh) passage and sliding door. Mice were 
individually placed into the dark chamber and were 
allowed to freely explore for 10 min once the sliding door 
was opened. Video footage was recorded from above and 
ANY-maze recorded time spent in the light chamber.

Open field test
The open field test was performed to measure anxiety-
like behavior. The box was 65 cm × 65 cm × 40 cm (lwh). 
One at a time, mice were placed in the center of the box 
and allowed to explore freely for 20  min. Video footage 
was recorded from above and ANY-maze recorded time 
spent in the inner and outer zones. The zone boundary 
was defined at 10 cm from the box wall.
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Marble burying test
The marble burying test was performed to meas-
ure repetitive behavior. To prepare for the task, a 
30  cm × 19.4  cm × 39.4  cm rodent cage was filled with 

bedding 5 cm deep and 20 marbles were equally spaced 
on top of the bedding in a 4 × 5 grid using a premade 
stencil. Mice were placed into the centre of the box 
one at a time and recorded for 20  min. Video footage 
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subsequently hand scored at a later time to count for the 
number of marbles buried after 20  min. A marble was 
scored as buried if < 50% of the marble was visible.

Object location memory test
The OLM task was performed in an open-topped 
square box 40 cm × 40 cm × 40 cm (lwh) lined with bed-
ding ~ 1  cm in depth. One wall of the box was lined 
with duct tape as a visual cue. Objects were cleaned 
with 1:16 Saber solution (Rododonto, Cat # 09-12400-
04) between trials and allowed to fully dry before 
re-use. The OLM took 8  days in total with 6  days of 
habituation, 1 day of training and 1 day of testing [24]. 
Bedding was kept in the same box each day but shuf-
fled around between mice. Mice were habituated for 
10  min/day for 6  days, where they were allowed to 
freely explore the same box each day with no objects 
present. On the training day, mice were given 10  min 
to investigate two identical glass beakers filled with dry 
cement. The 5-min testing phase took place 24 h after 
training. During the test, one object was moved to a 
novel location and the other remained in the same spot. 
An experienced scorer blinded to experimental condi-
tions hand-scored the testing videos for investigation 
time with the unmoved and moved objects. Investiga-
tion time was scored when the mouse’s nose was within 
1  cm of the object and pointing directly at the object. 

Looking over or past the object and climbing on top of 
the object were not counted as investigation. For the 
training and testing days, a discrimination index (DI) 
was calculated as [(TM −  TS)/(TM +  TS)] * 100, where  TM 
is time investigating the moved object and  TS is time 
investigating the unmoved object.

Self‑grooming
Self-grooming was performed to measure repetitive-
like behaviour. Mice were placed in a cage without bed-
ding and filmed straight-on for 20 min. The last 10 min 
of video footage were hand-scored for the number of 
grooming bouts.

Forced swim test
Mice were placed individually into 1L glass beakers filled 
with 900 mL of 23–25 °C water. Mice were recorded for 
6 min and closely monitored during the task. Mice were 
placed in a cage with dry paper towel on top of a heat-
ing pad after the task and were returned to the home 
cage once they were dry and exhibiting normal motor 
and grooming behaviours. The last four minutes of foot-
age was hand-scored by a researcher blind to experimen-
tal conditions for time spent immobile, defined as the 
absence of escape-related movements.
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Weight change analysis
Body weights were measured daily (or  from another 
perspective, 24 h after the prior day’s injection; Fig. 2A) 
before undergoing the behavioral battery described 
above. Mice received LPS or PBS injections on Days 1–4 
and were left alone to recover other than weight meas-
urements on Days 5–8 before starting the behavioral 
assessments (outlined in ‘Behavioral Battery’ section) on 
Day 9. Each animal’s weights were normalized to their 
weights taken before the start of injections to calculate 
% weight change. We assessed how % weight differences 
change with LPS treatment in relation to experiment 
day by fitting a linear mixed effects model to measure % 
weight change as a factor of treatment and experiment 
day interactions with mouseID as a repeated measure (% 
weight change ~ Treatment*Timepoint + (1|MouseID)). 
The model was assessed using ANOVA and two sepa-
rate sets of posthoc analyses using the BH-method 
were run: (1) to correct across all comparisons 
made between timepoints within Treatment groups 
(~ Timepoint|Treatment) and (2) to correct across com-
parisons made against PBS (1-4xLPS vs. PBS) within each 
timepoint (~ Treatment|Timepoint). BH-corrected p-val-
ues < 0.05 were considered statistically significant.

Brain tissue collection
In each of the separate cohorts outlined here, mice were 
euthanized 3 h after the final injection immediately after 
the final day’s sickness behavior was scored. For the data 
presented in Figure S1, mice were euthanized 3 h, 24 h, 
48 h, or 7 days after injections. Mice were quickly anes-
thetized with isofluorane and transcardially perfused 
with 15  mL of 1xPBS before brains were extracted for 
downstream experiments. For the RNAseq and Luminex 
cohort: one hemisphere from each brain was microdis-
sected for brain regions (frontal cortex, striatum, hip-
pocampus) for RNAseq and the other hemisphere was 
microdissected for brain regions (frontal cortex, stria-
tum, hippocampus, cerebellum) for Luminex protein 
arrays, according to the brain microdissection proto-
col outlined in Chiu et  al. [25]. Dissected brain regions 
were immediately flash-frozen on dry ice and stored at 
− 80  °C until RNA and protein extractions for RNAseq 
and Luminex protein arrays, respectively. For the micro-
glia morphology & RT-qPCR cohort: one hemisphere 
from each brain was collected for downstream histology 
analysis and the other hemisphere was microdissected 
for brain regions (frontal cortex, striatum, hippocampus) 
for RT-qPCR. Extracted hemispheres for histology were 
immersion-fixed in 4% paraformaldehyde for 48 h before 
cryoprotecting in 30% sucrose for 48 h prior to cryosec-
tioning. Cryoprotected brains were then sectioned at 

30um on the cryostat, collected in 1xPBS for long-term 
storage, and processed for immunohistochemistry. Dis-
sected brain regions were immediately flash-frozen on 
dry ice and stored at − 80  °C until RNA extractions for 
RT-qPCR. For the isolated microglia experiments (Fig. 
S6C, E): cortex from both hemispheres was collected for 
microglia isolations, subsequent RNA extractions, and 
downstream RT-qPCR.

RNA‑seq library preparation
RNA was extracted from whole tissue in the hippocam-
pus, striatum and frontal cortex using the RNA/DNA 
Miniprep Plus Zymo Kit (Cat D7003) with on-column 
DNase digestion as described in the kit manual. RNA 
quality was assessed by bioanalyzer and all samples had 
RNA Integrity Numbers > 7 (Supp. Table  S3). QuantSeq 
3ʹmRNA sequencing FWD (RNAseq) libraries (Lexogen, 
Cat No 015) were prepared per manufacturer’s instruc-
tions using 75 ng of total input RNA per sample and 17 
cycles of PCR amplification. All samples were prepared 
with incorporation of Unique Molecular Identifiers as 
part of the second strand synthesis step (Lexogen, Cat No 
081) and sample unique, dual index barcodes. All samples 
were then pooled, exonuclease VII treated and sequenced 
across two lanes of a HiSeq4000 to generate Single End 
100 base pair reads.

RNA‑Seq alignment
Raw fastq sequencing reads were assessed for quality 
control using FastQC (https:// www. bioin forma tics. babra 
ham. ac. uk/ proje cts/ fastqc/) and multiqc [26]. The UMI 
index was then added to the header of each read using 
custom scripts from Lexogen (umi2index). Reads were 
then trimmed to remove the first 11 bases, adapter con-
tamination, polyA read through and low-quality reads 
using BBDuk from BBtools (http:// www. sourc eforge. net/ 
proje cts/ bbmap/). All samples were then re-assessed for 
quality using FastQC and multiqc. Each sample was then 
aligned to the mouse genome (GRCm38.92) using STAR 
[27]. Aligned bam files were then filtered for unique 
UMIs using custom Lexogen script (collapse_UMI_
bam). Alignments for unfiltered and UMI filtered bam 
files were then compared using multiqc. All subsequent 
analysis was performed on UMI filtered bam files. These 
files were indexed using samtools [28] and then reads 
per ensembl gene (Mus_musculus.GRCm38.92.gtf ) were 
counted using FeatureCounts [29] with options for for-
ward strand (-s 1). Counts were then assess using mul-
tiqc and read into R for statistical analysis using EdgeR 
[30] and LimmaVoom [31]. Code is available on the Cier-
niaLab github at https:// github. com/ ciern ialab/ Kim20 
24_1- 4xLPS.

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.sourceforge.net/projects/bbmap/
http://www.sourceforge.net/projects/bbmap/
https://github.com/ciernialab/Kim2024_1-4xLPS
https://github.com/ciernialab/Kim2024_1-4xLPS
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Differential expression (DE) analysis
Low expressing genes were removed by filtering for genes 
with more than 1 count per million (CPM) in at least 4 
samples (Figure S2C). The remaining genes (n = 16,788) 
were then normalized using Trimmed Mean of M-values 
(TMM) to correct for library composition using calcNor-
mFactors, method = TMM (Figure S2E). To evaluate the 
contribution of each factor to the overall gene expres-
sion profile, Multi-Dimensional Scaling (MDS) plots 
were constructed for Brain Region, LPS Treatment, and 
Hemisphere (Figure S2B). CPM values were then fed into 
voom using a model design matrix for LPS treatment dif-
ferences in gene expression which vary with brain region 
(~ 0 + Treatment:BrainRegion). Individual contrast com-
parisons for each brain region were then called using 
contrasts.fit followed by eBayes. Differentially expressed 
genes (DEGs) were identified for each comparison of 
interest using Toptreat with a BH p-value correction 
(significance at adjusted p-values < 0.05 and fold change 
>  ± 2). Heatmaps of normalized CPM values of signifi-
cant DEGs (n = 432) were made using the pheatmap R 
package [32]. CPM values for each gene were first scaled 
within each brain region and then scaled across brain 
regions as input for the DEG heatmap (Fig.  3A), before 
hierarchical clustering. Breaks between each color of the 
heatmap scale were adjusted to fit the distribution of the 
normalized gene expression values such that 10% of the 
data was contained within each color break of the inferno 
color palette from the viridisLite R package (Fig. S2A). 
This allowed for the stark visualization of the strong-
est patterns of gene expression across brain regions 
and characterization of cluster IDs as 2xLPS-sensitive, 
4xLPS-sensitive, and LPS-decreased.

Gene ontology (GO) enrichment analysis
Enrichment for gene ontology (GO) terms was sub-
sequently performed on the DEG clusters using the 
clusterProfiler (version 4.4.4) [33, 34] and org.Mm.eg.
db (version 3.15.0) [35] R packages to further explore 
the functional role of the identified genes. GO enrich-
ment was run on all 3 DEG cluster lists together using 
the compareCluster function in clusterProfiler with 
the “enrichGO” option and a p-value cutoff < 0.01 and 

BH-adjusted q-value cutoff < 0.05 against the Biological 
Processes (BP) ontology. Dotplot and cnetplot functions 
within the clusterProfiler package was used to create vis-
ualizations of the significant GO enrichments.

MGEnrichment analysis
Gene list enrichment analysis was performed using the 
2024 database of the MGEnrichmentApp [36] with all 
genes interrogated in the experiment as background. 
Significant enrichments against mouse microglial gene 
lists in MGEnrichment were tested by a one-tail Fis-
cher’s exact test and BH-corrected to reach significance 
at an adjusted p-value < 0.01. Target % and Background % 
values for significant gene list enrichments were plotted 
using ggplot in R.

HOMER promoter motif enrichment analysis
HOMER Motif Analysis Software, v4.11 (http:// homer. 
ucsd. edu/ homer/) [37] was used to find motif enrich-
ments within promoters (+ 1000, − 200 to transcription 
start site) for significant DEGs in each cluster identified 
(2xLPS-sensitive, 4xLPS-senstive, LPSDownregulated) 
and run against background genes (all genes interro-
gated in the experiment, n = 16,788) using the follow-
ing command: findMotifs.pl [cluster-specific genes file] 
mm10_promoters [output directory]-bg [background 
genes file]-start-1000-end 200 -p 12. Enrichment out-
put was interpreted according to recommendations on 
the HOMER website (http:// homer. ucsd. edu/ homer/). 
Top-ranked de novo motifs were defined as having p-val-
ues < 1e−10 and not marked as a possible false positive 
in the Homer de novo Motif Results output (Supp. File 
S2–S4). Top-ranked known motifs were defined as hav-
ing BH-corrected q-values < 0.05 in the Homer Known 
Motif Enrichment Results output. (Supp. File S2–S4) Tar-
get % and Background % values for significant promoter 
enrichments were plotted using ggplot in R. All known 
motifs were concatenated into one file and used as 
input to determine target gene promoter locations with 
known motifs using the following command: findMotifs.
pl [cluster-specific genes file] mm10_promoters [output 
directory]-find [all known motifs file] > [desired name of 
output file]-bg [background genes file]-start-1000-end 

Fig. 3 Repeated LPS induces shared gene expression signatures across brain regions. A Heatmap of scaled gene expression for each sample 
(columns) is shown for each differentially expressed gene (DEG) (rows). Only significant DEGs are shown (*p < 0.05, BH-corrected). Genes are 
hierarchically clustered by patterns of expression: 2xLPS-sensitive cluster (226 total genes), 4xLPS-sensitive cluster (120 total genes), LPS-decreased 
(86 total genes). CPM values for each gene were first scaled within each brain region and then scaled across brain regions for plotting. Breaks 
between each color of the heatmap scale were adjusted to fit the distribution of the scaled gene expression values such that 10% of the data 
was contained within each color break of the quantile scale (Fig. S1A). B GO term enrichment dotplot for each cluster identified in (A). Only 
significant GO terms shown (*p < 0.05, BH-corrected). (C) GO terms in (B) represented as cnet plot showing specific genes from DEG clusters 
that were present in GO term gene lists

(See figure on next page.)

http://homer.ucsd.edu/homer/
http://homer.ucsd.edu/homer/
http://homer.ucsd.edu/homer/
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200-p 12. Identified instances of significant known motifs 
in each gene promoter were binarized (yes = present, 
no = not present) and plotted side-by-side with each 
gene’s normalized gene expression using the R package 
pheatmap.

Published ChIP‑seq promoter enrichment analysis
Publicly available ChIP-seq peaks [38–42] from rel-
evant microglia and bone marrow-derived macrophage 
(BMDM) studies were downloaded from the NCBI GEO 
repository and processed using sort-bed functions and 
-intersect and -difference options within the bedops soft-
ware (version 2.4.41) [43] to isolate out ChIP-seq mm10 
promoter peaks and to characterize lost vs. gained pro-
moter peaks in any studies with treatment conditions, 
respectively. Final ChIP-seq peaks were curated into 
collections for each study to use as input for analysis, 
according to the requirements outlined in the LOLA R 
package. ChIP-seq peak promoter enrichment analysis 
was performed using LOLA and significant enrichments 
were defined as BH-corrected adjusted p-values < 0.05. 
Target % and Background % values for significant enrich-
ments were plotted using ggplot in R.

Exploration of single‑cell brain atlas datasets
Publicly available gene expression datasets of the mouse 
brain were downloaded from BrainRNASeq.org [44] and 
MouseBrain.org [45]. The heatmap generated for Fig. 3A 
was plotted alongside expression values scaled by row 
from each brain cell type present in the downloaded atlas 
datasets using the pheatmap R package (Fig. S5).

Luminex protein arrays
As described previously [46], blood was collected by 
cardiac punch and brain tissue for each region (fron-
tal cortex, striatum, hippocampus, and cerebellum) was 
collected and flash frozen. Blood was placed on ice and 
subsequently processed into serum by centrifugation. 
Brain tissue was lysed in cell lysis buffer (Cell Signaling 
Technologies, Danvers, MA, USA) containing protease 
and phosphatase inhibitors and incubated with agita-
tion for 20 min on ice followed by sonication for 30 s. The 
cell lysate was then vortexed for 30 s and centrifuged at 
20,000×g for 10 min at 4 °C. Protein concentrations were 
measured using a Bio-Rad Benchmark Plus Spectropho-
tometer system and all samples were standardized to 
70 µg/mL for subsequent immunoassays.

Analysis of serum cytokines was performed using 
a multiplex mouse 25-plex bead immunoassay (Milli-
plex Mouse Cytokine/Chemokine Magnetic Bead Panel 
#MCYTMAG70PMX25BK). The following cytokines 
were quantified: G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, 
IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 

(p70), IL-13, IL-15, IL-17, IP-10, KC, MCP-1, MIP-1α, 
MIP-1β, MIP-2, RANTES, and TNF-α. Standards and 
reagents were all prepared according to the manufac-
turers’ recommendations. Each serum and brain sample 
were diluted to a standardized concentration and run 
in duplicates. 25 uL of sample, standards, or blanks was 
loaded into a 96-well plate with appropriate amounts of 
assay buffer and matrix solution. The plate was then incu-
bated overnight with antibody-coupled magnetic beads. 
The following day, after a series of washes, the plate was 
incubated with a biotinylated detection antibody on a 
shaker for 1  h. Streptavidin–phycoerythrin was added 
and incubated while shaking continued for 30 min. Plates 
were washed using a Bio-Plex handheld magnet (Bio-Rad 
Laboratories, Hercules, CA, USA). After the final wash, 
the plate was analyzed using a Bio-Rad Bio-Plex 200 
plate reader (Bio-Rad Laboratories, Hercules, CA, USA) 
and analyzed using Bio-Plex Manager software (Bio-Rad 
Laboratories, Hercules, CA, USA). The following were 
the minimal amounts of detectable cytokine concentra-
tions: G-CSF: 1.7  pg/mL; GM-CSF: 10.9  pg/mL; IFNγ: 
1.1  pg/mL; IL-1α: 10.3  pg/mL; IL-1β: 5.4  pg/mL; IL-2: 
1.0 pg/mL; IL-4: 0.4 pg/mL; IL-5: 1.0 pg/mL; IL-6: 1.1 pg/
mL; IL-7: 1.4 pg/mL; IL-9: 17.3 pg/mL; IL-10: 2.0 pg/mL; 
IL-12 (p40): 3.9  pg/mL; IL-12 (p70): 4.8  pg/mL; IL-13: 
7.8  pg/mL; IL-15: 7.4  pg/mL; IL-17: 0.5  pg/mL; IP-10: 
0.8 pg/mL; KC: 2.3 pg/mL; MCP-1: 6.7 pg/mL; MIP-1α: 
7.7  pg/mL; MIP-1β: 11.9  pg/mL; MIP-2: 30.6  pg/mL; 
RANTES: 2.7 pg/mL; TNF-α: 2.3 pg/mL. As per previous 
studies [47–49], sample concentrations that fell below 
minimal detection value were given a proxy value of half 
the limit of detection for statistical comparisons using 
non-parametric Mann–Whitney U analyses and BH-cor-
rection for multiple comparisons.

Immunohistochemistry
30  um brain sections were stained for immunofluores-
cent analysis with a commonly used microglia marker, 
purinergic receptor P2Y12 (P2ry12), to analyze micro-
glial morphology. Brain sections used for the immunoflu-
orescent images presented in Fig. S9 were co-stained with 
microglia marker ionized calcium-binding adaptor mole-
cule 1 (Iba1) and blood vessel marker platelet endothelial 
cell adhesion molecule (CD-31/PECAM-1). Free-floating 
brain sections were washed 3 times for 5  min each in 
1xPBS, permeabilized in 1xPBS and 0.5% Triton (Fisher 
BioReagents BP151-500) for 5  min, and incubated in 
blocking solution made of 1xPBS, 0.03% Triton, and 1% 
Bovine Serum Albumin (BSA; Bio-techne Tocris 5217) 
for 1 h. After the blocking steps, sections were incubated 
overnight at 4  °C in primary antibody solution contain-
ing 2% Normal Donkey Serum (NDS; Jackson Immu-
noresearch Laboratories Inc. 017-000-121), 1xPBS, 0.03% 
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Triton, and primary antibody (rabbit anti-P2RY12: 1:500, 
Anaspec AS-55043A or guinea pig anti-Iba1: 1:1000, 
Synaptic Systems HS-234-308 and mouse anti-CD31/
PECAM-1: 1:100, Invitrogen 14-0311-82). After primary 
antibody incubation, sections were washed 3 times for 
5  min each with 1xPBS and 0.03% Triton before incu-
bating for 2  h in secondary solution containing 2% 
NDS, DAPI (1:1000; Biolegend 422801), and secondary 
antibodies (Alexafluor 647 donkey anti-rabbit: 1:500, 
Jackson Immunoresearch Laboratories Inc. 711-606-152 
or Alexafluor 647 donkey anti-guinea pig: 1:500, Jack-
son Immunoresearch Laboratories Inc. 706-605-148 and 
Alexafluor 488 anti-mouse: 1:500, Jackson Immunore-
search Laboratories Inc. 715-546-150). Sections were 
washed 3 times for 5  min each with 1xPBS  and 0.03% 
Triton  and 1 time for 5 min with 1xPBS before being 
transferred into 1xPBS for storage before mounting. Sec-
tions were mounted onto microscope slides (Premium 
Superfrost Plus Microscrope Slides, VWR CA48311-703) 
and air dried before being coverslipped with mount-
ing media  (EverBrite Fluorescence Antifade Mounting 
Media, Biotium 23001).

Imaging and microglia morphology analysis
All mounted brain sections used for morphology analy-
sis were imaged on the ZEISS Axioscan 6 microscope 
slide scanner at 20 × magnification with a step-size of 
1um using the z-stack acquisition parameters within 
the imaging software (ZEISS ZEN 3.7). Mounted brain 
sections used for microglia and blood vessel interaction 
visualization in Fig. S9 were imaged on the ZEISS Axi-
oscan 7 microscope slide scanner at 40 × magnification 
with a step-size of 0.5um using the z-stack acquisition 
parameters within the imaging software (ZEISS ZEN 
3.9). During acquisition for all images, Extended Depth 
of Focus (EDF) images were created using maximum 
projection settings within the ZEN software and saved 
as the outputs in the final.czi files. Maximum projection 
EDF images only compile the pixels of highest intensity 
at any given position in a z-stack to construct a new 2D 
image which retains the 3D information. Using ImageJ, 
we created.tiff images of each fluorescent channel from.
czi files and selected and saved.tiffs of brain regions of 
interest (ROIs) to use as input for downstream morpho-
logical analysis in MicrogliaMorphology and Microgli-
aMorphologyR, as detailed in Kim et al., 2023 [50]. The 
parameters used for MicrogliaMorphology included: 
auto local thresholding using the Mean method and 
radius 100 with an area filter of 0.01613–0.1808 in^2 (or 
153.3358–1718.73 um^2 with.czi conversion applied 
factor of 0.325  um/pixel applied to scale). After per-
forming principal components analysis on the 27 mor-
phology measures output from MicrogliaMorphology, 

the first 3 principal components were used as input for 
K-means clustering in MicrogliaMorphologyR to define 
four distinct classes of microglia morphology (ameboid, 
hypertrophic, rod-like, ramified). We focused our anal-
yses on multiple brain regions including the hippocam-
pus, frontal cortex, and striatum. Images of coronal 
brain sections containing these regions were aligned to 
the Allen Brain Atlas (mouse.brain-map.org) [51] using 
the ImageJ macro FASTMAP [52]. We assessed how 
percentages of morphological clusters for each mouse 
changed with LPS treatment by fitting a generalized 
linear mixed model to measure percentage changes 
as a factor of cluster and treatment interactions for 
each brain region and sex with mouseID as a repeated 
measure (percentage ~ ClusterID*Treatment + (1|Mou-
seID)) using MicrogliaMorphologyR, which calls to 
the glmmTMB R package [50, 53]. We had to analyze 
each sex and brain region separately because the males 
had an additional treatment group (3xLPS) that was 
not present in the females and the model converged 
when considering ClusterID*Treatment*BrainRegion 
interactions together. The model was assessed using 
ANOVA and tests between groups were corrected 
across for comparisons made within each cluster 
(~ Treatment|Cluster) using the BH method. Corrected 
p-values < 0.05 were considered statistically significant. 
3D reconstructions of examples of microglia labeled as 
each of the different morphological classes (rod-like, 
ramified, ameboid, and hypertrophic) were generated 
in ImageJ software using the 3D viewer plugin [54].

Events of microglia aligning end-to-end were manu-
ally quantified within each brain region of interest (ROI) 
for every image using ImageJ software. Manual counts 
were normalized to the areas of the ROIs to calculate 
densities of event observations for each brain region 
analyzed. Microglial density was quantified by divid-
ing the number of microglia analyzed in each ROI by 
the area of each ROI. We assessed how densities of 
events of microglial alignment behavior and micro-
glial densities change with LPS treatment across brain 
regions by fitting separate linear mixed effects mod-
els to measure either alignment behavior event den-
sity or microglial density as a factor of treatment and 
brain region interactions with mouseID as a repeated 
measure, for each sex separately (AlignmentEvent-
Density ~ Treatment*BrainRegion + (1|MouseID) and 
MicroglialDensity ~ Treatment*BrainRegion + (1|Mou-
seID)). Both models were assessed using ANOVA 
and tests between groups were corrected across 
for comparisons made within each brain region 
(~ Treatment|BrainRegion) using the BH method. Cor-
rected p-values < 0.05 were considered statistically 
significant.
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Microglia isolations
Isolated cortical tissue from each mouse was placed on 
individual petri dishes on ice with 1  mL of digestion 
buffer, made up of 10  ul DNase I (STEMCELL Tech-
nologies; Cat. 07900) + 990  ul activated Papain solu-
tion (Worthington Biochemical, Cat. LS003124), added 
to each brain sample before it was minced into small 
(< 1 mm) pieces using a scalpel. Minced samples in diges-
tion solution were transferred to individual wells within a 
24-well cell culture plate and incubated on ice for 30 min. 
Digested brain solution was transferred into a 15  mL 
glass dounce homogenizer on ice with 5 mL ice-cold flow 
cytometry (FACS) buffer comprising 2.5% bovine serum 
albumin (BSA; Tocris Bioscience Cat. 5217/100G) and 
1  M ethylenediaminetetraacetic acid (EDTA; Invitrogen 
Cat. 17892) in Hanks’ Balanced Salt Solution (HBSS). 
Brains were slowly and gently homogenized 20 times 
using a loose pestle, followed by 2 times using a tight 
pestle. Brain homogenate was strained through a 70um 
nylon mesh strainer (Thermo Fisher, Cat. 08-771-1) with 
FACS buffer into 50 mL tubes on ice. 50 mL tubes were 
centrifuged at 300×g for 10 min at 4C, at the machine’s 
minimum brake setting. After carefully and discarding 
the supernatant, cell pellets were gently resuspended in 
30% Percoll solution and transferred to new 15 mL tubes, 
where 2 mL of 37% Percoll solution was gently underlaid. 
To make the Percoll solutions, 3.6  mL of Isotonic Per-
coll (Millipore Sigma, Cat. GE17-0891-02) was added to 
0.4 mL 10xHBSS per brain to make a 100% Percoll solu-
tion, which was diluted down to 30% Percoll and 37% 
Percoll in 1xHBSS. 15  mL tubes containing the layered 
Percoll gradients were centrifuged at 700×g for 10 min at 
4C, at the machine’s minimum brake setting. Myelin lay-
ers and supernatant layers were discarded using a trans-
fer pipette, leaving 1 mL of the 37% layer at the bottom 
of the tube. Cell pellets were gently resuspended and 
topped up to 10 mL with ice-cold FACS buffer then cen-
trifuged at 300×g for 10 min at 4C, at the machine’s mini-
mum brake setting. Supernatant in tubes was discarded 
down to 200  ul, 5  mL of ice-cold FACS buffer added, 
and tubes spun again at 300×g for 10  min at 4C at the 
machine’s minimum brake setting. Finally, supernatant 
was removed and cells resuspended in 200 uL remaining 

FACS buffer before being counted on the hemocytom-
eter. After counting, samples were diluted to a concentra-
tion of 2.5 ×  107 cells/mL in 0.05–0.2 mL of FACS buffer 
and transferred to a round-bottom, non-adherent 96-well 
plate (Corning, Cat. 3788). CD11b+ microglial cells 
were isolated by magnetic bead enrichment using the 
EasySep™ Mouse CD11b Positive Selection Kit (STEM-
CELL Technologies, Cat. 18970), according to the manu-
facturer’s protocol.

RT‑qPCR
Isolated brain region tissues and isolated microglia cells 
were homogenized using QIAshredder columns (Qia-
gen 79656). RNA from homogenized tissue was isolated 
using the Monarch Total RNA Miniprep kit, according 
to the manufacturer’s protocol (New England Biolabs 
T2010S). For isolated microglia, cells were homogenized 
and RNA extracted using the Total RNA Purification 
from Cultured Mammalian Cells version of the protocol 
for the Monarch Total RNA Miniprep kit. Isolated RNA 
from brain regions and purified microglia was converted 
to cDNA and prepared for Real Time quantitative PCR 
(RT-qPCR) reactions using the LunaScript® RT Super-
Mix Kit (New England Biolabs E3010) and Luna® Uni-
versal qPCR Master Mix (New England Biolabs M3003), 
according to the manufacturer’s Protocol for Two-step 
RT-qPCR. The primers in Table  1 were used for RT-
qPCR reactions and RT-qPCR reactions were loaded 
into MicroAmp™ Fast Optical 96-Well Reaction plates 
(Thermo Fisher Scientific 43-469-07) sealed with opti-
cal adhesive film (Thermo Fisher Scientific AB-1170). 
All biological samples were tested in triplicates. Reac-
tions were run on the QuantStudio 6 qPCR machine (Life 
Technologies, California, USA) and samples were ana-
lyzed by the comparative CT method (ΔΔCT). The ΔCT 
was calculated by subtracting the average CT value of the 
housekeeping gene hypoxanthine phosphoribosyltrans-
ferase 1 (Hprt1) from the average CT value from the gene 
of interest. ΔΔCT values were calculated by subtracting 
the ΔCT from the gene of interest by the average ΔCT 
from its respective control. Fold change was calculated by 
using the equation 2−ΔΔCT. We assessed how expression 
of each target gene changes with LPS treatment by fitting 

Table 1 RT-qPCR primer sequences [55–57] used in this study

Primer Target (mouse) Forward (5ʹ>3ʹ) Reverse (5ʹ>3ʹ)

Hprt1 CAG TAC AGC CCC AAA ATG GTTA AGT CTG GCC TGT ATC CAA CA

Cxcl16 ATC AGG TTC CAG TTG CAG TC TTC CCA TGA CCA GTT CCA C

S100a9 GGA ATT CAG ACA AAT GGT GGAAG CAT CAG CAT CAT ACA CTC CTCA 

Il1β TGG CAA CTG TTC CTG AAC TCA GGG TCC GTC AAC TTC AAA GAAC 

Tnfα GGG TGA TCG GTC CCC AAA TGA GGG TCT GGG CCA TAG AA
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a linear mixed-effects model to measure fold change val-
ues as a factor of LPS Treatment for each gene indepen-
dently (gene fold change ~ Treatment + (1|MouseID)) 
using the nlme R package. We analyzed each sex sepa-
rately, as the males had an additional treatment group, 
3xLPS, that was not present in the females. The model 
was assessed using ANOVA and tests between LPS treat-
ments were corrected for multiple comparisons using the 
BH method. Corrected p-values < 0.05 were considered 
statistically significant.

Results
Repeated LPS produces robust training and tolerance 
of acute sickness behaviors, but not long‑term behavioral 
changes
In our experimental model, mice were given daily intra-
peritoneal injections of low-dose LPS (0.5  mg/kg) or 
vehicle (1xPBS) over a span of four days and sickness 
behavior was scored 3  h following the final treatment 
of PBS, 1xLPS, 2xLPS, 3xLPS or 4xLPS (Fig.  1A, B). 
Repeated LPS injections produced both training and tol-
erance of sickness behaviors: sickness behavior peaked 
and the greatest drop in body weight was observed across 
treatment groups after the second injection of LPS rela-
tive to PBS (Figs.  1B, 2A; BH-adjusted p < 0.05, Supp. 
Table  S2). Sickness behavior showed recovery towards 
baseline levels after the third and fourth LPS injections 
(Figs.  1B, 2A). While body weights recovered by 2  days 
after peak weight loss from the second exposure to LPS 
across treatment groups, weights in LPS-treated groups 
were still significantly lower than that of the PBS group 
for up to 6  days after peak loss (BH-adjusted p < 0.05, 
Supp. Table S2) and none of the mice in the LPS-treated 
groups fully recovered to their pre-treatment body 
weights prior to the start of the behavioral experiment 
(Fig.  2A; BH-adjusted p < 0.05, Supp. Table  S2). How-
ever, there were no long-term differences in anxiety-like, 
depressive-like, learning and memory, nor repetitive 
behaviors across treatment groups when behaviors were 
then assessed, indicating that all treatment conditions 
had fully recovered and did not have long-term detri-
mental impacts of repeated LPS (Fig.  2B; BH-adjusted 
p < 0.05, Supp. File S1).

Cytokine and chemokine protein levels increase first 
in serum and then in brain
To examine protein levels of known inflammatory pro-
teins, including chemokines, cytokines, and other sign-
aling molecules, we performed a Luminex multiplex 
protein quantification on serum and tissue collected 
from four different brain regions (frontal cortex, hip-
pocampus, striatum, cerebellum) 3  h after final injec-
tions. We identified significant changes in protein levels 

of both pro- and anti-inflammatory molecules (Fig. 1C; 
BH-adjusted p < 0.05, Supp. Table  S1). In serum, we 
found significant increases of G-CSF, IL-6, IP-10, KC, 
MCP-1, MIP-1a, MIP-1b and RANTES in response to 
1xLPS that was maintained in response to 2xLPS and 
then returned to baseline level in most cases after 
3xLPS and 4xLPS. In frontal cortex we found signifi-
cant increases in G-CSF, IL-6, and IP-10 to 1xLPS, but 
the majority of changes were in response to the 2xLPS 
(10 proteins), many of which again were no longer 
significant after 3xLPS and 4xLPS. Similar patterns 
were observed in hippocampus, striatum, and cerebel-
lum with the majority of significant increases occur-
ring after 2xLPS (Fig.  1C; BH-adjusted p < 0.05, Supp. 
Table S1). We further explored these findings in males 
and females using RT-qPCR on RNA isolated from 
frontal cortex tissue for Il-1β and Tnf-α, two hallmark 
pro-inflammatory cytokines that are known to be pro-
duced by microglia during immune activation. Simi-
lar to the patterns observed in the protein analysis, 
we found the greatest induction of Il-1β and Tnf-α in 
response to 2xLPS, which returned towards baseline 
levels after 3xLPS and 4xLPS (Fig.  1D; BH-adjusted 
p < 0.05, Supp. Table  S5). Together, these findings sug-
gest that 2xLPS produces the largest increase in inflam-
matory signaling molecules and that these responses 
are blunted after 3xLPS and 4xLPS. These patterns also 
parallel the peak in sickness behaviors and drop in body 
weight observed after 2xLPS that resolve towards base-
line levels by 4xLPS.

We also measured Il-1β and Tnf-α expression 3 h vs. 
24  h after 1xLPS and 2xLPS (Fig. S1A; BH-adjusted 
p < 0.05, Supp. Table  S5). Cytokine expression sig-
nificantly decreased towards baseline levels 24  h 
after 1xLPS, but subsequently increased above previ-
ous levels 3  h after 2xLPS, indicating that a single hit 
of LPS primes a heightened response to a subsequent 
LPS injection (immune training). Cytokine expression 
significantly decreased towards baseline levels 24  h 
after 2xLPS and the subsequent response to 3xLPS 
and 4xLPS were significantly blunted, indicating that 
immune tolerance occurred. Furthermore, we assessed 
how Il-1β and Tnf-α expression changed 3  h, 24  h, 
48 h, and 7 days after 1xLPS in both males and females 
to profile cytokine dynamics over time in response to 
a single dose of LPS (Fig. S1B; BH-adjusted p < 0.05, 
Supp. Table  S5). Cytokine expression peaked acutely 
at 3 h after 1xLPS, significantly decreased by 24 h, and 
reached baseline levels of expression by 48 h or 7 days. 
Taken together, our findings demonstrate that the dif-
ferences in gene expression observed are linked to the 
number of LPS injections and not a byproduct of the 
timing of injections.
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Repeated LPS produces training and tolerance 
of gene expression within brain regions that is likely 
microglia‑driven
To examine changes in gene expression in response to 
repeated LPS stimulation, we performed RNA-sequenc-
ing on brain tissue from the hippocampus, striatum and 
frontal cortex 3  h after the last LPS or PBS injection 
(n = 4/treatment/region; Fig.  1A, Fig. S1). Differentially 
expressed genes were identified across brain regions 
for differences in expression between the PBS controls 
and each LPS condition (BH-adjusted p < 0.05 and fold 
change >  ± 2, Supp. Table S3) and clustered according to 
their gene expression patterns across brain regions and 
treatments, which were the greatest explanatory vari-
ables in the data as assessed by MDS analysis (Fig.  3A, 
Fig. S2B). Similar to the impacts on brain cytokine pro-
tein levels, sickness behaviors, and body weight changes, 
changes in gene expression were most striking follow-
ing 2xLPS (Fig. S3A–C). Very few genes were decreased 
in response to LPS across all comparisons and brain 
regions. Clusters that emerged from patterns of gene 
expression were characterized as “2xLPS-sensitive”, 
“4xLPS-sensitive”, and “LPS-decreased”. Across brain 
regions, 2xLPS-sensitive genes (n = 226, 52% of DEGs) 
were uniquely increased in response to 2xLPS, 4xLPS-
sensitive genes (n = 120, 28% of DEGs) were uniquely 
increased in response to 4xLPS, and LPS-decreased 
genes (n = 86, 20% of DEGs) were decreased from base-
line levels across LPS treatments (Fig. 3A).

The different DEG clusters were enriched for shared 
and unique GO terms (Fig.  3B; BH-corrected p < 0.05, 
Supp. Table  S3). The majority of 2xLPS-sensitive genes 
were not engaged at 3xLPS and 4xLPS, suggesting the 
formation of tolerance for the majority of these genes. 
2xLPS-senstive genes were enriched for biological pro-
cesses related to immune regulation including response 
to virus, response to interferon-beta, positive regula-
tion of defense response, defense response to virus, 
defense response to symbiont, positive regulation of 
tumor necrosis factor production, acute inflammatory 
response, and myeloid leukocyte activation. These find-
ings are consistent with previous work examining LPS-
activated gene expression in the brain and periphery and 
indicate that alterations in immune cell signaling under-
lie the enhancement in gene expression to 2xLPS and 
repression to 3xLPS and 4xLPS in the brain [4, 19, 58, 
59]. The 4xLPS-sensitive genes were enriched for many 
of the same processes, as well as glial cell development 
and astrocyte development. LPS-decreased genes were 
enriched for processes related to neuronal regulation 
including positive regulation of cell junction assembly, 
response to cocaine, axon guidance, neuron projection 
guidance, and positive regulation of monoatomic ion 

transport. Together, findings suggest that separate 
gene expression signatures are engaged in response to 
repeated injections of LPS.

To identify whether the differential gene expres-
sion observed in our bulk RNAseq data could be driven 
by microglia, we performed enrichment analysis of 
our DEGs against curated lists in MGEnrichment, our 
recently developed database of published microglial gene 
lists [36]. We identified shared and unique enrichment 
between 2 and 4xLPS-sensitive but not LPS-decreased 
genes with published microglia-specific gene lists 
important for maintaining microglia homeostasis, dis-
ease-associated microglia (DAM) phenotypes, immune 
primed microglia, microglia development, and microglial 
changes in microbiome perturbations, among many oth-
ers (Fig. S4; BH-corrected p < 0.01, Supp. Table  S3). We 
also analyzed publicly available single cell atlas datasets 
[44, 45] (Fig. S5) to explore which brain cell types highly 
express the DEGs identified in our study under homeo-
static conditions with the aim of understanding which 
cell types could potentially be driving the observed 
impacts of LPS on gene expression. Across both datasets, 
microglia, immune cells (perivascular macrophages), 
and endothelial cell types expressed 2xLPS-sensitive and 
4xLPS-sensitive genes most highly, while neuronal cell 
types expressed LPS-decreased genes most highly. These 
findings are consistent with the biological functions 
identified by gene ontology analysis on these clusters 
(Fig. 3B). Furthermore, two LPS-sensitive genes from our 
DEG list that are highly expressed in microglia (Fig. S6B, 
E), Cxcl16 and S100a9, also displayed the same training 
and tolerance gene expression patterns when assessed by 
RT-qPCR in repeat experiments done in frontal cortex in 
both males and females, as well as in microglia isolated 
from cortical regions in males (Fig. S6C, F; BH-corrected 
p < 0.05, Supp. Table  S5). Together, findings suggest 
microglia as a likely candidate cell type driving the dif-
ferential expression observed in the 2xLPS-sensitive and 
4xLPS-sensitive gene clusters.

Repeated LPS regulates immune memory 
through engagement with IRF and NFkB family 
transcription factors
To examine which upstream regulatory factors could 
be driving gene expression in response to repeated LPS, 
we examined promoter regions of DEGs for enrich-
ment of transcription factor binding motifs (Fig. 4A,C). 
Promoters of 2xLPS-sensitive cluster DEGs were sig-
nificantly enriched for interferon regulatory factor 
(IRF), basic helix-loop-helix/bZIP (bHLH/bZIP), Rel 
homology domain (RHD), C2H2 zinc finger (Zf ), and 
signal transducer and activator of transcription (Stat) 
transcription family factors across de novo and known 



Page 14 of 23Kim et al. Journal of Neuroinflammation          (2024) 21:233 

Homer motifs. (Supp. File S2) Different sets of genes 
within the 2xLPS-sensitive DEG cluster had differences 
in the presence of binding motifs for transcription fac-
tors across the enriched transcription factor families 

(Fig.  4D) in their promoters. Notably, 2xLPS-sensitive 
genes that increased in response to 1xLPS and stayed 
increase after 2xLPS did not have binding sites for 
bZIP family transcription factors, which were present 
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Fig. 4 IRF and NFkB transcription factor motifs are enriched in 2xLPS-sensitive DEGs. A Homer de novo transcription factor motif enrichments 
within promoters (+ 1000, − 200 to Transcription Start Site) of 2xLPS-sensitive DEGs. Top ranked de novo motifs are shown (p < 1e−10). B Enrichment 
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throughout most of the other 2xLPS cluster genes. 
Moreover, only subsets of 2xLPS-sensitive genes had 
binding sites for IRF family transcription factors. Bind-
ing sites for RHD family transcription factor NFkB, 
another critical regulator of immune genes, were found 
in most 2xLPS cluster DEG promoters. DEG promoters 
were also significantly enriched for direct binding sites 
of RHD family (NFkB, p65) and IRF family (IRF8) from 
publicly available ChIP-seq data [38–42], further sup-
porting the roles of these transcription factors as major 
regulators of LPS-induced gene expression differences 
in immune training and tolerance (Fig. 4B; BH-adjusted 
p < 0.05, Supp. Table  S3). DEG promoters were also 
enriched for H3K27ac ChIP-seq peaks that were lost 
or gained with conditional IRF8 knockouts in microglia 
in adults [38], suggesting that IRF8 may be interacting 
with other transcriptional machinery such as histone 

acetyltransferases and deacetylases to mediate micro-
glial gene expression at these sites.

Microglia change their morphology across brain regions 
in the formation of immune training and tolerance
Using MicrogliaMorphology and MicrogliaMorpholo-
gyR, as previously described [50], we quantified shifts 
in morphological populations within the same brain 
regions assessed for RNA-seq (frontal cortex, hippocam-
pus, striatum) from male and female mice given 1-4xLPS 
(Fig.  5A, S7A–E). Using unbiased clustering, we identi-
fied four clusters of microglial morphologies: ramified, 
rod-like, hypertrophic, and ameboid. While the percent-
age of ramified and rod-like microglia mostly remained 
consistent within the different brain regions and sexes 
with LPS treatment, there was an LPS-mediated shift 
between ameboid and hypertrophic states (Fig.  5A, B, 
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S8A-B; BH-corrected p < 0.05, Supp. Table  S4). Within 
males, the hippocampus and striatum showed a signifi-
cant shift from ameboid to hypertrophic morphological 
states in the formation of immune priming (2xLPS) and 
back with immune tolerance (4xLPS). In males the fron-
tal cortex maintained the 2xLPS-induced hypertrophic 
morphology with immune tolerance. Within females, 
the frontal cortex, hippocampus, and striatum showed 
a morphological switch to a hypertrophic morphology 
which was sustained with immune tolerance.

Furthermore, we also observed instances of microglia 
aligning end-to-end with increasing exposures to LPS. 
Within males, the occurrence of microglia aligning end-
to-end increased with 2xLPS, began to decrease after 
3xLPS, and re-emerged with 4xLPS across the frontal 
cortex, hippocampus, and striatum (Fig. 6A, B; BH-cor-
rected p < 0.05, Supp. Table  S4). Within females, occur-
rence of this alignment behavior significantly increased 
with 4xLPS in the frontal cortex and hippocampus, but 
not in the striatum. There were no significant differences 
in microglial density with repeated LPS across brain 
regions and in both sexes, indicating that the changes 
observed in occurrences of microglia aligning end-to-end 
were not due to changes in cell numbers (Fig. S7F; BH-
corrected p < 0.05, Supp. Table  S4). Upon further inves-
tigation by histology, we found that microglia exhibiting 
this alignment behavior in our LPS model were wrapped 
around blood vessels across all three brain regions (Fig. 
S9A–C).

Discussion
Disruption of microglial activity in the brain has been 
well-documented in the pathology of a wide range of 
brain disorders, but the molecular mechanisms under-
lying how innate immune memory directly contributes 
to the onset and progression of brain disorders remains 
understudied. In our study, we used a recently described 
mouse model of repeated LPS [19] to investigate the 
immediate transcriptomic and microglia morphologi-
cal changes that contribute to the formation of immune 
memory in the frontal cortex, hippocampus, and stria-
tum, as well as the long-term effects of these changes 
on various behaviors relevant to brain disorders. Mice 
showed robust changes in acute sickness behavior, body 
weight, and pro-inflammatory cytokine expression with 
LPS-induced immune training, which resolved with the 
formation of immune tolerance. We found transcrip-
tomic changes in a subset of genes that showed a training 
response after 2xLPS and a tolerized response at 3xLPS 
and 4xLPS. These “2xLPS-sensitive” genes were enriched 
for biological processes related to immune regulation and 
were targeted by IRF and RHD family (NFkB) transcrip-
tion factors, two key families whose coordinated activity 

has previously been linked to the formation of innate 
immune memories in microglia and other immune cells 
[19, 58, 60–65]. Together with the characterized LPS-
induced shifts in morphology, our work identifies several 
key changes in microglial regulation that occur during 
the formation of innate immune memories that inform 
previous findings on innate immune memory in disease 
contexts in the brain.

Microglia are the only tissue-resident macrophages in 
the brain parenchyma [66], self-renew without contribu-
tion from the periphery [17], and exhibit different prop-
erties morphologically and functionally when placed 
outside of the brain environment [67], suggesting that 
brain-intrinsic signals that drive microglial identity make 
them distinct from macrophages in other tissues. How-
ever, the majority of what is known about regulation of 
immune training and tolerance comes from work in cul-
tured peripheral macrophages. Work in in  vitro mac-
rophage culture models has demonstrated a clear role 
for epigenetic regulation of gene expression programs 
mediating training and tolerance [68, 69]. Recent work 
has demonstrated that training and tolerance occur in 
microglia in response to repeated peripheral injections 
of LPS [19, 70]. Wendeln et al. [19] demonstrated altera-
tions in microglial gene expression and enhancer activity 
6  months after LPS injection in the Alzheimer’s disease 
model, suggesting long-term reprogramming of micro-
glial function after repeated LPS. Zhang et al. [58] found 
that enrichment of permissive epigenetic marks at acces-
sible enhancer regions could explain training of microglia 
to LPS and that tolerized responses were regulated by 
the loss of permissive epigenetic marks at these sites. In 
line with both studies, our study identified LPS-sensitive 
DEGs that were enriched for Interferon (IRF) family and 
NFkB transcription factor motifs in their promoters. IRFs 
are induced in response to interferon (IFN), LPS, and 
other immune stimuli, and initiate gene expression by 
forming regulatory complexes with IRF family members 
and other transcription factors, such as PU.1, STAT1, and 
NFkB, which further bind with the interferon-sensitive 
response elements (ISRE) to regulate IFN and TLR sign-
aling pathways [63, 71]. IRF family transcription factors 
have been shown to be required for Il-1β expression in 
microglia after peripheral nerve injury [72] and regulate 
disease-associated microglial gene expression of markers 
including Apoe and Trem2 [73]. IRF8 is particularly well-
characterized in microglia, and has been shown to bind 
to and regulate enhancer regions of microglia during 
postnatal development to contribute to the establishment 
of microglial identity and function [38]. IRF8-deficient 
microglia have documented changes in morphology 
and function marked by reduced Iba-1 expression, less 
elaborated processes, decreased phagocytic capacity, 
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reduced expression of pro-inflammatory genes, and less 
proliferative potential in mixed glial cultures [65, 74–76]. 
Accumulation of p50/RelA, subunits of NFkB, in the 
nucleus has also been tied to increased transcription of 
pro-inflammatory cytokines including iNOS, Tnfα, Il-1β, 
and Il-6 in the formation of pro-inflammatory pheno-
types in microglia [64, 65, 77]. We identified enrichment 
for direct binding sites of NfkB/p65 and IRF8 from pub-
lished microglial and bone marrow-derived macrophage 
studies [38, 40, 41] within our DEGs, together pointing 
to the coordinated activity of these transcription factors 
as key regulators of immune priming and tolerance in the 
brain.

Although LPS given peripherally reliably induces a 
neuroinflammatory response in the brain, LPS has been 
shown to be largely unable to penetrate the blood brain 
barrier (BBB) in healthy animals, unless at very high 
doses [78]. Instead, impacts of peripherally administered 
LPS are likely conveyed to the brain parenchyma by TLR4 
receptors on meningeal and endothelial cells, which then 
signal to other cell types in the brain including microglia 
[13, 79]. Microglia are likely cooperating with other cell 
types such as astrocytes to perpetuate the expression 
of pro-inflammatory cytokines, as microglial depletion 
alone fails to alleviate LPS-induced sickness behaviors 
[13, 80]. Once immune signaling molecules reach the 
brain parenchyma, they can bind to cytokine receptors 
expressed on both neurons and glial cells to directly or 
indirectly modulate neuronal firing properties, which 
could ultimately shape circuit function and downstream 
behavior [13]. In our analysis of publicly available single-
cell brain atlas datasets [44, 45], we found that neuronal 
cell types expressed LPS-decreased genes most highly 
(Fig. S5), which were enriched for gene ontology terms 
related to neuronal regulation and function (Fig.  3B). 
Microglia; perivascular macrophages, which exhib-
ited high expression of border-associated macrophage 
(BAM) marker gene Mrc1: http:// mouse brain. org/ genes/ 
Mrc1. html); and endothelial cell types expressed 2xLPS-
sensitive and 4xLPS-sensitive genes most highly (Fig. 
S5), which were enriched for gene ontologies related to 
immune functions. While our analysis hints at candidate 
brain cell types that could be driving the differences in 
gene expression observed in our tissue-level RNA-seq 
data, the atlas datasets used for analysis were derived 
from mice in baseline, homeostatic conditions. As such, 
cell type contributions that are LPS-specific could be 
missed in this analysis. For example, the 4xLPS-sensi-
tive DEG cluster identified in our study was uniquely 
enriched for GO terms related to astrocyte development 
(Fig. 3B), indicating a potential role for astrocytes in our 
model of immune memory. Astrocytes have been shown 
to exhibit LPS-induced immune training and tolerance 

[81–86] and respond to signals from microglia after LPS 
exposure [87]. Future cell type-specific experiments such 
as single-cell sequencing in the same repeated LPS model 
could be used to further discriminate the contributions 
of microglia vs. other immune cell types such as BAMs, 
as well as roles of other brain cell types including neurons 
and astrocytes to the gene expression differences that we 
observed.

A recent study using the same repeated low-dose LPS 
model [88] defined a temporal sequence after 2xLPS by 
which changes in microglia morphology, density, and 
expression of phagocytic markers precedes GABAer-
gic synapse loss, followed by memory impairment on 
the novel object recognition task. However, this study 
focused on short-term changes within a range of 6 days 
post-2xLPS, and investigation into the prolonged effects 
of repeated low-dose LPS on behaviors long after recov-
ery had yet to be thoroughly examined. We failed to 
identify long-term effects of repeated LPS on a battery 
of behaviors relevant to brain disorders. Mice showed 
immediate sickness behaviors including lethargy, pto-
sis, and piloerection 3 h after 2xLPS exposure, but they 
did not exhibit any long-term deficits in learning and 
memory tasks or anxiety-like, depressive-like, and repeti-
tive behaviors when assessed weeks after LPS treatment. 
While our dataset was too underpowered to separate the 
statistical analysis out by sex, future experiments could 
focus on disentangling sex-specific differences in these 
behaviors. Although our data suggest that our LPS model 
does not contribute to any obvious observable long-term 
behavioral deficits in healthy mice, preconditioning with 
repeated peripheral injections of low-dose LPS has been 
demonstrated to alleviate disease pathology that develops 
months later in mouse models of Alzheimer’s Disease and 
neuroinflammatory responses in stroke and traumatic 
brain injury [19, 20, 89–91]. This suggests that a second-
ary disease pathology or injury is necessary to reveal the 
long-term reprogramming effects of LPS on behavior.

Changes in pro-inflammatory gene expression with 
immune priming and tolerance in the brain have been 
well-documented to be accompanied by changes in 
microglial morphology [19, 92, 93]. 2xLPS-sensitive 
and 4xLPS-sensitive DEGs identified in our study were 
enriched for DEGs previously identified as dynamically 
expressed in the transition from embryonic to postna-
tal mouse microglia development in both sexes (Fig. 
S4; BH-corrected p < 0.01, Supp. Table  S3) [94]. During 
embryonic development, immature microglia display 
an ameboid morphology which aids in phagocytosis of 
apoptotic debris, synaptic pruning of developing cir-
cuits, and increased motility as microglia migrate along 
developing white matter tracts to populate gray mat-
ter. As development progresses postnatally, microglia 

http://mousebrain.org/genes/Mrc1.html
http://mousebrain.org/genes/Mrc1.html
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morphology transforms into a fully ramified, mature 
form that is maintained throughout life [95–97]. Enrich-
ment of our LPS innate immune memory genes for genes 
with differential expression between the ameboid and 
mature ramified development states, indicates that the 
morphological adaptations in the adult brain to repeated 
LPS exposure could involve shared developmental genes 
and pathways.

While the proportions of ramified and rod-like micro-
glial forms remained mostly consistent across LPS 
treatments, we observed a switch between ameboid 
and hypertrophic morphology states in the formation 
of immune memory that was observed in most brain 
regions within both sexes. Hypertrophic morphology 
is described by enlarged cell soma with shorter, thicker, 
hyper-ramified processes [21, 98], which give microglia 
a “bushy” appearance. This morphological form is com-
monly observed in regions of brain pathology in human 
cases of Alzheimer’s Disease and Huntington’s Dis-
ease, as well as in mouse models of Alzheimer’s Disease, 
stroke, accelerated aging, chronic stress, depression, and 
traumatic brain injury [21]. Hypertrophic microglia have 
been described in close vicinity to beta-amyloid plaques 
in Alzheimer’s Disease in both human tissue and mouse 
models. Hypertrophic microglia also exhibit increased 
surface markers for the disease-associated microglia 
(DAM) phenotype including CD-33 and triggering recep-
tor expressed on myeloid cells 2 (TREM2), a key switch 
in the change to the DAM phenotype [21, 96, 99, 100]. 
TREM2 has recently been described in the context of 
the same repeated LPS model used in our study to medi-
ate decreases in microglial phagocytosis of synapses and 
morphology changes with the formation of immune tol-
erance in the hippocampus [93]. TREM2 knockout pre-
vented acute increases in both microglial soma size and 
changes in process length and arborization that aligned 
with a hypertrophic morphology [93]. While we did not 
identify Trem2 as a significant DEG in our bulk tissue 
analysis, we did observe enrichment of 2xLPS-sensitive 
DEGs with published microglia-specific gene lists for the 
DAM phenotype (Fig. S4; BH-corrected p < 0.01, Supp. 
Table S3), pointing to the significance of the hypertrophic 
microglia morphology in regulating immune memory 
states in the brain.

We also observed instances of microglia aligning end-
to-end along blood vessels with increasing exposures to 
LPS (Fig. 6, Fig. S9). Spatially distinct subsets of microglia 
in the brain have been found to interact closely and sta-
bly over time with the vasculature to migrate within the 
developing brain parenchyma [101]; and to regulate capil-
lary diameter, blood flow, and vasodilator responses [102, 
103]. Microglia associated with the vasculature have also 
been found to change in numbers in mouse models of 

ischemic cortical stroke [104], Alzheimer’s disease [103], 
and multiple sclerosis [105]. In line with our findings, 
systemic inflammation induced by a single intraperito-
neal injection of LPS has been shown to cause microglia 
to migrate towards cerebral vessels and the proportion 
of microglia in contact with blood vessels increases with 
repeated exposures to LPS [106]. Furthermore, the align-
ment behavior we observed has been documented previ-
ously in the literature where rod-like microglia have been 
shown to align end-to-end with one another adjacent 
to neuronal processes in diffuse traumatic brain injury 
(TBI) in rats [107–109]. These “trains” of rod-like micro-
glia were shown to emerge and resolve dynamically with 
the damage and repair cascades that evolve over the first 
week post-TBI, where rod trains accumulated at 2 and 
6 h post-injury, with a decrease in percentage microglia 
population at 1 and 2  days post-injury, followed by a 
subsequent re-accumulation at 7  days post-injury [107]. 
Similar to these documented patterns, the occurrence 
of microglial aligning end-to-end in our study increased 
with 2xLPS, began to decrease towards baseline levels at 
3xLPS, and re-emerged with 4xLPS (Fig.  6A), suggest-
ing that microglia may be engaged in separate, delayed 
waves of repair after inflammation in the brain in the 
switch from an immune trained to tolerized state after 
the resolution of cytokine responses and obvious sickness 
behaviors. This could explain the short-term learning and 
memory impairments described by Jung et al. [88], which 
were observed at 6 days after LPS, and why we failed to 
observe them in our study in which behavioral testing 
was performed weeks after LPS. Future work to further 
characterize microglial interactions with the brain vascu-
lature in our repeated LPS model - such as their influence 
on blood vessel diameter and the temporal dynamics of 
these interactions following LPS exposure - would lend 
deeper insight into the significance of the LPS-induced 
microglia alignment behavior that we observed and its 
relevance to immediate and delayed repair processes fol-
lowing inflammation.

Together, findings from our study offer new insight 
into microglial changes in the formation of immune 
memory. Given that microglia are long-lived cells 
(4–20  years in humans) [110] that self-renew without 
contribution from the periphery [17, 18] and epigeneti-
cally tune their function to the local brain environment 
through differential enhancer activity [111, 112], the 
acute changes induced during the formation of innate 
immune memories could have long lasting impacts on 
the brain’s response to disease and injury. Future work 
can link our identified acute changes to the long-last-
ing impacts identified in other model systems to iden-
tify how innate immune memories are maintained in 



Page 20 of 23Kim et al. Journal of Neuroinflammation          (2024) 21:233 

microglia and impact disease risk. Understanding these 
underlying mechanisms will allow for future devel-
opment of therapies to either enhance or blunt inap-
propriate microglial activity in the context of brain 
diseases.
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