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ARTICLE INFO ABSTRACT

Keywords: Microglia modulate synaptic refinement in the central nervous system (CNS). We have previously shown that a
Microg_lia ) mouse model with innate high anxiety-related behavior (HAB) displays higher CD68" microglia density in the
Synaptic pruning key regions of anxiety circuits compared to mice with normal anxiety-related behavior (NAB) in males, and that
2:;?;’;&8“% minocycline treatment attenuated the enhanced anxiety of HAB male. Given that a higher prevalence of anxiety
Heterogeneity is widely reported in females compared to males, little is known concerning sex differences at the cellular level.
Transcriptomics Herein, we address this by analyzing microglia heterogeneity and function in the HAB and NAB brains of both

sexes. Single-cell RNA sequencing revealed ten distinct microglia clusters varied by their frequency and gene
expression profile. We report striking sex differences, especially in the major microglia clusters of HABs, indi-
cating a higher expression of genes associated with phagocytosis and synaptic engulfment in the female
compared to the male. On a functional level, we show that female HAB microglia engulfed a greater amount of
hippocampal vGLUT1 ™" excitatory synapses compared to the male. We moreover show that female HAB microglia
engulfed more synaptosomes compared to the male HAB in vitro. Due to previously reported effects of mino-
cycline on microglia, we finally administered oral minocycline to HABs of both sexes and showed a significant
reduction in the engulfment of synapses by female HAB microglia. In parallel to our microglia-specific findings,
we further showed an anxiolytic effect of minocycline on female HABs, which is complementary to our previous
findings in the male HABs. Our study, therefore, identifies the altered function of synaptic engulfment by
microglia as a potential avenue to target and resolve microglia heterogeneity in mice with innate high anxiety.

1. Introduction

Anxiety and depression are among the most common mental disor-
ders in the world, and share up to 80 % of comorbidity (Klenk et al.,
2011; Strand et al., 2021). Numerous studies have shown that females
are more prone to anxiety-related disorders than males (Kessler et al.,
2012; Strand et al., 2021; McLean et al., 2011; Moser et al., 2016)
suggesting a potential moderating role of sex. However, cellular and

molecular processes underlying these sex differences remain elusive.
Both stress and genetic predisposition have been recognized as sig-
nificant risk factors for anxiety and/or comorbid depression (Weger and
Sandi, 2018). The majority of clinical studies, which are primarily
limited to peripheral cytokine levels, indicate an association between
anxiety-related disorders and immune dysregulation (Passos et al.,
2015; Rao et al.,, 2015; Fontenelle et al., 2012; Hou et al., 2017).
Furthermore, rodents with stress-induced or innate high anxiety also
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exhibit dysregulations in neuroimmune systems, including an altered
status of microglia (Rooney et al., 2020; Bollinger, 2021; Wohleb et al.,
2018; Wang et al., 2018). Microglia, the resident macrophages and
innate defensive system of the CNS, inhabit versatile functions that
dynamically change in order to adapt to their surroundings (Kettenmann
et al., 2011). As professional phagocytes, they sculpt neural circuits by
contacting and engulfing synaptic components (Kettenmann et al., 2013;
Schafer et al., 2012; Vainchtein and Molofsky, 2020; Vainchtein et al.,
2018; Weinhard et al., 2018). This process is critical for normal brain
development and synaptic plasticity (Furusawa and Emoto, 2020;
Schafer et al., 2012; Paolicelli et al., 2011). Interestingly, altered brain
connectivity has been reported in early innate anxiety (Kalin, 2017) and
studies have indicated a link between synaptic pruning and anxiety-
related behavior (Bolton et al., 2022; Socodato et al., 2020). Alter-
ations in microglial density, reactivity and expression of markers asso-
ciated to neuroimmune pathways have been reported in various rodent
models of stress-induced anxiety (Kreisel et al., 2014; Liu et al., 2018).
However, little attention has been given to innate high anxiety, espe-
cially regarding sex differences.

HAB (mice with innate high anxiety) represent a valuable model to
study elevated anxiety that is not induced by specific stressors or
immunological challenges. They intrinsically show higher anxiety and
depressive-like behavior as an outcome of a selective breeding approach
of CD-1 mice and exhibit high anxiety-related behavior compared to
NAB (mice with normal anxiety), as evaluated through the elevated plus
maze (EPM) and light-dark tests (LD) (Rooney et al., 2020; Sah et al.,
2012). HAB mice have been reported to show altered basal neural
transmission and long term potentiation (LTP) (Dine et al., 2015) in
addition to neuroinflammatory alterations in the hippocampus (Salomé
et al., 2004; Rooney et al., 2020). We have previously shown that HAB
males have a higher density of microglial cells (Ibal™ cells) as well as
CD68"/Ibal™ microglia in the hippocampus than NAB males (Rooney
et al., 2020). We also reported that minocycline, a broad-spectrum
antibiotic, reduced both Ibal™ and CD68/Ibal™ microglia density in
the hippocampus and had anxiolytic effects on the behavior of HAB
males (Rooney et al., 2020). Various studies have also reported that
minocycline dramatically reduces stress-induced anxiety in rodent
models in addition to its anti-inflammatory effects (Wang et al., 2018;
Levkovitz et al., 2015; Liu et al., 2018; Zhang et al., 2019). However, a
great majority of these results including our prior findings (Rooney
et al., 2020) have focused on male rodents, which leads to conclusions
for both sexes based on the male-driven findings. Given that females
show a higher prevalence of anxiety than males (Kessler et al., 2012), sex
is a crucial biological variable that needs to be taken into account while
investigating neurobiology of anxiety-related disorders. Additionally,
the National Institute of Health has recognized the importance of sex in
scientific knowledge and demands to include representation of both
sexes among other variables influencing physiological processes.

Considering the alterations in neural connectivity, neural trans-
mission and neuroinflammatory markers found in the context of anxiety
(Dine et al., 2015; Salomé et al., 2004; Rooney et al., 2020), a potential
role of microglia dysfunction in synaptic engulfment is yet to be inves-
tigated. Furthermore, multiple studies have reported the role of micro-
glia heterogeneity in modulating their physiological functions and
homeostasis (De Biase and Bonci, 2019; Silvin and Ginhoux, 2018;
Hanisch, 2013; Tan et al., 2020), which has not been addressed yet in the
context of either state- or trait- anxiety.

In the present study; we report heterogeneity and sex differences of
microglia at single-cell resolution using mice with innate high anxiety.
We report sex-associated differences in the transcriptional profile of
microglia, and further provide evidence of altered microglial engulf-
ment of synapses in the HAB female hippocampus. We further show the
modulatory effects of minocycline treatment on this functional pheno-
type as well as on anxiety-related behavior. Our study reports a thor-
ough characterization of microglia at transcriptional level and reveals
sex-related differences in microglial engulfment of synapses at
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functional level along with modulatory effects of minocycline.
2. Material & Methods
2.1. Animals

All mice of both sexes used for the present study were on a CD-1
genetic background. All procedures including the handling of living
animals were performed in strict accordance with the German Animal
Protection Law and were approved by the Regional Office for Health and
Social Services in Berlin (Landesamt fiir Gesundheit und Soziales, Berlin,
Germany) under the license number G0061/21. The regulations fol-
lowed the rules set in the Directive 2010/63/EU of the European
Parliament and of the Council on the protection of animals used for
scientific purposes (revised 2019).

HAB and NAB mice were selectively inbred for their specific anxiety-
related behavior at the Department of Pharmacology, Innsbruck Medical
University, Innsbruck (Austria). The mice were group-housed in venti-
lated cages under standard laboratory conditions with a 12:12 light/
dark cycle at the animal core facility of the MDC. Food and water were
provided ad libitum. All mice used in the experiments were at post-natal
day 84-91 (P84-91). Mice were sacrificed with an overdose of pento-
barbital (Narcoren, Merial GmbH, Hallbergmoos, Germany) with
intraperitoneal injection followed by decapitation.

2.2. Microglia isolation

Enzymatic dissociation of microglia was performed as previously
described (Marsh et al., 2022) with minor alterations. Briefly, mice were
deeply anesthetized and intracardially perfused with 15 ml ice-cold
artificial cerebrospinal fluid (aCSF) (87 mM NaCl, 2.5 mM KCl, 1.25
mM NaH2PO4, 26 mM NaHCOs, 25 mM glucose, 1 mM CaCly, 7 mM
MgSOy4, 20 mM HEPES) with a transcriptional & translational inhibitor
cocktail, as previously described in detail (Marsh et al., 2022). Brains
were removed out of skull and kept in ice cold Hibernate-A medium
supplemented with B27 (Thermo Fisher Scientific, Waltham, USA,
#A1247501, 1/50). Brains were quickly sliced into 8 even sections using
surgical scissors, and placed into Miltenyi gentleMACS C Tubes (Milte-
nyi, Bergisch Gladbach, Germany, #130-093-237) including papain
solution (Worthington Biochemical, Lakewood, NJ, USA, #LK003150)
and the inhibitor cocktail (Marsh et al., 2022) for tissue dissociation at
37 °C for 30 min. Purpose of using the inhibitor cocktail was to prevent
ex vivo microglial activation in response to the isolation procedure at the
37 °C (Marsh et al., 2022). Supplementary Fig. 1 shows that our isolation
procedure did not trigger a major artificial ex vivo activation signature in
the gene expression in the overall dataset, assessed by the expression of
genes such as Fos, Jun, Hspla by microglia (Marsh et al., 2022). Samples
were centrifuged for 5 min. at 300g and filtered through a 70-pm filter.
1 ml aCSF was added to each tube and cells were pelleted at 300g for 5
min (4 °C). Cell suspension including 22 % Percoll (GE Healthcare,
Chicago, USA, catalog no. 17-0891-01) in 2 ml final volume was gently
overlaid with 2 ml ice-cold calcium- and magnesium-free Dulbecco’s
phosphate-buffered saline (DPBS; Thermo Fisher Scientific,
#J61196AP) and centrifuged for 10 min. at 3000 g with full acceleration
and no breaks, as previously described in detail (Mattei et al., 2020).
Upon a gentle myelin cloud removal, the pellets were washed once with
aCSF, spun down at 400g for 5 min. and re-suspended in 100 pl DPBS.

2.3. Fluorescence-activated cell sorting (FACS)

All buffers and solutions were pre-chilled before use. Cell suspen-
sions were incubated with a fixable viability dye (Thermo Fisher Sci-
entific, #L34969, 1/1000 in PBS) for 30 min. at 4 °C. Upon washing with
1 ml ice cold FACS buffer (PBS 1X with 0.5 % BSA, 0.074 % EDTA), cells
were pelleted at 300 g, 5 min. and incubated with anti-CD16/CD32 10
min. on ice (Thermo Fisher Scientific, #14-0161-82; 1/200 in FACS
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buffer). Cells were next stained with antibody master mix (CD45-APC
BD, # 559864; CD11b-PECy7 BD, #553311; CD44-BV421, BioLegend,
San Diego, USA, #103040, Lineage-PE: Ly6C, BioLegend, #128026;
Ly6G, BioLegend, #127606; B220, BioLegend, #103206; TCRb, BD
Biosciences, New Jersey, USA, #553170; TCRgd, BioLegend, #118105;
NK1.1, BioLegend, #108705; Ter119, BD, # 557915) for 25 min. at 4 °C
and spun down for 5 min. at 300 g. 250 pl FACS buffer was used per
sample to resuspend the cells after the washing step. Sterile 1.5 ml
Eppendorf tubes were precoated with 50 % BSA overnight at 4 °C to
collect the sorted microglia in 750 pl sterile aCSF. The gating strategy to
sort microglia is given in Supplementary Fig. 5. BD FACS Aria III with
100-pm nozzle and purity mode was used to sort the final cell population
to be loaded in a 10X chromium controller.

2.4. Single-cell RNA sequencing (scRNA-seq) using 10X Genomics

The quality and concentration of single-cell preparations were
assessed with a hemocytometer and Keyence BZ-X800 microscope
(Keyence GmbH, Neu-Isenburg, Germany). 16,500 cells per sample were
loaded into the 10X Chromium controller (10X Genomics, Pleasanton,
CA, USA) and library preparation was conducted using 10X single-cell 3’
v3 protocol according to manufacturer’s instructions (paired-end reads,
R1 = 28, i7 = 8, R2 = 91). All 8 libraries, each representing an indi-
vidual mouse, were submitted to Berlin Institute for Medical Systems
Biology (BIMSB) sequencing core facility and sequenced with an Illu-
mina NovaSeq sequencer to a depth of around 70,000 reads per cell
according to the 10X Genomics’s recommendations.

The gene-cell count matrix was constructed using CellRanger count
version 2.0.2 using the Ensembl GRCm38.p5 (mm10) reference genome.
The R Seurat package (Stuart et al., 2019; Butler et al., 2018) was used
for the analysis of Single Cell RNA-Seq data. Only genes found in a
minimum of 5 cells were included in the study. In addition, we elimi-
nated from the analysis any cell with fewer than 200 identified genes, as
well as any cell with a mitochondrial percentage greater than 20 %. Data
were log normalized and scaled as a standard Seurat (Butler et al., 2018)
preprocessing. Default parameters were used for identifying anchor
genes between the data sets. Dimensionality reduction was performed
using t-SNE by using 24 principal components which were decided by
using JackStraw analysis and ElbowPlot. The standard Seurat workflow
consisted of data normalization/scaling, PCA analysis, and t-SNE clus-
tering. We also used scCustomize R package (Marsh, 2021) for visuali-
zations provided in Fig. 1c, Fig. 2a, Fig. 3a and b. To compare clusters,
marker genes were identified using the Wilcoxon Rank Sum test of the
Seurat. Marker genes from previous single cell studies (Masuda et al.,
2020; Zeis et al., el 2015; Hammond et al., 2019; Saunders et al., 018;
Mattei et al., 2020) were used for manual annotation of the microglia
clusters. Differential expression analysis was carried out using DESeq2
(Love et al., 2014) and MAST algorithms (Finak et al., 2015) of the
Seurat R package using FindMarkers function (pAdj < 0.001). 52.363
cells were analyzed, including 2 replicates per group (4 groups; n = 8
samples in total). Number of cells sequenced per group: HAB female:
15.548 cells; HAB male cells: 13.997; NAB female: 9853 cells; NAB male:
12.965 cells). Code required to reproduce Seurat object used for analysis
and plotting can be found at: https://github.com/bugursu/Microg
lia-Anxiety-project.

2.5. Flow cytometry analysis of microglia surface markers

Mice were intracardially perfused with 15 ml ice-cold DPBS.
Hippocampi were dissected on a cooled, smooth glass platform and
placed in ice-cold Hibernate-A medium (Thermo Fisher Scientific,
#A1247501). Mechanical dissociation at 4 °C was carried out with a
Dounce homogenizer, with 30 gentle strokes using a loose pestle. Myelin
debris was removed via percoll gradient centrifugation as described
previously in detail (Mattei et al., 2020). Total cell pellets were used for
staining by using monoclonal anti-mouse antibodies: CD45 (BD
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Bioscience, Heidelberg, Germany, #559864, 1/100), CD11b (Thermo
Fisher Scientific, #25-0112-82, 1/100), TREM-2 (R&D Systems, Wies-
baden, Germany, #FAB17291C, 1/200), CX3CR1 (BioLegend #149019,
1/100), CD16/CD32 (1/200, Thermo Fisher Scientific, #14-0161-82)
for 30 min at 4 °C. Cells were immediately acquired on BD FACS Aria II
and the mean fluorescence intensity (MFI) for TREM2, and CX3CR1
from CD11b**/CD45" microglia were analyzed with FlowJo v10 (BD
Bioscience). MFI for CD11b (for CR3) were analyzed from the
CX3CR1""/CD45" population. The gating strategy to define and
analyze microglia is given in Supplementary Fig. 6.

2.6. Microglial engulfment of vGLUT1" synapses

For detection of vGLUT1" microglia by flow cytometry, a mechanical
cell isolation strategy was used as described previously in detail (Mattei
et al., 2020). Upon percoll gradient centrifugation, total cell pellets were
stained first with fixable live/dead staining (Thermo Fisher Scientific,
#L34969, 1/1000, for 30 min.) and followingly for the microglial sur-
face markers CD45-APC (BD Biosciences #559864, 1/100), CD11b-
PECy7 (Thermo Fisher Scientific, #25-0112-82, 1/100), Ly6C-FITC
(BD Biosciences, #553104), Ly6G-FITC (BD Biosciences, #551460).
Stained samples were fixed and permeabilized using the BD Cytofix/
Cytoperm kit according to manufacturer’s instructions (#554714).
Following fixation, intracellular staining for vGLUT1-PE Synaptic
marker (1/200, Miltenyi Biotech, Bergisch Gladbach, Germany,
#130-120-764, 1 h in 1x BD Permeabilization Buffer; Isotype Control:
Miltenyi Biotech, #130-113-450) was performed. Samples were ac-
quired on FACS ARIA II (BD Biosciences) and the microglial population
was gated as CD11b™"/ CD45%/ Ly6C/ Ly6G/ viable cells. Spleen
macrophages were used as an internal biological negative control to set
a threshold to gate vGLUT1 positive microglia fraction, since use of
isotype controls are not ideal to distinguish the positive and negative
populations, especially following the intracellular staining protocols
(Maecker and Trotter, 2006). Gating strategy to define microglia and
analyze microglia-specific vGLUT1 signal is provided in Fig. 5b. Com-
parison of the vGLUT1 positive signal to the isotype controls and spleen
is provided in Supplementary Fig. 7. Specificity of the vGLUT1 antibody
was tested on glutamatergic neurons from the Vglut-IRES-Cre//ChR2-
YFP mice and 97.9 % of the cell fraction was detected as vGLUT1 pos-
itive (Supplementary Fig. 8). Gating strategy to define spleen macro-
phages is provided in Supplementary Fig. 9. Raw data were analyzed
with FlowJo v10 (BD Bioscience).

Through this assay, we successfully quantified the engulfment of
vGLUT1" synapses by microglia. It is important to note that microglia
exhibit approximately 95 % viability after the isolation procedure
(Supplementary Fig. 7a), and retain their ability to engulf synaptic
material ex vivo. After the isolation procedure, we fixed the cells prior to
the intracellular vGLUT1 staining. As a result, we measured a combi-
nation of in vivo and a short-term ex vivo engulfment until the fixation via
this assay, which we have referred to as in vivo* throughout the manu-
script. An alternative in vivo approach to quantify microglial engulfment
of synapses would be immunohistochemistry (IHC), where the tissue
integrity is not compromised.

2.7. Crude synaptosome isolation and pHrodo™Red labeling

Hippocampal synaptic terminals were freshly isolated for each
experiment, using Syn-PER Synaptic Protein Extraction Reagent
(Thermo Fisher Scientific, #87793) as recommended by the manufac-
turer. In brief, hippocampi from BL6 male and female mice were
dissected on ice-cold glass platform and homogenized by using a Dounce
tissue grinder by ~ 30 gentle strokes. The homogenate was centrifuged
at 1200g for 10 min. and the pellet was discarded. The supernatant was
centrifuged at 15,000g for 20 min. and the synaptosome pellet was
resuspended in 0.1 M NayCOs. 0.2 mM pHrodo™Red (Thermo Fisher
Scientific, #P36600) was used to label synaptosomes at room


https://github.com/bugursu/Microglia-Anxiety-project
https://github.com/bugursu/Microglia-Anxiety-project

B. Ugursu et al. Brain Behavior and Immunity 119 (2024) 465-481

a
FACS-based sc-RNA Microglia
microglia sort sequencing Heterogeneity
@®
. . pall ) ®
b CAM d Tmem119
301
<3 % 2 > 2 100
: m:u 2" o
g0 50
® Ml 10 )5
® CAM -20 )
® MV
Proliferative
MV
3 IFN Resp-I
2 IFN Resp-lI
~ IFN Resp-I IFN Resp-II 100
| IFN Resp-II
w 75
2
4 50
tSNE_1 25
C
T® ® © ® ® ® o © © T Jos
[ ) (] ° (] o ° ° . )y |cae
° o . . . . . Iltgax Gene
: ° : ° ° : : ‘ N © | Expression
° . . . . Sppt 2
° . - . . Cel4 I1 10.0
‘ ‘ ) ‘ ‘ ‘ [ Trem2
e o e 0 o ¢ ° Lampt 0 75
[ [ [ ] [ ] o (4 [ ] Cdes -1
o ©o e O o o [ ] Cloe ) 50
o O e O o ‘ [ ] Ctap
L ® ® ¢ e ® ® o6 ¢ & o 25
. - L] - - Birc5
. . . . -+ |wie7  Expressed in
L B ——— N cells (%)
[ ] [ ] [ ] o ® [ ] [ ) [ Csfir
e 6 o o6 o o o o Hexb ° <25
e © o o o e o Oxgert
[ ] o [ [ ) [ ] ) ° P2ry13
(] [ ] : (] (] - : (] P2ry12
! ! ! ! [ ] Tmem119
- = - i ® 25
¢ - e 'l @50
. [ ] Ms4a7 75
° 0 . ° it 100 100
[ ] ° L] Ifit2 75
[ ] 3 . . . Usp18
. ° ° o |isg1s 5.0
PO B R O é\&\\ 25
& S
Q@o ;_,QOQ \&‘\\Q' Q,Qoﬂ‘
& <
4 & N

(caption on next page)

468



B. Ugursu et al. Brain Behavior and Immunity 119 (2024) 465-481

Fig. 1. Single-cell RNA sequencing reveals nine microglia clusters diversified in their gene expression status in the HAB male and female brains. a) Experimental
workflow for the single-cell RNA sequencing (Created by using BioRender.com). After the removal of brains, microglial cells were isolated by papain-based enzymatic
dissociation and percoll gradient isolation, followed by FACS. The resulting cells were subjected to droplet-based separation and library preparation to perform
single-cell RNA sequencing. b) t-distributed stochastic neighbor embedding (t-SNE) reveals 10 different clusters (9 microglia and 1 CNS-associated macrophages
(CAM) in HAB and NAB brains of both sexes (n = 8, total 52.363 cells analyzed; HAB female: 15.548 cells; HAB male cells: 13.997; NAB female: 9853 cells; NAB male:
12.965 cells). ¢) Dot plot indicating the gene expression profile of different microglia clusters based on the expression of a selected set of genes indicating different
microglia states. The colour scale codes the average gene expression level; purple tones indicate higher expression; and yellow tones indicate lower expression. The
diameter of the circle codes for the percentage of cells expressing the gene. MI (homeostatic) cluster expresses high levels of microglia canonical marker genes (Hexb,
P2ry12, Tmem119) and phagocytosis & synaptic pruning-associated genes (Cd68, Trem2, Lamp1). MII (intermediate) and MIII (pre-active) clusters show lower levels
of Tmem119, Hexb, P2ry12, P2ry13 as well as lower levels of phagocytosis & synaptic pruning-associated genes compared to the MI cluster. MII cluster is classified as
an intermediate state of microglia, where the expression of homeostasis-related genes (Hexb, Tmem119, P2ry12) are lower than MI and higher than MIII clusters.
M-IV cluster is related to the DAM signature, characterized by high expression of Cd9, Sppl, Trem2 and Itgax. It also shows low expression levels of Tmem119,
Cx3crl, P2ry12, P2ry13, Hexb. M—V cluster is at a similar state with the MIII cluster but shows relatively higher levels of the phagocytosis-associated genes such as
Cd68 and Lampl, indicating a phagocytic/ pre-active state. The proliferative microglia cluster shows high expression of Mki67, Birc5 and Cdk1 genes. Interferon
(INF)-Responsive MI, MII and MIII clusters show high expression levels of Ifit1,Ifit2,Isg15, Ifitm3. The CAM cluster shows high expression of Mrc1, Ms4a7 and Pf4
genes, distinguishing them from the rest of the microglia clusters. d) tSNE plots showing expression of microglial marker genes Tmem119 and P2ry12 to validate
microglial identity of the cells in all the clusters. Mrc1 and Ms4a7 genes are highly expressed by the CAM population and distinguish them from the microglia clusters.
(‘For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

temperature for 1.5 h with gentle agitation. After seven times of washing 2.9. Minocycline treatment
with PBS to remove unbound excessive pHrodo™Red, synaptosomes
were pelleted at full speed, 1 min. centrifugation and immediately snap Minocycline dosage was chosen according to our previously pub-
frozen using liquid nitrogen. lished study (Rooney et al., 2020). Minocycline (Sigma-Aldrich, Mis-
souri, USA, #M9511) was dissolved in tap water and was kept in light-
2.8. In vitro minocycline treatment and synaptosome engulfment assay protected drinking bottles for oral administration. Each mouse received
an average minocycline dosage of 40 mg/kg/day by adjusting the con-
Under deep anesthesia, 12 weeks old mice were transcardially centrations in the bottles according to the mean bodyweight and daily
perfused with DPBS. Hippocampi were dissected on a cooled glass drinking volume per cage, twice a week for 28 days. A randomized block
platform and placed in ice-cold Hibernate-A medium supplemented with design was used in assigning groups to minocycline/tap water

B27 (Thermo Fisher Scientific # A1247501). Enzymatic dissociation was treatment.

carried out using Worthington’s papain dissociation kit (Worthington

Biochemical, #LK003150) based on the manufacturer’s instructions. 2.10. Elevated plus maze (EPM)
Myelin debris was removed via percoll gradient centrifugation by
overlaying 2 ml PBS on cell suspension including 22,5 % Percoll in 2 ml
final volume, and centrifuged for 10 min. at 3000 g with full accelera-
tion and no breaks (Mattei et al., 2020). Myelin cloud and rest of the
supernatant were gently removed. Pellets were washed in ice-cold
MACS-buffer (DPBS, 2 % BSA) and stained with anti-mouse CD11b
magnetic beads (1/10, Miltenyi Biotech, #130-049-601) at 4 °C for 20
min. Total cells were passed through MS MACS columns (Miltenyi
Biotech, #130-042-201). The flow through was discarded and the cells
were flushed out of the column using a plunger into 1 ml Dulbecco’s
Modified Eagle Medium (DMEM; Gibco™, # 41965039) and pelleted
down by centrifugation at 300g, 6 min. Resulted pellets were resus-
pended in DMEM complete (10 % FBS and 0.1 % PenStrep) and seeded
in 24-well culture plates. After 1 h at 37 °C, 20 uM minocycline sup-
plemented into the wells apart from the control (untreated condition)
wells and cultivated for 24 h or 48 h. After the respective cultivation
times, medium was gently taken out and cells were supplied with 500 pl

The baseline anxiety was assessed using the elevated plus maze
(EPM) test. Drug naive mice (between 7 and 9 weeks of age) were placed
into a plus maze elevated 72 cm from the ground, consisting of two
closed arms (30 cm x 5 cm) illuminated with red light, and two open
arms (30 cm x 5 cm) illuminated with white light at 100 Ix, as previously
described (Sah et al., 2022). The test started by placing the mouse on the
center platform (5 cm x 5 cm) facing a closed arm. The total test duration
was 5 min.

2.11. Open field test

Following 4 weeks of oral minocycline treatment, the open field (OF)
test was conducted. The arena consisted of an open box (41 x 41 x 41 cm)
with a center compartment illuminated at 150 1x. Mice were placed in a
corner of the open field arena and allowed to explore the full arena for

fresh DMEM per well, supplemented with 3 pg PhRodo-labeled synap- 10 min.

tosomes per well and incubated for 2 h at 37 °C. Cells supplemented with

same amount of unstained synaptosomes were used as a negative con- 2.12. Light dark test (LD)

trol. For analyses, cells were washed with DPBS 3 times, detached using

trypsin (Thermo Fisher Scientific, #R001100) and resuspended in DPBS 2 days after the OF test and by using the mice still on minocycline
including fixable viability dye (Thermo Fisher Scientific, #L34969, 1/ treatment, the light/dark test was performed. Here, the open field box
1000) and kept at 4 °C for 25 min. Afterwards, cells were resuspended in was used but divided into a light chamber illuminated at 300 lx, as well

FACS buffer including CD16/CD32 (1/200, Thermo Fisher Scientific, as a closed dark chamber illuminated at < 20 Ix (black box is one third
#14-0161-82) and kept for 10 min. on ice, and followingly 1/100 the size of the whole arena) and that was accessible through a small door
CD11b, 1/100 CD45 antibodies were added and incubated at 4 °C for 20 (assigned as transition zone). In brief, mice were placed at the door of

min. After the incubation, cells were washed once and centrifuged at the dark chamber and, when it entered the dark chamber, they were
300g for 5 min. The resulting pellet was dissolved in 200 pl FACS buffer. allowed to explore the full arena for 10 min.

Data were acquired using BD Aria II and PhRodo-PE MFI was analyzed A recent study (Bosch et al., 2022) demonstrated that stress-induced
using FlowJo v10 (BD Bioscience). modulation of anxiety-like behavior, as assessed by the EPM, was only

observed during initial testing. Subsequent repetitions of the test
resulted in the abolition of this behavioral effect. Repetative use of the
same tests on the same mice would have little success since the primary
mandate of novelty will be lost when the test is repeated (Prevot et al.,
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response such as Ifngrl, Ifnar2 also show higher expression in the MI cluster. b) Main microglia clusters (MI-MII-MIII) indicate minor differences in their percentage
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the HAB brain: 32.11 %, 34.78 %, 23.84 %, 3.03 %, 1.66 %, 2.35 %, 1.06 %, 0.57 %, 0.39 %, 0.17 %; NAB brain: 31.6 %, 38.33 %, 21.67 %, 1.67 %, 1.86 %, 2.16 %,
1.72 %, 0.54 %, 0.22 %, 0.19 %, respectively. ¢ and d) Microglia clusters indicate varying percentages in HAB and NAB brains of male and females. Distribution of
MI, MII, MIII, CAM, MIV, Proliferative, MV, Interferon (IFN)-responsive I, IFN. Responsive II and IFN. Responsive III. in HAB male: 23.94 %, 41.02 %, 25.71 %, 3.11
%, 2.23 %, 1.21 %, 1.37 %, 0.77 %, 0.37 %, 0.22 %; HAB female: 39.47 %, 29.16 %, 22.15 %, 2.97 %, 1.14 %, 3.37 %, 0.77 %, 0.38 %, 0.41 %, 0.12 %; NAB male:
22.61 %, 48.49 %, 21.67 %, 0.84 %, 2.14 %, 1.02 %, 2.21 %, 0.50 %, 0.27 %, 0.20 %; NAB female: 43.42 %, 24.95 %, 21.67 %, 2.78 %, 1.49 %, 3.65 %, 1.07 %, 0.59
%, 0.15 %, 0.18 %, respectively. Major microglia clusters (MI, MII and MIII) are highlighted in (c) and represent ~ 90 % of the total microglia analyzed. Rest of the
microglia clusters and CAM are separately shown with higher resolution in (d) and represent ~ 10 % of the total microglia analyzed. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Phagocytosis and inflammation-associated genes in the MI and MIII clusters show higher expression levels by HAB female compared to the HAB male. a and
b) Feature plots highlighting the MI (purple) and MIII (red) clusters, respectively. ¢ and d) Heatmaps indicating a selected set of genes that are differentially
regulated in the MI cluster of HAB female and HAB male brains(c) and NAB female and NAB male brains (d). The scale indicates the log2 fold-change values between
the groups compared. Genes associated with synaptic pruning and phagocytosis (Trem2, Cx3crl1, Itgam, Cd68) and inflammatory response (Nfkbi, Il6r, Ifngrl) show
higher expression in female compared to male in the MI cluster for both HAB and NAB groups (Computed by using DESeq2 in Seurat differential expression testing
workflow, pAdj < 0.001). e) Bar plot indicates a higher proportion of MI cluster yet lower proportion of MIII cluster in the female brain compared to the male for both
HAB and NAB groups (blue: HAB male; light blue: NAB male; purple: HAB female; light purple: NAB female). f and g) Heatmap indicating a selected set of genes that
are differentially regulated in the MIII cluster of NAB female and NAB male brains (f) and HAB female and HAB male brains (g). The scale indicates the log2 fold-
change values between the groups compared. Genes associated with synaptic pruning and phagocytosis (Trem2, C1qa, C1gb, Cd68, Cx3cr1, Itgam) and inflammatory
response (Nfkbi, Il6r, Ifngrl, Jak1) show higher expression in HAB female compared to HAB male in the MIII cluster (Computed by using DESeq2 in Seurat differential
expression testing workflow, pAdj < 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

2019). That is the reason why we employed different anxiety tests for
evaluating baseline (EPM) versus treatment (LD) to avoid the con-

founding effect of memory.

2.13. Statistical analysis

Data analyses were performed with GraphPad Prism 8.0 software
(GraphPad Software Inc., Boston, MA, USA). A 95 % confidence interval
was used for statistical evaluation, and P < 0.05 was considered as a
statistically significant difference in all sampled groups, if not specified
otherwise in the figure legends. Data are presented as means + standard
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error of the mean (S.E.M.), and were all tested for homoscedasticity and
outliers using GraphPad Prism 8 Software. No statistically significant
outliers were detected in the datasets and no outliers were removed
during the data analysis. The respective statistical tests are mentioned in
the figure legends as well as provided below.

Fig. 3¢, d, f and g Differential expression analysis between different
groups was performed using the DeSeq2 of the Seurat R package. pAdj <
0.001 was considered as statistically significant.

Figs. 4-7: Two-way ANOVA with Siddk’s multiple comparison post-
hoc test was used to compare HAB male, HAB female, NAB male and
NAB female groups with each other. Number of replicates (n) and p-
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values are provided in the figure legends for each experiment.
Fig. 8: Unpaired t test was used to compare HAB female vehicle
control versus HAB female minocycline-treated groups.

3. Results

3.1. Single-cell RNA sequencing reveals heterogeneity and sex difference
of microglia in mice with innate high anxiety

To address microglia heterogeneity in HAB compared to NAB, we
first performed single-cell RNA sequencing of HAB and NAB brains
(whole brain excluding cerebellum and olfactory bulb) including both
sexes to perform an exploratory analysis (Fig. 1a). Using various genes
related to a particular microglial function or subset, we identified 10
clusters including a cluster of CNS-associated macrophages (CAM)
(Fig. 1b-d). We confirmed the microglial identity of these clusters by
analyzing their expression levels of the canonical microglial marker
genes P2ry12, Tmem119 and Hexb (Masuda et al., 2020) (Fig. 1d, and
Supplementary Figs. 2, 3).

3.2. Microglia holding a high potential of synaptic engulfment and
phagocytosis are enriched in the female brain

MI cluster shows high expression of canonical microglial marker
genes such as Hexb, Tmem119, P2ry12, suggesting a homeostatic state
(Fig. 1c and Supplementary Figs. 2 and 3). On the other hand, MIII
cluster indicates a pre-active state given the lower expression of genes
related to homeostasis (Fig. 1c and Supplementary Figs. 2 and 3). MIL
cluster represents a transitory state between the MI and MIII clusters,
based on the expression levels of the canonical microglial marker genes,
which is higher than the MIII and lower than the MI (Supplemetary Fig.
2). We also found a higher expression of genes related to phagocytosis
and synaptic engulfment such as Cd68, Trem2, Clqc, Lampl in the MI
cluster compared to the MII and MIII (Fig. 2a). Furthermore, we detected
a higher expression of genes related to interferon response such as Ifngrl
and Ifnar2 in the MI cluster (Fig. 2a).

Most microglia detected in the HAB and NAB brains belonged to the
MI, MII and MIII clusters, constituting approximately 90 % of the total
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microglia analyzed (Fig. 2b). Comparing HAB and NABs, we found only
slight differences in the proportion of the major microglia clusters
(Fig. 2b). Interestingly, when we separated different sexes of HAB and
NABs in the analysis, we found more pronounced differences in the
proportion of these clusters indicating a sex difference in the distribution
of different microglia clusters (Fig. 2c).

The proportion of the MI cluster in the HAB female brain is ~ 39 %,
whereas ~ 24 % in the HAB male (Fig. 2c). A similar sex difference is
also reflected in the NAB brains with ~ 43 % in NAB females versus ~
22 % in NAB males (Fig. 2¢). MIII, on the other hand, constitutes ~ 30 %
of HAB female, ~40 % of HAB male, 25 % of NAB female and 48 % of
NAB male microglia (Fig. 2¢). These data together suggest that microglia
clusters indicating homeostatic (MI) and pre-active (MIII) states repre-
sent varying percentages in male and female brains.

Apart from these major microglia clusters, the rest represent 10 % of
the total microglia analyzed and their percentages also suggest sex dif-
ference, especially for the microglia at the proliferative state, showing
high expression of cell cycle-associated genes such as Cdk1, Mki67 and
Birc5, as well as for the M—IV cluster indicating a DAM signature (Fig. 1¢
and Fig. 2d). Altogether, present percentage dynamics of the microglia
clusters detected in the HAB and NAB brains suggest a sex difference
along with a great degree of heterogeneity, which we could show in 9
distinct clusters and 1 CAM cluster based on their gene expression
profile.

3.3. MI and MIII clusters express higher levels of genes related to synaptic
pruning and inflammatory response in the HAB female brain compared to
the HAB male

We have shown that the MI and MIII clusters, which are among the
major microglial clusters detected in our dataset, indicate sex difference
in their percentage dynamics comparing male and female brains. When
we compared the gene expression profiles of these two clusters between
the HAB male and HAB female brains, we found that in both HAB and
NAB groups, the genes related to inflammatory response such as Nfkb1,
Il6ra, Ifngrl show higher expression in female as compared with male
microglia in the MI cluster (Fig. 3a,c and d). Interestingly, we also
observed that in this cluster, which shows a high phagocytic capacity
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based on its gene expression profile, the expression of genes related to Trem2, Clqa, C1gb, Cx3crl, Itgam, Cd68 compared to male, indicating
phagocytosis as well as to synaptic engulfment such as Cd68, Trem2, that also the cells in the MIII cluster show a higher potential to engulf
Itgam, Cx3crl are higher in the female compared to the male in both synapses in the female brain compared to the male in both groups
HAB and NAB groups (Fig. 3c and d). Therefore, this data suggests that (Fig. 3b, f and g). This cluster shows a higher percentage in the male
microglia belonging to this cluster might have a higher potential to compared to the female brain (Fig. 3e). Comparing HAB males to NAB
engulf synapses in the female compared to the male brain in the HAB males in the MIII cluster, we detected lower expression of CI1gb and C1qc
and NAB (Fig. 3e). Comparing HAB male to NAB male, we similarly by HAB male microglia (Supplementary Fig. 4c), and there was no sig-
found higher expression of genes such as Trem2, Ifngrl; and lower nificant difference between the expression of genes related to phago-
expression of C1qc, Lamp1 in the MI cluster (Supplementary Fig. 4a). cytosis, synaptic engulfment and inflammatory response between HAB
When we compared HAB females to NAB females, we detected only females and NAB females (Supplementary Fig. 4d). Concerning these
Clqa among the marker genes associated with synaptic pruning and particular pathways, we overall detected minor differences between the
inflammatory response, and it has higher expression in the HAB (Sup- lines of matching sexes in terms of gene expression profile of the main
plementary Fig. 4b). This data, therefore, indicates that in the MI cluster, microglial clusters. We observed more pronounced differences
the difference between HAB and NABs is not as pronounced as the sex comparing different sexes of the same lines. While comparing different
differences between the same groups. sexes, analysis of these major microglia clusters indicated potential

When we analyzed the MIII cluster, which has a lower expression of markers such as Trem2, Itgam and Cx3cr1, which could possibly drive an
genes related to phagocytosis, we observed a higher expression of genes elevated microglial pruning of synapses in the female brain compared to
related to an inflammatory response in the female compared to the male, male. Furthermore, the gene expression profile of these clusters indicate
which was more pronounced in the HAB group (Fig. 3b, f and g). a state that is more prone to inflammation in the female compared to the
Moreover, we showed that female microglia express higher levels of male brain (Fig. 3).
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3.4. HAB female microglia express higher levels of markers related to Therefore, we next focused on the functional validation of our hypoth-
synaptic engulfment in the hippocampus esis in the hippocampus using both sexes of HAB and NAB.

So far, we reported different gene expression profiles of microglia
comparing males and females of HAB and NAB groups in the whole
brain. Moreover, differential expression analysis revealed changes in the
regulation of genes related to phagocytosis and synaptic pruning in the
whole brain. After these first steps of exploratory analysis using single-
cell transcriptomics, we narrowed our focus down on one of the prom-
ising pathways that were indicated in the single-cell RNA sequencing
dataset and picked the synaptic pruning as our first target considering it
has a promising potential to modulate synapses. We focused on the
hippocampus since we can functionally test synaptic pruning by
microglia in this region at the adult stage due to its plasticity in terms of
synaptic remodeling (Weerasinghe-Mudiyanselage et al., 2022). We first
checked the expression of CX3CR1(encoded by Cx3cr1), TREM2 (enco-
ded by Trem2) and CR3 (encoded by Itgam) proteins that have previously
been shown to modulate pathways that regulate engulfment of synapses
by microglia (Paolicelli et al., 2011; Stevens et al., 2007; Filipello et al.,
2018) and were detected as differentially regulated in our tran-
scriptomics dataset. We found no sex-specific differences in the NAB
group, yet detected significantly higher expression of these three pro-
teins by microglia in the HAB female compared to the HAB male (Fig. 4). 3.6. Minocycline treatment alleviates higher engulfment of synapses by
These findings point to an elevated potential for microglial pruning of HAB female microglia and reduces anxiety-related behavior of HAB

3.5. HAB female microglia engulf more vGLUT1" excitatory synapses in
the hippocampus

We next functionally examined in vivo* (*referred in the Methods
section 2.7) synaptic engulfment by microglia in the hippocampus
(Fig. 5a), and showed that HAB female microglia engulf more vGLUT1 ™"
synapses than either HAB males or NAB females (Fig. 5b—e). We also
detected a higher percentage of vGLUT1 " microglia in the hippocampus
of HAB female compared to NAB female (Fig. 5¢). These findings suggest
that higher engulfment of vGLUT1 " excitatory synapses by hippocampal
microglia is sex-specific and more pronounced in the HAB females than
in any of the other groups. Yet, we found no differences in the engulf-
ment of vGLUT1" synapses by NAB male and NAB female microglia
(Fig. 5b-e). Therefore, this data supports the sex difference reflected in
the transcriptomics dataset at a functional level only in the HAB female;
whereas, it does not indicate any differences between NAB female and
NAB male.

synapses in the HAB female hippocampus compared to the HAB male, female

which was also reflected in the transcriptomics dataset (Fig. 3). Inter-

estingly, we found higher expression of TREM2 but lower levels of Previous reports have indicated that minocycline alleviates high
CX3CR1 and CR3 in the HABs of both sexes compared to sex-matching anxiety-related behavioral symptoms in HAB mice and influences
NAB controls in the hippocampus (Fig. 4a—c). These findings deviate microglia in models of innate anxiety (Rooney et al., 2020) and other
from our transcriptional findings in the whole brain (Fig. 3), and indi- psychiatric disorders (Mattei et al., 2017). We therefore next tested the
cate differences between HAB and NAB groups in the hippocampus in vivo effects of minocycline on microglia of HAB male and HAB female
versus the whole brain. Our findings in the hippocampus indicate a mice by supplying it in the drinking water for 4 weeks (Fig. 6a). We
potential difference in the microglial engulfment of synapses especially focused only on HAB males and HAB females since the HAB group re-
between sexes in the HAB group, since all three markers show higher flects a striking sex difference both at transcriptional and functional
expression by HAB female microglia compared to the HAB male. level in the hippocampus. We first checked engulfment of vGLUT1™

synapses by microglia in response to the treatment, and found a
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minocycline treatment and the synaptosome engulfment assay (Created by using BioRender.com). Freshly isolated adult hippocampal microglial cells were treated
with minocycline in culture for 24 and 48 h. The treatment was followed by incubation with synaptosomes to measure their engulfment compared to untreated
controls. b) HAB female microglia engulf more pHrodo™Red-labeled synaptosomes compared to HAB male after 24 h in culture. In vitro minocycline treatment (24
h) do not show an effect on total synaptosome engulfment by HAB male and female microglia compared to the untreated controls (2-way ANOVA with Sidak’s
multiple comparisons test, nHABmale =6, nHABfemale =6, pHABm/HABf =0.002, pHABm/HABm-mino =0.873, pHABf/HABf-mino =0.497, pAdeABm-mino/HABf-mino < 0.0001; *P
< 0.05; **P < 0.01; ***P < 0.001). ¢) HAB female microglia engulf more pHrodo™Red-labeled synaptosomes compared to HAB male after 48 h in culture. In vitro
minocycline treatment (48 h) decreases the engulfment of total synaptosome by HAB female microglia compared to the untreated control. Treatment did not show a
significant effect on HAB male microglia compared to the untreated control (2-way ANOVA with Sidak’s multiple comparisons test, nf/ABmale — g ptiABfemale _ 5
pHABm/H.ABf < 00001, 1:’HABm/HABm-mino _ 0997’ pHABf/HABf-mino < 00001’ pHABm-mino/HABf-minu < 0.0001’ *p < 005, %P 001, wHHD 0001)

significant reduction of synaptic engulfment by the HAB female micro- treatment (Fig. 7a). We found higher levels of synaptosome engulfment
glia to the level of HAB male (Fig. 6b). We also showed that the treat- by untreated HAB female microglia compared to the untreated HAB
ment reduced the percentage of vGLUT1" microglia in the female HAB male, both after 24 h and 48 h in culture (Fig. 7b and c), which shows

hippocampus compared to the untreated female HAB controls (Fig. 6¢). that HAB female microglia engulf more synaptosomes also in vitro and
Minocycline is also acting on other cells and organ systems following that is in line with our vGLUT1-specific findings. After 24 h of mino-
systemic administration (Moller et al., 2016). Therefore, we next cycline treatment, we detected no significant difference in the synap-
explored the direct effect of minocycline on microglial engulfment of tosome engulfment, comparing the treated HAB male and HAB female
synapses by directly supplying it on MACS- isolated CD11b" microglia microglia to the untreated controls (Fig. 7b). However, after 48 h of
from the hippocampus of HAB male and HAB female at postnatal day 90 treatment, we found a significant decrease in the engulfment of total
(P90) in vitro. We incubated freshly isolated pHrodo ™Red-labeled synaptosomes specifically by the female HAB microglia compared to the
synaptosomes with both HAB male and HAB female microglia, and untreated control (Fig. 7c).
analyzed their engulfment upon 24 h and 48 h in vitro minocycline Together these findings indicate that female HAB microglia engulf
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Fig. 8. Chronic oral minocycline administration reduced anxiety-related behavior of HAB female mice. a) Experimental workflow depicting the chronic oral
minocycline administration via supplementing it in the drinking water and the light-dark box test to assess anxiety and depressive-related behavior of female HABs
(Created by using BioRender.com). b) HAB females that undergone 4 weeks of minocycline treatment spent significantly longer time in the light box compared to the
untreated controls (Unpaired ¢ test, n°"™ = 8, p™inoeyeline _ 5 1 yalye = 0.027). ¢) HAB females that undergone 4 weeks of minocycline treatment made signif-
icantly higher number of entries to the light box compared to the untreated controls (Unpaired t test, n®™™! = g, pminocyeline _ 5 1, yalye = 0.007; *P < 0.05; **P <

0.01; ***P < 0.001).
more vGLUT1" excitatory synapses and total synaptosomes compared to related to synaptic engulfment such as Trem2, Clqa, Cd68 showed
the male HAB microglia, indicating a clear sex difference in the function higher expression by HAB female in the major microglia clusters
of microglia. We also provided evidence that both in vitro and in vivo compared to the HAB male. 2) We functionally supported these findings
minocycline treatments significantly alleviate this intrinsic state of HAB by demonstrating that the hippocampal microglia of HAB females
female microglia to engulf more synapses but show no significant effect engulfed more VGLUT1" excitatory synapses and total synaptosomes
on the HAB male microglia. In vitro assays do not fully recapitulate the than those of HAB males. Our findings revealing altered synaptic
dynamic functionality of microglia in vivo (Timmerman et al., 2018). engulfment by microglia align with other studies that found a link be-
That is why, we complemented these in vitro experiments with in vivo* tween altered brain connectivity and anxiety-like behavior (Kalin,
findings to obtain a more comprehensive understanding of the effect of 2017). However, further investigation is needed to determine the precise
minocycline treatment on microglial engulfment of synapses. effect of altered microglial engulfment of synapses on synaptic con-
At last, we investigated whether the effect of minocycline on nectivity. Anxiety-related behavior has been associated with alterations
microglial engulfment of synapses is associated with changes in in excitatory synaptic transmission in the paraventricular nucleus of the
behavior, and tested anxiety-related behavior of HAB females that were hypothalamus (Bolton et al., 2022) and prefrontal cortex (Socodato
subjected to oral minocycline treatment. We report significantly longer et al., 2020); therefore, from the outset we focused on vGLUT1" excit-
time spent in the light arena as well as a higher number of entries to the atory synapses but further showed an effect also on the engulfment of
light arena in the minocycline-treated group (Fig. 8). No differences in total synaptosomes by microglia. 3) We report that in vitro and in vivo
locomotor activity were observed between the treated and untreated minocycline treatment modulates synaptic engulfment by microglia,
groups (Supplementary Fig. 11). This data indicates an anxiolytic effect and in particular, the treatment significantly reduces the synaptic
of minocycline on behavior of female HABs and that is in parallel with engulfment by female HAB microglia.
our microglia-specific findings in the female HAB hippocampus. Our data indicate that the MI cluster, in particular, holds a great
capacity to modulate synapses based on its gene expression profile. MII
4. Discussion and MIII clusters on the other hand represent a different state by

showing lower expression of genes related to synaptic engulfment,
Many psychiatric disorders, including anxiety and depression, phagocytosis (Trem2, Cl1gb, C1qc, Cd68) as well as homeostasis (Hexb,

exhibit gender differences in their prevalence, clinical manifestation as Tmem119, P2ry12). Higher expression of lysosomal markers in microglia
well as at the cellular level (Bangasser and Valentino, 2014). Moreover, may as well suggest an altered lysosomal function and/ or lysosomal
these differences are often associated with dysregulations in the immune biogenesis (Holtman et al., 2015). Recent studies also highlight the
system and alterations of neural circuits (Ressler and Mayberg, 2007; contribution of autophagy in regulating lysosomal function (Martinez
Gaspersz et al., 2017; Tubbs et al., 2020). Considering the critical role of etal., 2011). Therefore, it is possible that higher expression of lysosomal
microglia in immune responses (Kettenmann, 2011) and synaptic markers in microglia may indicate multiple alterations at the functional
refinement (Schafer et al., 2012; Vainchtein and Molofsky, 2020; level. Therefore, we performed a phagocytosis assay using synaptosomes
Vainchtein et al., 2018; Paolicelli et al., 2011; Ji et al., 2013; Miyamoto to ensure that higher expression of these markers in the HAB female
et al., 2016); it is surprising that very few studies addressed sex differ- brain is related to phagocytic activity in the context of synaptic
ences in microglial cells in the context of innate high anxiety. To address engulfment.

this gap, our study presents three pertinent findings: 1) we report het- The higher expression of Trem2, Tyrobp, Cd9, Spp1, Ccl3, Ccl4 in MIV
erogeneity and sex difference of microglia at single-cell resolution in a cluster indicates similarities to the previously reported disease-
context of innate high anxiety and comorbid depressive-like behavior. associated microglia (DAM) signature, which initially is associated
Microglia clusters bearing a prominent signature of high synaptic with Alzheimer’s disease (AD) models (Keren-Shaul et al., 2017).
engulfment and phagocytosis showed higher percentage in the HAB However, such signatures should be cautiously assessed since the defi-
female brain compared to the HAB male. We moreover found that genes nitions of different microglial states or clusters are highly context-
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dependent. Microglia display diverse states and responses based on the
signals they receive from their microenvironment (Hanisch and Ket-
tenmann, 2007). These states can be represented by a variety of tran-
scriptional changes that do not always correspond to a function
(Paolicelli et al., 2022). For instance, downregulation of P2ryl2,
Tmem119, Hexb as shown in the MIII cluster, has been linked to a
particular microglia state called white matter-associated microglia
(WAM) in the Alzheimer context as well as regarded as an activated state
of microglia (Schlepckow et al., 2017; Safaiyan et al., 2021). However,
these core microglia marker genes are also under regulation of various
signals, and do not show a steady expression (Paolicelli et al., 2022).
Therefore, changes in their expression levels are not always sufficient for
defining a similar microglial state in the context of anxiety, unless it is
functionally validated. Their lower expression in one context may sug-
gest myelin debris clearance (Safaiyan et al., 2021), while in another,
may indicate a physiological state based on the cues received from the
microenvironment. For this reason, we refrain from relating these
clusters to those observed in earlier publications in the context of
different diseases.

We found that many critical pathways were upregulated in HAB fe-
males compared to HAB males, particularly in the MIII cluster, including
‘regulation of immune response’, ‘synaptic pruning’, ‘microglial activation’,
and ‘neurogenesis’ (data not shown). In the current study, we mainly
focused on synaptic engulfment by microglia among these pathways,
since it holds a solid potential for modulating synapses. We functionally
tested it in the hippocampus, and showed that HAB female microglia
engulfed more vGLUT1" synapses compared to the HAB male which is as
well reflected in the transcriptomics data from the whole brain. Ac-
cording to autopsy reports (Duric et al., 2013; Zhao et al., 2012) and
functional magnetic resonance imaging (fMRI) studies (Zeng et al.,
2012), patients with depression and comorbid anxiety showed altered
brain connectivity, particularly synapse loss. Additionally, preclinical
research has also indicated synapse loss in depression and anxiety
context (Han et al., 2022). The high microglial engulfment of synapses
presented here could potentially drive loss of synapses, which remains to
be investigated in future studies.

Although females are repeatedly reported to have a higher preva-
lence of anxiety-related disorders (Kessler et al., 2012; Strand et al.,
2021; McLean et al., 2011; Moser et al., 2016), pre-clinical research
mostly relies on data from males. Sex differences in microglia have been
reported by several groups, in contexts of both health (Guneykaya et al.,
2018; Villa et al., 2018; Hanamsagar et al., 2017) and disease (Kodama
and Gan, 2019; Kalm et al., 2013; Acaz-Fonseca et al., 2015; Bodhankar
et al., 2015). Such differences in the context of innate high anxiety have
largely remained unexplored, but studies have shown that chronic stress
exert different effects on male and female microglia (Bollinger, 2021;
Wohleb et al., 2018; Wilber et al., 2011). The significance of these
findings lies in the fact that chronic stress has been implicated as a
profound risk factor for anxiety and depression-related behavior (Bouter
etal., 2020; Conrad et al., 2011). It also alters microglia morphology and
the expression of immunoregulatory factors by microglia (Tynan et al.,
2010; Hinwood et al., 2012) differently in males and females (Bollinger,
2021). Furthermore, Wohleb et al. (2018) reported enhanced microglial
engulfment of synapses in the medial prefrontal cortex of male mice, but
not female, in response to chronic high stress (Wohleb et al., 2018). As
sentinels of the CNS, microglia are overly sensitive to signals from their
surroundings (Kettenmann, 2011; Kettenmann et al., 2013). Chronic
stress is also known to alter neural activity (Wilber et al., 2011), which
can be detected by microglia and could drive such pruning-associated
results in the stress-induced anxiety models. Similarly, it has been
shown that HABs display changes in basal neurotransmission at the
ventral CA3-CA1 synapses of the hippocampus (Dine et al., 2015), which
could have an impact on microglia-mediated synaptic pruning. Yet this
particular study investigated only the male mice and we were unable to
detect a functional phenotype in the HAB male microglia in terms of the
engulfment of synapses. HAB females, on the other hand, show an
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evident phenotype of higher synaptic engulfment compared to HAB
males and NAB females. Another study that exclusively focused on HAB
females found that high innate anxiety with comorbid depression and
anhedonia-related behavior were accompanied by a lower rate of neu-
rogenesis and impairments in the functional integration of newly
generated neurons in the hippocampus (Sah et al., 2012). We add to
these findings by reporting elevated engulfment of synapses by HAB
female microglia and speculate that microglia with a higher potential to
engulf synapses could have a potential effect on integration of newly
born neurons in the HAB female hippocampus. These findings are also in
parallel with clinical data reporting decreased hippocampal connectiv-
ity and volume in patients with depression (Campbell et al., 2004; Ge
et al., 2019).

Given that our findings on synaptic engulfment at the functional
level are female-specific, what could explain differences between the
sexes? Gonadal hormones appear to have a role driving some of these sex
differences (Bollinger, 2021; Bollinger et al., 2019). Many adult sex
differences in behavior and brain function are known to be develop-
mentally programmed by steroid hormones, such as estrogen and
testosterone (McCarthy et al., 2012; Gorski et al., 1986). Particularly
during critical developmental pre- and postnatal time points, sex ste-
roids can have long-lasting impact on the organization of brain circuits
(McCarthy et al., 2017). Overall, the developmental programming of
adult sex differences by steroid hormones contributes to the complex
interplay between genetics, hormones and environmental factors in
shaping sex differences. Receptors for glucocorticoid, estrogen, and
androgen are expressed on microglia, which makes them responsive to
variations and fluctuations in these hormonal signals (Carrillo-de
Sauvage et al., 2013; Horchar and Wohleb, 2019; Sierra et al., 2008). A
number of studies have reported that hormones play a crucial role in
mediating sex-specific neural (Garrett and Wellman, 2009; Shansky,
etal., 2010) and microglial responses (Bollinger et al., 2019). In a highly
intriguing study, Caetano et al. (2017) used prenatal exposure to glu-
cocorticoids (GC) to induce high anxiety behavior in male and female
rats (Caetano et al., 2017). They found that microglia in the medial
prefrontal cortex exhibit sexually dimorphic morphologies; those of fe-
males are less complex, and those of males are hyper-ramified (Caetano
et al., 2017). When an experimental anxiolytic adenosine A2AR agonist
was administered to these rats, males showed a drop in anxiety and the
hyper-ramified morphology of male microglia was normalized, while
there were no effects on either behavior or microglial morphology in
females. This study reports striking sex differences in the morphology of
microglia and their response to stimuli, even though there were no sex-
linked differences detected in the high anxiety-related behavior of males
and females, which both exhibited elevated anxiety compared to normal
controls (Caetano et al., 2017). Likewise, no behavioral differences have
been detected in HAB males and HAB females using classical behavioral
tests to assess anxiety-like behavior such as the elevated plus maze
(EPM) and light-dark test (LD) (data not shown). Classical behavioral
tests are useful to detect changes in the anxiety-related behavior while
comparing anxious groups to the normal controls. However, as both the
HAB male and HAB female groups exhibit high anxiety-related behavior
compared to the normal NAB controls, it becomes more complex when
attempting to detect sex differences by comparing two anxious groups to
each other. Classical tests such as EPM or LD demonstrate certain limi-
tations, which include introducing a novel environment and inducing a
stress response (Bailey et al., 2009; Borchers et al., 2022). In different
studies, they reveal some sex differences with varying results amongst
tests and show deviations from human findings indicating that these
classical tests have poor predictive power for both detecting rodent sex
differences and for reflecting human findings (Borchers et al., 2022; Lee,
et al., 2022). These tests may potentially understate sex differences,
particularly in females, because most of them were validated only in
males (Borchers et al., 2022; Donner and Lowry, 2013). This means that
our findings at the cellular and molecular level might have numerous
sex-specific behavioral manifestations, whose detection calls for more
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comprehensive behavioral tests such as 3D spontaneous behavior
mapping (Huang et al., 2021). However, such in-depth behavioral
characterization was not within the scope of this study and remains to be
explored in our future studies.

Microglia are critical players in the organization of neural circuits
through phagocytosis of synapses mainly via fractalkine receptor
(CX3CR1), complement receptor 3 (CR3) and the triggering receptor
expressed on myeloid cells 2 (TREM2) (Furusawa and Emoto, 2020;
Paolicelli et al., 2011; Filipello et al., 2018; Qin et al., 2022). These three
signaling pathways have been widely reported to modulate microglial
engulfment of synapses in different brain regions (Furusawa and Emoto,
2020; Paolicelli et al., 2011; Filipello et al., 2018; Qin et al., 2022). Liu
et al. (2020) reported that CX3CR1-CX3CL1 signaling is also associated
with depressive-like behavior, anxiety and anhedonia (Liu et al., 2020).
Similarly, C3 deficient mice display an excessive number of synapses
and resilience to anxiety, which confirms a role for the C1q-C3-CR3 axis
in synaptic pruning (Furusawa and Emoto, 2020; Stevens et al., 2007)
and anxiety-related behavior (Crider et al., 2018). While these obser-
vations are not explicitly focused on the context of innate high anxiety,
they support our functional findings concerning the higher engulfment
of synapses by female HAB microglia, which express higher surface
levels of TREM2, CR3 and CX3CR1 than HAB male microglia. We
therefore hypothesize that these signaling pathways, especially TREM2,
might potentially contribute to the reported functional differences in
microglia in the hippocampus of HAB, in a sex-specific way. Surface
levels of TREM2 are higher in the HAB female microglia compared to the
NAB female and HAB male. We also reported higher synaptic engulf-
ment by HAB female microglia compared to these two groups. Yet, we
observed similarly higher expression of TREM2 by HAB male microglia
compared to NAB males in the hippocampus, wherein we detected no
functional difference in the synaptic engulfment. Therefore, we can
speculate on a potential interplay between TREM2 levels and sex to
regulate microglial engulfment of synapses in this particular context,
highlighting a potential effect of sex. A recent study indeed indicated
that TREM2 deletion in microglia has a sex-dependent impact on glioma
growth, suggesting a relationship between TREM2 levels and sex in a
different context (Chen et al., 2023). We found no significant differences
in the regulation of these markers, including TREM2, comparing NAB
male and NAB female microglia, and we detected no functional differ-
ence between them. Additionally, we could show that some of our
findings such as higher expression of these markers by HAB female
microglia compared to HAB male were represented both in the whole
brain and hippocampus. Whereas, for instance, the sex difference in the
NAB group was not reflected in the hippocampus although detected in
the whole brain by single-cell RNA sequencing. Variation in these
findings indicate another degree of variation in the state of microglia
depending on the brain region, which was also highlighted by numerous
other studies (De Biase and Bonci, 2019; Silvin and Ginhoux, 2018; Tan
et al., 2020; Masuda et al., 2020). Therefore, our exploratory analysis
indicates overall changes in the HAB and NAB brains of both sexes in the
whole brain, whereas our hippocampus-specific findings indicate syn-
aptic pruning-associated changes at the functional level. Our data
therefore indicate different levels of complexity at transcriptional,
spatial and functional levels and provide a valuable resource to further
dissect the sex differences in innate high anxiety.

Several studies have shown that minocycline, a lipophilic broad-
spectrum antibiotic, ameliorates stress-induced anxiety in rodent
models (Wang et al., 2018; Levkovitz et al., 2015; Liu et al., 2018; Zhang
et al., 2019; Molina-Hernandez et al., 2008). Minocycline also exerts
unspecific, complex effects on microglia regarding cellular density,
morphology and reactivity in a context-dependent manner (Wang et al.,
2018; Yrjanheikki et al., 1998; Wang et al., 2017; Strahan et al., 2017;
Mattei et al., 2017). It crosses the blood-brain barrier (Garrido-Mesa
et al., 2013) and has been clinically tested on patients with major
depressive disorder and anxiety with promising results (Zazula et al.,
2021; Dean et al., 2017). Paralleling these findings, we have previously

478

Brain Behavior and Immunity 119 (2024) 465-481

reported that minocycline has anxiolytic effects on HAB males upon 28
days of oral administration (Rooney et al., 2020). We further found that
the treatment reduced the density of CD68™ microglia in the dentate
gyrus of hippocampus, and concluded that minocycline might modulate
the phagocytic potential of HAB microglia (Rooney et al., 2020). In
addition to these findings, we herein provide functional data showing
that hippocampal female HAB microglia engulf more synapses
compared to the male HAB and NAB, which was reduced in response to
minocycline treatment. In parallel to this, we showed a significant
anxiolytic effect of chronic oral minocycline treatment on HAB female
behavior (Fig. 8), which associates with our microglia-specific findings.
The anxiety level in the treated HAB females did not decrease
completely to the level of NAB female controls (data not shown).
Therefore, we conclude that minocycline exhibits an anxiolytic effect on
HAB female behavior, albeit without fully normalizing the anxiety levels
to that of the NAB females. Furthermore, it is crucial to note that our
findings do not indicate a direct causal relationship between synaptic
pruning and anxiety-related behavior. Instead, we report an association
between high anxiety-related behavior and microglial engulfment of
synapses specifically within the HAB female group. Thus, our findings
provide valuable insights into the changes in behavior and the pheno-
type of microglia, emphasizing the need for careful interpretation of the
data.

Interestingly, HAB male microglia neither exhibited differences in
synaptic engulfment compared to NAB, nor responded to minocycline
treatment, despite the previously observed effect on behavior. We un-
derline that the phagocytic potential of microglia is not only restricted to
the engulfment of synapses, but it extends to the engulfment of apoptotic
and necrotic cells (Green et al., 2016), bacteria and viruses (Nau et al.,
2014), neural precursors (Sierra et al.,2010), and amyloid plaques
(Huang, 2021). Therefore, phagocytosis of other targets cannot be ruled
out, even though a significant difference in the microglial engulfment of
synapses was not observed in the HAB males. Given that a higher per-
centage of CD68" microglia was previously detected in the HAB male
hippocampus (Rooney et al.,2020), future studies should test the
phagocytosis of other potential targets by HAB microglia. Interestingly,
Han et al. (2022) recently reported elevated engulfment of synapses by
microglia in the hippocampus of a chronic social defeat stress (CSDS)-
induced mouse model of depression. They further showed that mino-
cycline suppresses the synaptic engulfment by microglia (Han et al.,
2022), which is strikingly parallel to our findings. In a different study
using the poly(I:C) model for schizophrenia, we could also show the
effect of minocycline to functionally restore microglial phagocytosis to
normal levels in the hippocampus (Mattei et al., 2017). These results,
albeit in different contexts, point to a potential impact of minocycline on
microglial phagocytosis, which we also found in the present study.

In the absence of a stressor, genetic modification or immune chal-
lenges, our mouse model allowed us to obtain a thorough understanding
of the microglial heterogeneity in the context of innate high anxiety and
comorbid depression. We herein provide an overview of the microglia
phenotype along with sex differences and show evidence of higher
synaptic engulfment by microglia in the HAB female brain. These find-
ings suggest microglial engulfment of synapses as a critical potential
target, which can be affected by minocycline treatment. We further
underline the necessity of including both sexes in the anxiety research
given the known differences in risk and prevalence, as well as the sex-
linked differences we have reported in microglia phenotype and func-
tion. Our findings establish a foundation for future studies that will focus
on sex differences regarding the interplay of microglia and synapses as
well as the modulatory effects of minocycline.

CRediT authorship contribution statement
Bilge Ugursu: Writing — review & editing, Writing — original draft,

Visualization, Validation, Methodology, Investigation, Formal analysis,
Data curation. Anupam Sah: Writing — review & editing, Investigation,



B. Ugursu et al.

Funding acquisition, Data curation, Conceptualization. Simone Sartori:
Investigation, Formal analysis. Oliver Popp: Formal analysis. Philip
Mertins: Formal analysis. Ildiko R. Dunay: Writing — review & editing,
Writing — original draft, Methodology. Helmut Kettenmann: Writing —
review & editing, Writing - original draft, Funding acquisition,
Conceptualization. Nicolas Singewald: Project administration, Fund-
ing acquisition, Data curation, Conceptualization. Susanne A. Wolf:
Writing — review & editing, Writing — original draft, Project adminis-
tration, Funding acquisition, Data curation, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank Regina Piske and Nadine Scharek for technical assistance.
We thank the Genomics core facility of the Max Delbriick Center (MDC)
and Dr.Thomas Conrad, Caroline Braeuning and Dr.Cornelius Fisher for
technical assistance with single-cell RNA sequencing. We thank the
FACS facility of the MDC for technical assistance. We thank Russ Hodge
for proofreading the manuscript. This manuscript partially presents the
results of the 2024 dissertation “The Role of Microglial Synaptic Pruning
in Murine Models of Psychiatric Symptoms” by B.U submitted to the
Charite Universitidtsmedizin Berlin. Funding: S.A.W. received a grant by
the German Research Council (DFG WO 1418/6-1) together with N.S.
who received a grant by the Austrian Science Fund (FWF I 3875-B26)
within the collaborative grant scheme (DACH). H.K. is supported by
Shenzhen Key Laboratory of Neuroimmunomodulation for Neurological
Diseases, Shenzhen, China (ZDSYS20220304163558001). N.S. received.

Data Availability Statement.

Data supporting the findings of this study are available within the
article or Supplementary material. Additional data will be made avail-
able from the corresponding author upon reasonable request.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbi.2024.03.035.

References

Acaz-Fonseca, E., et al., 2015. Sex differences in glia reactivity after cortical brain injury.
Glia. United States 63 (11), 1966-1981. https://doi.org/10.1002/glia.22867.

Bailey, K.R., Crawley, J.N., 2009. Anxiety-related behaviors in mice. In: Buccafusco, J.J.
(Ed.), Methods of Behavior Analysis in Neuroscience, 2nd ed. CRC Press/Taylor &
Francis, Boca Raton (FL).

Bangasser, D.A., Valentino, R.J., 2014. ‘Sex differences in stress-related psychiatric
disorders: neurobiological perspectives’., Frontiers in neuroendocrinology. United
States 35 (3), 303-319. https://doi.org/10.1016/].yfrne.2014.03.008.

Bodhankar, S., et al., 2015. ‘Role for microglia in sex differences after ischemic stroke:
importance of M2’., metabolic brain disease. United States 30 (6), 1515-1529.
https://doi.org/10.1007/511011-015-9714-9.

Bollinger, J.L., et al., 2019. Gonadal hormones differentially regulate sex-specific stress
effects on glia in the medial prefrontal cortex. J. Neuroendocrinol.. United States 31
(8), e12762.

Bollinger, J.L., 2021. ‘Uncovering microglial pathways driving sex-specific
neurobiological effects in stress and depression’., brain, behavior, & immunity -
health. United States 16, 100320. https://doi.org/10.1016/j.bbih.2021.100320.

Bolton, J.L., et al., 2022. Early stress-induced impaired microglial pruning of excitatory
synapses on immature CRH-expressing neurons provokes aberrant adult stress
responses. Cell Rep.. United States 38 (13), 110600. https://doi.org/10.1016/j.
celrep.2022.110600.

Borchers, S., et al., 2022. Commonly-used rodent tests of anxiety-like behavior lack
predictive validity for human sex differences. Psychoneuroendocrinology. England
141, 105733. https://doi.org/10.1016/j.psyneuen.2022.105733.

Bosch, K., Sbrini, G., Burattini, I., Nieuwenhuis, D., Calabrese, F., Schubert, D.,
Henckens, M.J.A.G., Homberg, J.R., 2022. Repeated testing modulates chronic
unpredictable mild stress effects in male rats. Behav. Brain Res. 432, 113960 https://
doi.org/10.1016/j.bbr.2022.113960.

479

Brain Behavior and Immunity 119 (2024) 465-481

Bouter, Y., et al., 2020. ‘Chronic psychosocial stress causes increased anxiety-like
behavior and alters endocannabinoid levels in the brain of C57Bl/6J mice’.,
Cannabis and cannabinoid research. United States 5 (1), 51-61. https://doi.org/
10.1089/can.2019.0041.

Butler, A., Hoffman, P., Smibert, P., Papalexi, E., Satija, R., 2018. Integrating single-cell
transcriptomic data across different conditions, technologies, and species. Nat.
Biotechnol. 36, 411-420.

Caetano, L., et al., 2017. ‘Adenosine A(2A) receptor regulation of microglia
morphological remodeling-gender bias in physiology and in a model of chronic
anxiety’., Molecular psychiatry. England 22 (7), 1035-1043. https://doi.org/
10.1038/mp.2016.173.

Campbell, S., et al., 2004. ‘Lower hippocampal volume in patients suffering from
depression: a meta-analysis’., the American journal of psychiatry. United States 161
(4), 598-607. https://doi.org/10.1176/appi.ajp.161.4.598.

Carrillo-de Sauvage, M.A., et al., 2013. Potent and multiple regulatory actions of
microglial glucocorticoid receptors during CNS inflammation. Cell Death Differ..
England 20 (11), 1546-1557. https://doi.org/10.1038/cdd.2013.108.

Chen, X., Zhao, Y., Huang, Y., Zhu, K., Zeng, F., Zhao, J., Zhang, H., Zhu, X.,
Kettenmann, H., Xiang, X., 2023. TREM2 promotes glioma progression and
angiogenesis mediated by microglia/brain macrophages. Glia.

Conrad, K.L., et al., 2011. Stress-induced alterations in anxiety-like behavior and
adaptations in plasticity in the bed nucleus of the stria terminalis. Physiol. Behav..
United States 104 (2), 248-256. https://doi.org/10.1016/j.physbeh.2011.03.001.

Crider, A., et al., 2018. ‘Complement component 3a receptor deficiency attenuates
chronic stress-induced monocyte infiltration and depressive-like behavior’., brain,
behavior, and immunity. Netherlands 70, 246-256. https://doi.org/10.1016/j.
bbi.2018.03.004.

De Biase, L.M., Bonci, A., 2019. ‘Region-specific phenotypes of microglia: the role of local
regulatory cues’., the neuroscientist : a review journal bringing neurobiology,
neurology and psychiatry. United States 25 (4), 314-333. https://doi.org/10.1177/
1073858418800996.

Dean, O.M,, et al., 2017. ‘Adjunctive minocycline treatment for major depressive
disorder: a proof of concept trial’., the australian and New Zealand journal of
psychiatry. England 51 (8), 829-840. https://doi.org/10.1177/0004867417709357.

Dine, J., et al., 2015. Intranasally applied neuropeptide S shifts a high-anxiety
electrophysiological endophenotype in the ventral hippocampus towards a
“normal”-anxiety one. PLoS One. United States 10 (4), e0120272.

Donner, N.C., Lowry, C.A., 2013. ‘Sex differences in anxiety and emotional behavior’.,
pflugers archiv : european journal of physiology. Germany 465 (5), 601-626.
https://doi.org/10.1007/5s00424-013-1271-7.

Duric, V., et al., 2013. ‘Altered expression of synapse and glutamate related genes in post-
mortem hippocampus of depressed subjects’., the international journal of
neuropsychopharmacology. England 16 (1), 69-82. https://doi.org/10.1017/
S$1461145712000016.

Filipello, F., et al., 2018. (2018) ‘the microglial innate immune receptor TREM2 is
required for synapse elimination and Normal brain connectivity’. Immunity 48 (5),
979-991.e8. https://doi.org/10.1016/j.immuni.2018.04.016.

Finak, G., et al., 2015. ‘MAST: a flexible statistical framework for assessing
transcriptional changes and characterizing heterogeneity in single-cell RNA
sequencing data’., genome biology. England 16, 278. https://doi.org/10.1186/
513059-015-0844-5.

Fontenelle, L.F., et al., 2012. ‘A cytokine study of adult patients with obsessive-
compulsive disorder’., comprehensive psychiatry. United States 53 (6), 797-804.
https://doi.org/10.1016/j.comppsych.2011.12.007.

Furusawa, K., Emoto, K., 2020. ‘Scrap and build for functional neural circuits:
spatiotemporal regulation of dendrite degeneration and regeneration in neural
development and disease’., Frontiers in cellular neuroscience. Switzerland 14,
613320. https://doi.org/10.3389/fncel.2020.613320.

Garrett, J.E., Wellman, C.L., 2009. Chronic stress effects on dendritic morphology in
medial prefrontal cortex: sex differences and estrogen dependence. Neuroscience.
United States 162 (1), 195-207. https://doi.org/10.1016/j.
neuroscience.2009.04.057.

Garrido-Mesa, N., Zarzuelo, A., Gélvez, J., 2013. ‘Minocycline: far beyond an antibiotic’.,
british journal of pharmacology. England 169 (2), 337-352. https://doi.org/
10.1111/bph.12139.

Gaspersz, R., Lamers, F., Wittenberg, G., Beekman, A.T.F., van Hemert, A.M.,
Schoevers, R.A., Penninx, B.W.J.H., 2017. The role of anxious distress in immune
dysregulation in patients with major depressive disorder. Transl. Psychiatry 7 (12),
1268. https://doi.org/10.1038/s41398-017-0016-3.

Ge, R., et al., 2019. Functional disconnectivity of the hippocampal network and neural
correlates of memory impairment in treatment-resistant depression. J. Affect. Disord..
Netherlands 253, 248-256. https://doi.org/10.1016/].jad.2019.04.096.

Gorski, R.A., 1986. Sexual differentiation of the brain: a model for drug-induced
alterations of the reproductive system. Environ. Health Perspect. 70, 163-175.
https://doi.org/10.1289/ehp.8670163.

Green, D.R., Oguin, T.H., Martinez, J., 2016. The clearance of dying cells: table for two.
Cell Death Differ.. England 23 (6), 915-926. https://doi.org/10.1038/cdd.2015.172.

Guneykaya, D., et al., 2018. ‘Transcriptional and translational differences of microglia
from male and female brains’., cell reports. United States 24 (10), 2773-2783.e6.
https://doi.org/10.1016/j.celrep.2018.08.001.

Hammond, T.R., et al., 2019. ‘Single-cell RNA sequencing of microglia throughout the
mouse lifespan and in the injured brain reveals complex cell-state changes’.,
immunity. United States 50 (1), 253-271.e6. https://doi.org/10.1016/j.
immuni.2018.11.004.


https://doi.org/10.1016/j.bbi.2024.03.035
https://doi.org/10.1016/j.bbi.2024.03.035
https://doi.org/10.1002/glia.22867
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0010
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0010
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0010
https://doi.org/10.1016/j.yfrne.2014.03.008
https://doi.org/10.1007/s11011-015-9714-9
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0025
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0025
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0025
https://doi.org/10.1016/j.bbih.2021.100320
https://doi.org/10.1016/j.celrep.2022.110600
https://doi.org/10.1016/j.celrep.2022.110600
https://doi.org/10.1016/j.psyneuen.2022.105733
https://doi.org/10.1016/j.bbr.2022.113960
https://doi.org/10.1016/j.bbr.2022.113960
https://doi.org/10.1089/can.2019.0041
https://doi.org/10.1089/can.2019.0041
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0055
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0055
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0055
https://doi.org/10.1038/mp.2016.173
https://doi.org/10.1038/mp.2016.173
https://doi.org/10.1176/appi.ajp.161.4.598
https://doi.org/10.1038/cdd.2013.108
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0075
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0075
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0075
https://doi.org/10.1016/j.physbeh.2011.03.001
https://doi.org/10.1016/j.bbi.2018.03.004
https://doi.org/10.1016/j.bbi.2018.03.004
https://doi.org/10.1177/1073858418800996
https://doi.org/10.1177/1073858418800996
https://doi.org/10.1177/0004867417709357
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0100
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0100
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0100
https://doi.org/10.1007/s00424-013-1271-7
https://doi.org/10.1017/S1461145712000016
https://doi.org/10.1017/S1461145712000016
https://doi.org/10.1016/j.immuni.2018.04.016
https://doi.org/10.1186/s13059-015-0844-5
https://doi.org/10.1186/s13059-015-0844-5
https://doi.org/10.1016/j.comppsych.2011.12.007
https://doi.org/10.3389/fncel.2020.613320
https://doi.org/10.1016/j.neuroscience.2009.04.057
https://doi.org/10.1016/j.neuroscience.2009.04.057
https://doi.org/10.1111/bph.12139
https://doi.org/10.1111/bph.12139
https://doi.org/10.1038/s41398-017-0016-3
https://doi.org/10.1016/j.jad.2019.04.096
https://doi.org/10.1289/ehp.8670163
https://doi.org/10.1038/cdd.2015.172
https://doi.org/10.1016/j.celrep.2018.08.001
https://doi.org/10.1016/j.immuni.2018.11.004
https://doi.org/10.1016/j.immuni.2018.11.004

B. Ugursu et al.

Han, Q.-Q., et al., 2022. ‘Minocycline alleviates abnormal microglial phagocytosis of
synapses in a mouse model of depression’., Neuropharmacology. England 220,
109249. https://doi.org/10.1016/j.neuropharm.2022.109249.

Hanamsagar, R., et al., 2017. Generation of a microglial developmental index in mice
and in humans reveals a sex difference in maturation and immune reactivity. Glia.
United States 65 (9), 1504-1520. https://doi.org/10.1002/glia.23176.

Hanisch, U.-K., 2013. Functional diversity of microglia - how heterogeneous are they to
begin with? Front. Cell. Neurosci.. Switzerland 7, 65. https://doi.org/10.3389/
fncel.2013.00065.

Hanisch, U.-K. and Kettenmann, H. (2007) ‘Microglia: active sensor and versatile effector
cells in the normal and pathologic brain’, Nature Neuroscience. Nature Publishing
Group, 10, p. 1387. Available at: https://doi.org/10.1038/nn1997.

Hinwood, M. et al. (2012) ‘Evidence that microglia mediate the neurobiological effects of
chronic psychological stress on the medial prefrontal cortex.’, Cerebral cortex (New
York, N.Y. : 1991). United States, 22(6), pp. 1442-1454. 10.1093/cercor/bhr229.

Holtman, LR., Raj, D.D., Miller, J.A., Schaafsma, W., Yin, Z., Brouwer, N., Wes, P.D.,
Moller, T., Orre, M., Kamphuis, W., Hol, E.M., Boddeke, E.W., Eggen, B.J., 2015.
Induction of a common microglia gene expression signature by aging and
neurodegenerative conditions: a co-expression meta-analysis. Acta Neuropathol.
Commun. 3, 31. https://doi.org/10.1186/540478-015-0203-5.

Horchar, M.J., Wohleb, E.S., 2019. ‘Glucocorticoid receptor antagonism prevents
microglia-mediated neuronal remodeling and behavioral despair following chronic
unpredictable stress’., brain, behavior, and immunity. Netherlands 81, 329-340.
https://doi.org/10.1016/j.bbi.2019.06.030.

Hou, R., et al., 2017. ‘Peripheral inflammatory cytokines and immune balance in
generalised anxiety Disorder: case-controlled study’., brain, behavior, and immunity.
Netherlands 62, 212-218. https://doi.org/10.1016/j.bbi.2017.01.021.

Huang, K., et al., 2021. A hierarchical 3D-motion learning framework for animal
spontaneous behavior mapping. Nat. Commun.. England 12 (1), 2784. https://doi.
org/10.1038/541467-021-22970-y.

Huang, Y., et al., 2021. ‘Microglia use TAM receptors to detect and engulf amyloid §
plaques’., nature immunology. United States 22 (5), 586-594. https://doi.org/
10.1038/541590-021-00913-5.

Ji, K., et al., 2013. ‘Microglia actively regulate the number of functional synapses’., PloS
one. United States 8 (2), €56293.

Kalin, N.H., 2017. ‘Mechanisms underlying the early risk to develop anxiety and
depression: a translational approach’., european neuropsychopharmacology : the
journal of the european College of Neuropsychopharmacology. Netherlands 27 (6),
543-553. https://doi.org/10.1016/j.euroneuro.2017.03.004.

Kalm, M., Roughton, K., Blomgren, K., 2013. Lipopolysaccharide sensitized male and
female juvenile brains to ionizing radiation. Cell Death Dis.. England 4 (12), e962.

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir- Szternfeld, R.,
Ulland, T.K., David, E., Baruch, K., Lara-Astaiso, D., Toth, B., et al., 2017. A unique
microglia type associated with restricting development of Alzheimer’s disease. Cell
169 (1276-1290), el1217.

Kessler, R.C., et al., 2012. Twelve-month and lifetime prevalence and lifetime morbid
risk of anxiety and mood disorders in the United States. Int. J. Methods Psychiatr.
Res. 21 (3), 169-184. https://doi.org/10.1002/mpr.1359.

Kettenmann, H., et al., 2011. ‘Physiology of microglia’., physiological reviews. United
States 91 (2), 461-553. https://doi.org/10.1152/physrev.00011.2010.

Kettenmann, H., Kirchhoff, F., Verkhratsky, A., 2013. Microglia: new roles for the
synaptic stripper. Neuron. United States 77 (1), 10-18. https://doi.org/10.1016/j.
neuron.2012.12.023.

Klenk, M.M., Strauman, T.J., Higgins, E.T., 2011. Regulatory focus and anxiety: a self-
regulatory model of GAD-depression comorbidity. Pers. Individ. Differ. 50 (7),
935-943. https://doi.org/10.1016/j.paid.2010.12.003.

Kodama, L., Gan, L., 2019. Do microglial sex differences contribute to sex differences in
neurodegenerative diseases? Trends Mol. Med.. England 25 (9), 741-749. https://doi.
0rg/10.1016/j.molmed.2019.05.001.

Kreisel, T., et al., 2014. ‘Dynamic microglial alterations underlie stress-induced
depressive-like behavior and suppressed neurogenesis’., Molecular psychiatry.
England 19 (6), 699-709. https://doi.org/10.1038/mp.2013.155.

Lee, S. E. et al. (2022) ‘Anxiety-like behaviors in mice unmasked: Revealing sex
differences in anxiety using a novel light-heat conflict test’, bioRxiv, p.
2022.09.02.506410. 10.1101/2022.09.02.506410.

Levkovitz, Y., et al., 2015. ‘Early post-stressor intervention with minocycline, a second-
generation tetracycline, attenuates post-traumatic stress response in an animal
model of PTSD’., european neuropsychopharmacology : the journal of the european
College of Neuropsychopharmacology. Netherlands 25 (1), 124-132. https://doi.
org/10.1016/j.euroneuro.2014.11.012.

Liu, H.-Y., et al., 2018. Chronic minocycline treatment reduces the anxiety-like behaviors
induced by repeated restraint stress through modulating neuroinflammation. Brain
Res. Bull.. United States 143, 19-26. https://doi.org/10.1016/j.
brainresbull.2018.08.015.

Liu, Y., et al., 2020. Involvement of CX3CL1/CX3CR1 in depression and cognitive
impairment induced by chronic unpredictable stress and relevant underlying
mechanism. Behav. Brain Res.. Netherlands 381, 112371. https://doi.org/10.1016/j.
bbr.2019.112371.

Love, M.L, Huber, W., Anders, S., 2014. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15 (12), 550. https://doi.
0rg/10.1186/s13059-014-0550-8.

Maecker, H. T., & Trotter, J. (2006). Flow cytometry controls, instrument setup, and the
determination of positivity. Cytometry. Part A : the journal of the International Society

for Analytical Cytology, 69(9), 1037-1042. https://doi.org/10.1002/cyto.a.20333.

480

Brain Behavior and Immunity 119 (2024) 465-481

Marsh, S.E., et al., 2022. Dissection of artifactual and confounding glial signatures by
single-cell sequencing of mouse and human brain. Nat. Neurosci.. United States 25
(3), 306-316. https://doi.org/10.1038/541593-022-01022-8.

Marsh SE (2021). scCustomize: Custom Visualizations & Functions for Streamlined
Analyses of Single Cell Sequencing. 10.5281/zenodo.5706430.

Martinez, J., Almendinger, J., Oberst, A., Ness, R., Dillon, C.P., Fitzgerald, P.,
Hengartner, M.O., Green, D.R., 2011. Microtubule-associated protein 1 light chain 3
alpha (LC3)-associated phagocytosis is required for the efficient clearance of dead
cells. PNAS 108 (42), 17396-17401. https://doi.org/10.1073/pnas.1113421108.

Masuda, T., et al., 2020. ‘Microglia heterogeneity in the single-cell era’., cell reports.
United States 30 (5), 1271-1281. https://doi.org/10.1016/j.celrep.2020.01.010.

Mattei, D., et al., 2017. ‘Maternal immune activation results in complex microglial
transcriptome signature in the adult offspring that is reversed by minocycline
treatment’., translational psychiatry. United States 7 (5), e1120.

Mattei, D., et al., 2020. ‘Enzymatic dissociation induces transcriptional and proteotype
bias in brain cell populations’., international journal of molecular sciences.
Switzerland 21 (21). https://doi.org/10.3390/ijms21217944.

McCarthy, M.M., Arnold, A.P., Ball, G.F., Blaustein, J.D., De Vries, G.J., 2012. Sex
differences in the brain: the not so inconvenient truth. J. Neurosci. 32 (7),
2241-2247. https://doi.org/10.1523/JNEUROSCL.5372-11.2012.

McCarthy, M.M., Nugent, B.M., Lenz, K.M., 2017. Neuroimmunology and
neuroepigenetics in the establishment of sex differences in the brain. Nat. Rev.
Neurosci. 18 (8), 471-484. https://doi.org/10.1038/nrn.2017.61.

McLean, C.P., et al., 2011. Gender differences in anxiety disorders: prevalence, course of
illness, comorbidity and burden of illness. J. Psychiatr. Res.. England 45 (8),
1027-1035. https://doi.org/10.1016/j.jpsychires.2011.03.006.

Miyamoto, A., et al., 2016. Microglia contact induces synapse formation in developing
somatosensory cortex. Nat. Commun.. England 7, 12540. https://doi.org/10.1038/
ncomms12540.

Molina-Hernandez, M., et al., 2008. ‘Desipramine or glutamate antagonists synergized
the antidepressant-like actions of intra-nucleus accumbens infusions of minocycline
in male Wistar rats’., Progress in neuro-psychopharmacology & biological
psychiatry. England 32 (7), 1660-1666. https://doi.org/10.1016/j.
pnpbp.2008.06.010.

Moller, T., et al., 2016. ‘Critical data-based re-evaluation of minocycline as a putative
specific microglia inhibitor’., Glia. United States 64 (10), 1788-1794. https://doi.
org/10.1002/glia.23007.

Moser, J.S., et al., 2016. ‘Sex moderates the association between symptoms of anxiety,
but not obsessive compulsive disorder, and error-monitoring brain activity: a meta-
analytic review’., psychophysiology. United States 53 (1), 21-29. https://doi.org/
10.1111/psyp.12509.

Nau, R, et al., 2014. ‘Strategies to increase the activity of microglia as efficient
protectors of the brain against infections’., Frontiers in cellular neuroscience.
Switzerland 8, 138. https://doi.org/10.3389/fncel.2014.00138.

Paolicelli, R.C., et al., 2011. ‘Synaptic pruning by microglia is necessary for normal brain
development’., science (New York. N.Y.). United States 333 (6048), 1456-1458.
https://doi.org/10.1126/science.1202529.

Paolicelli, R.C., et al., 2022. Microglia states and nomenclature: a field at its crossroads.
Neuron 110 (21), 3458-3483. https://doi.org/10.1016/j.neuron.2022.10.020.

Passos, 1.C., et al., 2015. ‘Inflammatory markers in post-traumatic stress disorder: a
systematic review, meta-analysis, and meta-regression’., the lancet. Psychiatry.
England 2 (11), 1002-1012. https://doi.org/10.1016/52215-0366(15)00309-0.

Prevot, T.D., Misquitta, K.A., Fee, C., Newton, D.F., Chatterjee, D., Nikolova, Y.S.,
Sibille, E., Banasr, M., 2019. Residual avoidance: a new, consistent and repeatable
readout of chronic stress-induced conflict anxiety reversible by antidepressant
treatment. Neuropharmacology 153, 98-110. https://doi.org/10.1016/j.
neuropharm.2019.05.005.

Qin, Q., et al., 2022. ‘The specific mechanism of TREM2 regulation of synaptic Clearance
in Alzheimer’s disease’., Frontiers in immunology. Switzerland 13, 845897. https://
doi.org/10.3389/fimmu.2022.845897.

Rao, N.P,, et al., 2015. ‘Plasma cytokine abnormalities in drug-naive, comorbidity-free
obsessive-compulsive disorder’., psychiatry research. Ireland 229 (3), 949-952.
https://doi.org/10.1016/j.psychres.2015.07.009.

Ressler, K.J., Mayberg, H.S., 2007. Targeting abnormal neural circuits in mood and
anxiety disorders: from the laboratory to the clinic. Nat. Neurosci. 10 (9),
1116-1124. https://doi.org/10.1038/nn1944.

Rooney, S., et al., 2020. ‘Neuroinflammatory alterations in trait anxiety: modulatory
effects of minocycline’., translational psychiatry. United States 10 (1), 256. https://
doi.org/10.1038/5s41398-020-00942-y.

Safaiyan, S., Besson-Girard, S., Kaya, T., Cantuti-Castelvetri, L., Liu, L., Ji, H.,
Schifferer, M., Gouna, G., Usifo, F., Kannaiyan, N., et al., 2021. White matter aging
drives microglial diversity. Neuron 109, 1100-1117.e10. https://doi.org/10.1016/j.
neuron.2021.01.027.

Sah, A, et al., 2012. ‘Anxiety- rather than depression-like behavior is associated with
adult neurogenesis in a female mouse model of higher trait anxiety- and comorbid
depression-like behavior’., translational psychiatry. United States 2 (10), e171.

Sah, A., Rooney, S., Kharitonova, M., Sartori, S.B., Wolf, S.A., Singewald, N., 2022.
Enriched environment attenuates enhanced trait anxiety in association with
normalization of aberrant neuro-inflammatory events. Int. J. Mol. Sci. 23 (21),
13052. https://doi.org/10.3390/ijms232113052.

Salomé, N., et al., 2004. ‘Neurobiological correlates of high (HAB) versus low anxiety-
related behavior (LAB): differential fos expression in HAB and LAB rats’., biological
psychiatry. United States 55 (7), 715-723. https://doi.org/10.1016/].
biopsych.2003.10.021.


https://doi.org/10.1016/j.neuropharm.2022.109249
https://doi.org/10.1002/glia.23176
https://doi.org/10.3389/fncel.2013.00065
https://doi.org/10.3389/fncel.2013.00065
https://doi.org/10.1186/s40478-015-0203-5
https://doi.org/10.1016/j.bbi.2019.06.030
https://doi.org/10.1016/j.bbi.2017.01.021
https://doi.org/10.1038/s41467-021-22970-y
https://doi.org/10.1038/s41467-021-22970-y
https://doi.org/10.1038/s41590-021-00913-5
https://doi.org/10.1038/s41590-021-00913-5
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0225
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0225
https://doi.org/10.1016/j.euroneuro.2017.03.004
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0235
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0235
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0240
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0240
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0240
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0240
https://doi.org/10.1002/mpr.1359
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1016/j.neuron.2012.12.023
https://doi.org/10.1016/j.neuron.2012.12.023
https://doi.org/10.1016/j.paid.2010.12.003
https://doi.org/10.1016/j.molmed.2019.05.001
https://doi.org/10.1016/j.molmed.2019.05.001
https://doi.org/10.1038/mp.2013.155
https://doi.org/10.1016/j.euroneuro.2014.11.012
https://doi.org/10.1016/j.euroneuro.2014.11.012
https://doi.org/10.1016/j.brainresbull.2018.08.015
https://doi.org/10.1016/j.brainresbull.2018.08.015
https://doi.org/10.1016/j.bbr.2019.112371
https://doi.org/10.1016/j.bbr.2019.112371
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/s41593-022-01022-8
https://doi.org/10.1073/pnas.1113421108
https://doi.org/10.1016/j.celrep.2020.01.010
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0325
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0325
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0325
https://doi.org/10.3390/ijms21217944
https://doi.org/10.1523/JNEUROSCI.5372-11.2012
https://doi.org/10.1038/nrn.2017.61
https://doi.org/10.1016/j.jpsychires.2011.03.006
https://doi.org/10.1038/ncomms12540
https://doi.org/10.1038/ncomms12540
https://doi.org/10.1016/j.pnpbp.2008.06.010
https://doi.org/10.1016/j.pnpbp.2008.06.010
https://doi.org/10.1002/glia.23007
https://doi.org/10.1002/glia.23007
https://doi.org/10.1111/psyp.12509
https://doi.org/10.1111/psyp.12509
https://doi.org/10.3389/fncel.2014.00138
https://doi.org/10.1126/science.1202529
https://doi.org/10.1016/j.neuron.2022.10.020
https://doi.org/10.1016/S2215-0366(15)00309-0
https://doi.org/10.1016/j.neuropharm.2019.05.005
https://doi.org/10.1016/j.neuropharm.2019.05.005
https://doi.org/10.3389/fimmu.2022.845897
https://doi.org/10.3389/fimmu.2022.845897
https://doi.org/10.1016/j.psychres.2015.07.009
https://doi.org/10.1038/nn1944
https://doi.org/10.1038/s41398-020-00942-y
https://doi.org/10.1038/s41398-020-00942-y
https://doi.org/10.1016/j.neuron.2021.01.027
https://doi.org/10.1016/j.neuron.2021.01.027
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0420
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0420
http://refhub.elsevier.com/S0889-1591(24)00315-5/h0420
https://doi.org/10.3390/ijms232113052
https://doi.org/10.1016/j.biopsych.2003.10.021
https://doi.org/10.1016/j.biopsych.2003.10.021

B. Ugursu et al.

Saunders, A., et al., 2018. Molecular diversity and specializations among the cells of the
adult mouse brain. Cell. United States 174 (4), 1015-1030.e16. https://doi.org/
10.1016/j.cell.2018.07.028.

Schafer, D.P., et al., 2012. Microglia sculpt postnatal neural circuits in an activity and
complement-dependent manner. Neuron. United States 74 (4), 691-705. https://doi.
org/10.1016/j.neuron.2012.03.026.

Schlepckow, K., Kleinberger, G., Fukumori, A., Feederle, R., Lichtenthaler, S.F.,
Steiner, H., Haass, C., 2017. An Alzheimer-associated TREM2 variant occurs at the
ADAM cleavage site and affects shedding and phagocytic function. EMBO Mol. Med.
9 (10), 1356-1365. https://doi.org/10.15252/emmm.201707672.

Shansky, R. M. et al. (2010) ‘Estrogen promotes stress sensitivity in a prefrontal cortex-
amygdala pathway.’, Cerebral cortex (New York, N.Y. : 1991). United States, 20(11),
pp. 2560-2567. 10.1093/cercor/bhq003.

Sierra, A., et al., 2008. ‘Steroid hormone receptor expression and function in microglia’.,
Glia. United States 56 (6), 659-674. https://doi.org/10.1002/glia.20644.

Sierra, A., et al., 2010. ‘Microglia shape adult hippocampal neurogenesis through
apoptosis-coupled phagocytosis’., cell stem cell. United States 7 (4), 483-495.
https://doi.org/10.1016/j.stem.2010.08.014.

Silvin, A., Ginhoux, F., 2018. Microglia heterogeneity along a spatio-temporal axis: more
questions than answers. Glia. United States 66 (10), 2045-2057. https://doi.org/
10.1002/glia.23458.

Socodato, R., et al., 2020. Daily alcohol intake triggers aberrant synaptic pruning leading
to synapse loss and anxiety-like behavior. Sci. Signal.. United States 13 (650).
https://doi.org/10.1126/scisignal.aba5754.

Stevens, B., et al., 2007. The classical complement cascade mediates CNS synapse
elimination. Cell. United States 131 (6), 1164-1178. https://doi.org/10.1016/j.
cell.2007.10.036.

Strahan, J.A., et al., 2017. ‘Minocycline causes widespread cell death and increases
microglial labeling in the neonatal mouse brain’., developmental neurobiology.
United States 77 (6), 753-766. https://doi.org/10.1002/dneu.22457.

Strand, N., Fang, L., Carlson, J.M., 2021. ‘Sex differences in anxiety: an investigation of
the moderating role of sex in performance monitoring and attentional bias to threat
in high trait anxious individuals’., Frontiers in human neuroscience. Switzerland 15,
627589. https://doi.org/10.3389/fnhum.2021.627589.

Stuart, T., et al., 2019. Comprehensive integration of single-cell data. Cell. United States
177 (7), 1888-1902.e21. https://doi.org/10.1016/j.cell.2019.05.031.

Tan, Y.-L., Yuan, Y., Tian, L., 2020. ‘Microglial regional heterogeneity and its role in the
brain’., Molecular psychiatry. England 25 (2), 351-367. https://doi.org/10.1038/
s41380-019-0609-8.

Timmerman, R., Burm, S.M., Bajramovic, J.J., 2018. An overview of in vitro methods to
study microglia. Front. Cell. Neurosci. 12, 242. https://doi.org/10.3389/
fncel.2018.00242.

Tubbs, J.D., Ding, J., Baum, L., Sham, P.C., 2020. Immune dysregulation in depression:
evidence from genome-wide association. Brain, Behavior, & Immunity - Health 7,
100108. https://doi.org/10.1016/j.bbih.2020.100108.

Tynan, R.J., et al., 2010. ‘Chronic stress alters the density and morphology of microglia
in a subset of stress-responsive brain regions’., brain, behavior, and immunity.
Netherlands 24 (7), 1058-1068. https://doi.org/10.1016/j.bbi.2010.02.001.

Vainchtein, 1.D., et al., 2018. ‘Astrocyte-derived interleukin-33 promotes microglial
synapse engulfment and neural circuit development’., science (New York. N.Y.).
United States 359 (6381), 1269-1273. https://doi.org/10.1126/science.aal3589.

Vainchtein, 1.D., Molofsky, A.V., 2020. ‘Astrocytes and microglia. in sickness and in
health’., trends in neurosciences. England 43 (3), 144-154. https://doi.org/
10.1016/j.tins.2020.01.003.

481

Brain Behavior and Immunity 119 (2024) 465-481

Villa, A., et al., 2018. ‘Sex-specific features of microglia from adult mice’., cell reports.
United States 23 (12), 3501-3511. https://doi.org/10.1016/j.celrep.2018.05.048.

Wang, H.-T., et al., 2017. Early-life social isolation-induced depressive-like behavior in
rats results in microglial activation and neuronal histone methylation that are
mitigated by minocycline. Neurotox. Res.. United States 31 (4), 505-520. https://doi.
org/10.1007/512640-016-9696-3.

Wang, W., et al., 2018. ‘Minocycline attenuates stress-induced behavioral changes via its
anti-inflammatory effects in an animal model of post-traumatic stress Disorder’.,
Frontiers in psychiatry. Switzerland 9, 558. https://doi.org/10.3389/
fpsyt.2018.00558.

Wang, Y.-L., et al., 2018. Microglial activation mediates chronic mild stress-induced
depressive- and anxiety-like behavior in adult rats. J. Neuroinflammation. England 15
(1), 21. https://doi.org/10.1186/5s12974-018-1054-3.

Weerasinghe-Mudiyanselage, P.D.E., Ang, M.J., Kang, S., Kim, J.S., Moon, C., 2022.
Structural plasticity of the hippocampus in neurodegenerative diseases. Int. J. Mol.
Sci. 23 (6), 3349. https://doi.org/10.3390/ijms23063349.

Weger, M., Sandi, C., 2018. High anxiety trait: a vulnerable phenotype for stress-induced
depression. Neurosci. Biobehav. Rev.. United States 87, 27-37. https://doi.org/
10.1016/j.neubiorev.2018.01.012.

Weinhard, L., et al., 2018. Microglia remodel synapses by presynaptic trogocytosis and
spine head filopodia induction. Nat. Commun.. England 9 (1), 1228. https://doi.org/
10.1038/541467-018-03566-5.

Wilber, A.A., et al., 2011. Chronic stress alters neural activity in medial prefrontal cortex
during retrieval of extinction. Neuroscience. United States 174, 115-131. https://doi.
org/10.1016/j.neuroscience.2010.10.070.

Wohleb, E.S., et al., 2018. ‘Stress-induced neuronal Colony stimulating factor 1 provokes
microglia-mediated neuronal remodeling and depressive-like behavior’., biological
psychiatry. United States 83 (1), 38-49. https://doi.org/10.1016/j.
biopsych.2017.05.026.

Yrjénheikki, J. et al. (1998) ‘Tetracyclines inhibit microglial activation and are
neuroprotective in global brain ischemia.’, Proceedings of the National Academy of
Sciences of the United States of America. United States, 95(26), pp. 15769-15774.
10.1073/pnas.95.26.15769.

Zazula, R., et al., 2021. ‘Minocycline as adjunctive treatment for major depressive
disorder: pooled data from two randomized controlled trials’., the australian and
New Zealand journal of psychiatry. England 55 (8), 784-798. https://doi.org/
10.1177/0004867420965697.

Zeisel, A., et al., 2015. ‘Brain structure. cell types in the mouse cortex and hippocampus
revealed by single-cell RNA-seq’., science (New York. N.Y.). United States 347
(6226), 1138-1142. https://doi.org/10.1126/science.aaal934.

Zeng, L.-L., et al., 2012. ‘Identifying major depression using whole-brain functional
connectivity: a multivariate pattern analysis’., brain : a journal of neurology.
England 135 (Pt 5), 1498-1507. https://doi.org/10.1093/brain/aws059.

Zhang, C., Kalueff, A.V., Song, C., 2019. Minocycline ameliorates anxiety-related self-
grooming behaviors and alters hippocampal neuroinflammation, GABA and serum
cholesterol levels in female Sprague-dawley rats subjected to chronic unpredictable
mild stress. Behav. Brain Res.. Netherlands 363, 109-117. https://doi.org/10.1016/j.
bbr.2019.01.045.

Zhao, J., et al., 2012. Gene expression of GABA and glutamate pathway markers in the
prefrontal cortex of non-suicidal elderly depressed patients. J. Affect. Disord..
Netherlands 138 (3), 494-502. https://doi.org/10.1016/].jad.2012.01.013.


https://doi.org/10.1016/j.cell.2018.07.028
https://doi.org/10.1016/j.cell.2018.07.028
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.15252/emmm.201707672
https://doi.org/10.1002/glia.20644
https://doi.org/10.1016/j.stem.2010.08.014
https://doi.org/10.1002/glia.23458
https://doi.org/10.1002/glia.23458
https://doi.org/10.1126/scisignal.aba5754
https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.1002/dneu.22457
https://doi.org/10.3389/fnhum.2021.627589
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1038/s41380-019-0609-8
https://doi.org/10.1038/s41380-019-0609-8
https://doi.org/10.3389/fncel.2018.00242
https://doi.org/10.3389/fncel.2018.00242
https://doi.org/10.1016/j.bbih.2020.100108
https://doi.org/10.1016/j.bbi.2010.02.001
https://doi.org/10.1126/science.aal3589
https://doi.org/10.1016/j.tins.2020.01.003
https://doi.org/10.1016/j.tins.2020.01.003
https://doi.org/10.1016/j.celrep.2018.05.048
https://doi.org/10.1007/s12640-016-9696-3
https://doi.org/10.1007/s12640-016-9696-3
https://doi.org/10.3389/fpsyt.2018.00558
https://doi.org/10.3389/fpsyt.2018.00558
https://doi.org/10.1186/s12974-018-1054-3
https://doi.org/10.3390/ijms23063349
https://doi.org/10.1016/j.neubiorev.2018.01.012
https://doi.org/10.1016/j.neubiorev.2018.01.012
https://doi.org/10.1038/s41467-018-03566-5
https://doi.org/10.1038/s41467-018-03566-5
https://doi.org/10.1016/j.neuroscience.2010.10.070
https://doi.org/10.1016/j.neuroscience.2010.10.070
https://doi.org/10.1016/j.biopsych.2017.05.026
https://doi.org/10.1016/j.biopsych.2017.05.026
https://doi.org/10.1177/0004867420965697
https://doi.org/10.1177/0004867420965697
https://doi.org/10.1126/science.aaa1934
https://doi.org/10.1093/brain/aws059
https://doi.org/10.1016/j.bbr.2019.01.045
https://doi.org/10.1016/j.bbr.2019.01.045
https://doi.org/10.1016/j.jad.2012.01.013

	Microglial sex differences in innate high anxiety and modulatory effects of minocycline
	1 Introduction
	2 Material & Methods
	2.1 Animals
	2.2 Microglia isolation
	2.3 Fluorescence-activated cell sorting (FACS)
	2.4 Single-cell RNA sequencing (scRNA-seq) using 10X Genomics
	2.5 Flow cytometry analysis of microglia surface markers
	2.6 Microglial engulfment of vGLUT1+ synapses
	2.7 Crude synaptosome isolation and pHrodoTMRed labeling
	2.8 In vitro minocycline treatment and synaptosome engulfment assay
	2.9 Minocycline treatment
	2.10 Elevated plus maze (EPM)
	2.11 Open field test
	2.12 Light dark test (LD)
	2.13 Statistical analysis

	3 Results
	3.1 Single-cell RNA sequencing reveals heterogeneity and sex difference of microglia in mice with innate high anxiety
	3.2 Microglia holding a high potential of synaptic engulfment and phagocytosis are enriched in the female brain
	3.3 MI and MIII clusters express higher levels of genes related to synaptic pruning and inflammatory response in the HAB fe ...
	3.4 HAB female microglia express higher levels of markers related to synaptic engulfment in the hippocampus
	3.5 HAB female microglia engulf more vGLUT1+ excitatory synapses in the hippocampus
	3.6 Minocycline treatment alleviates higher engulfment of synapses by HAB female microglia and reduces anxiety-related beha ...

	4 Discussion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


