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N E U R O S C I E N C E

Adolescence is a sensitive period for prefrontal 
microglia to act on cognitive development
Sina M. Schalbetter1, Anina S. von Arx1, Natalia Cruz-Ochoa2, Kara Dawson1, Andranik Ivanov3, 
Flavia S. Mueller1, Han-Yu Lin1, René Amport1, Wiebke Mildenberger4, Daniele Mattei1,5, 
Dieter Beule3,6, Csaba Földy2,7, Melanie Greter4, Tina Notter1,8, Urs Meyer1,7*

The prefrontal cortex (PFC) is a cortical brain region that regulates various cognitive functions. One distinctive 
feature of the PFC is its protracted adolescent maturation, which is necessary for acquiring mature cognitive abilities 
in adulthood. Here, we show that microglia, the brain’s resident immune cells, contribute to this maturational 
process. We find that transient and cell-specific deficiency of prefrontal microglia in adolescence is sufficient to 
induce an adult emergence of PFC-associated impairments in cognitive functions, dendritic complexity, and syn-
aptic structures. While prefrontal microglia deficiency in adolescence also altered the excitatory-inhibitory balance 
in adult prefrontal circuits, there were no cognitive sequelae when prefrontal microglia were depleted in adult-
hood. Thus, our findings identify adolescence as a sensitive period for prefrontal microglia to act on cognitive 
development.

INTRODUCTION
The prefrontal cortex (PFC) is the cortical region of the anterior 
pole of the mammalian brain (1). It provides executive “top-down” 
control pertaining to various cognitive processes, including decision- 
making and goal-directed behavior, attention, cognitive flexibility, 
and working memory (1, 2). One distinctive feature of the PFC is its 
protracted maturation, which is sustained throughout adolescence 
until early adulthood and necessary for acquiring mature cognitive 
abilities (3–5). Thus, the PFC is recognized as being the last brain 
region to reach full maturity in humans (6) and in other species, 
including rodents (5). During postnatal maturation, the PFC un-
dergoes substantial refinement of neuronal circuitries and synaptic 
connections, which, in turn, adapts prefrontal circuits to respond 
optimally to the changing demands occurring during the transition 
from adolescence to adulthood (3–5). Disturbances in PFC structures 
and functions are also strongly associated with major psychiatric dis-
orders, especially with those that typically emerge in late adolescence 
or early adulthood, such as schizophrenia and bipolar disorder (7–9).

Synaptic refinement is increasingly recognized to involve the dy-
namic actions of microglia, which are the resident immune cells of 
the brain parenchyma (10). Microglia cells arise from erythromy-
eloid progenitor cells in the yolk sac, colonize the brain during early 
fetal development, and retain the capacity for self-renewal in the 
adult brain (10). Under physiological conditions, they account for 5 
to 12% and 0.5 to 15% of the total cell population in the adult mouse 
(11) and human (12) brain, respectively. Besides their classical 
immunological functions, microglia contribute to the remodeling 
of brain circuitries and synaptic connections through phagocytic 

(13, 14) and nonphagocytic (15, 16) mechanisms. While microglia 
have been shown to mediate synaptic refinement in numerous 
brain areas (13–17), including the PFC (18), it remains unknown 
whether they shape the development of mature cognitive abilities 
pertaining to adult PFC functions. Therefore, we sought to establish 
a model system that would allow us to investigate the relative con-
tribution of microglia to the structural and functional maturation of 
the PFC in mice. While several genetic and pharmacological models 
for cell-specific microglia manipulations exist (19–24), we opted for 
an approach that would enable us to manipulate microglia selec-
tively in the PFC during a restricted time window without inducing 
nonspecific effects on peripheral immune cells or other cells of the 
central nervous system. Thus, we deemed stereotaxic injection of 
clodronate disodium salt (CDS), which induces selective apoptosis 
of microglia through inhibition of their mitochondrial adenosine 
5′-diphosphate/adenosine 5′-triphosphate (ATP) translocase (24, 25), 
the most suitable method to deplete microglia selectively and tran-
siently from the PFC during adolescence. Using this transient loss-
of-function approach, we show that depletion of prefrontal microglia 
in adolescence is sufficient to induce lasting changes in PFC-associated 
cognitive functions and synaptic structures.

RESULTS
A model for cell-specific and transient depletion 
of prefrontal microglia
To explore their role in the structural and functional maturation of 
the PFC, we transiently depleted microglia from the PFC during a 
defined window of adolescence (fig. S1). This was achieved using a 
single, bilateral stereotaxic injection of CDS into the medial portion 
of the PFC at 6 weeks of age (fig. S1). We selected this adolescent 
time period because it represents a critical window of synaptic re-
finement and dendritic remodeling in the maturing PFC (3–5, 26). 
Furthermore, this time period temporally coincides with increased 
prefrontal expression of microglia-defining genes and comple-
ment component 3 (C3) (fig. S2), the latter of which has been 
implicated in complement-dependent synaptic remodeling by 
microglia (13).
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Compared to control mice undergoing sham surgery or control 
mice receiving a bilateral stereotaxic injection of phosphate-buffered 
saline (PBS), CDS-injected mice exhibited a transient reduction in 
ionized calcium-binding adaptor molecule 1–positive (Iba1+) microglial 
cell numbers in the PFC spanning the infralimbic (IL), prelimbic 
(PL), and anterior cingulate (AC) cortices (Fig.  1,  A  and  B). The 
CDS-induced microglia depletion started to emerge at 1 day post-
injection (1 dpi), peaked at 5 dpi, and normalized as of 10 dpi (Fig. 1A). 
Intra-PFC injection of CDS also led to a transient decrease in mi-
croglia density in the secondary motor cortex but not in the primary 
motor cortex, primary somatosensory cortex, and forceps minor of 
the corpus callosum regions (fig. S3). The intra-PFC CDS injection 

did not change the density of prefrontal neurons or astrocytes (fig. 
S4), showing that our experimental approach selectively depleted 
prefrontal microglia while sparing other major cell types.

To examine whether the stereotaxic surgery may cause an infil-
tration of peripheral immune cells to the PFC, we prepared single- 
cell suspension of prefrontal tissue at the peak of CDS-induced 
microglia depletion (5 dpi) and quantified the numbers of peripheral 
immune cells in the PFC using flow cytometry. This analysis showed 
that the numbers of CD4+ and CD8+ T cells (pregated on CD45hi 
MHCII−CD11b−), neutrophils (CD45hiCD11b+Ly6G+), and Ly6Chi 
monocytes (CD45hiCD11b+Ly6Ghi) in the PFC were generally low 
and did not differ between mice receiving a bilateral stereotaxic 

Fig. 1. Effectiveness, transiency, and selectivity of CDS-induced microglia depletion in the PFC of adolescent mice. (A) Representative images of Iba1+ microglia 
(green) in the medial PFC of adolescent mice receiving sham surgery or bilateral intra-PFC injection of PBS or CDS. The images were taken 1, 5, 10, and 20 days post-injection 
(dpi). The bar graphs show the number of Iba1+ microglia in the medial PFC at different dpi intervals. *P < 0.05, **P < 0.01, and ***P < 0.001 [post hoc tests following ANOVA 
at 1 dpi: F(2,12) = 12.7, P < 0.01; at 5 dpi: F(2,12) = 140.5, P < 0.001]; N = 5 mice per group and dpi. (B) Color-coded overlays of coronal PFC sections taken from five mice per group 
(PBS or CDS), wherein each dot represents an Iba1+ microglial cell. Note the reduction of microglial cell density in the medial portion of PFC of CDS mice, as indicated by 
the symbol (*). (C) Expression of genes [log2 fold change (FC)] defining microglia, astrocytes, neurons, oligodendrocytes, and endothelial cells in CDS relative to PBS mice at 
5 dpi; significantly altered genes are denoted with the symbol (*), based on FDR q < 0.05, as provided in fig. S6 and table S1; N = 5 mice per group.
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injection of PBS or CDS and mice receiving no stereotaxic injection 
(sham control mice) (fig. S5). These data demonstrate that the sur-
gical manipulation did not induce a potential bias resulting from 
peripheral immune cell infiltration into the PFC.

To further ascertain the cellular selectivity of intra-PFC admin-
istration of CDS, we conducted next-generation RNA sequencing 
(RNA-seq) of bulk PFC tissue from CDS- or PBS-injected mice, 
which was extracted during the peak of microglia depletion (5 dpi). 
Using a false discovery rate (FDR) threshold of q < 0.05, we identi-
fied 647 down-regulated and 560 up-regulated genes in CDS-injected 
mice relative to PBS controls (fig. S6). As expected, microglia-defining 
genes (Fig. 1C, fig. S6, and table S1) and genes pertaining to inflam-
matory immune responses (fig. S7) were among the most strongly 
down-regulated genes in CDS-injected mice during the acute phase 
of microglia depletion. CDS did not alter the expression of genes 
that define other major cell populations, including neurons, astro-
cytes, oligodendrocytes, or endothelial cells (Fig. 1C and table S1). 
To ascertain the transiency of the transcriptional effects of the ado-
lescent microglia depletion, we performed the same RNA-seq anal-
ysis using PFC tissue of adult (12-week-old) mice injected with PBS 
or CDS in adolescence. At this age, 20 and 19 genes were down- and 
up-regulated, respectively, in CDS relative to PBS mice (table S2). 
Contrary to its post-acute effects (Fig. 1C and table S1), CDS treat-
ment in adolescence did not alter microglia-defining genes in adult-
hood (table S3). Consistent with the bulk RNA-seq data generated 
in 12-week-old mice, quantifying microglia-defining genes in microg-
lia isolated from the adult PFC via magnetic-activated cell sorting 
(MACS) showed no microglia-related transcriptional differences 
between CDS and PBS mice at the time when microglia were fully 
repopulated in CDS-injected mice (fig. S8). Together, these data 
demonstrate that a single, bilateral intra-PFC injection of CDS in 
6-week-old mice is suitable to induce a cell-specific and transient 
depletion of prefrontal microglia in adolescence.

Adult cognitive deficits after transient prefrontal microglia 
deficiency in adolescence
In a next step, we examined whether behavioral and cognitive de-
velopment is influenced by prefrontal microglia deficiency in ado-
lescence. To this aim, 6-week-old mice were subjected to intra-PFC 
CDS or PBS injections, after which they were allowed to develop 
until adulthood (fig. S1). Adult behavioral testing commenced at 
12 weeks of age and included tests that critically depend on PFC 
functions, including social approach behavior and social recogni-
tion memory (27), temporal order memory (28), and extinction of 
contextual fear (29). In the social interaction test, in which adult 
PBS and CDS mice were first allowed to freely explore a nonfamiliar 
mouse or dummy object (phase 1), both groups displayed a clear 
preference toward the nonfamiliar mouse, indicating intact social 
approach behavior in either group (Fig. 2A). When allowed to ex-
plore a novel versus familiar mouse in phase 2 of the test, only PBS 
mice showed a preference toward the novel mouse (Fig.  2A). In 
contrast, CDS mice were unable to discriminate between the novel 
and familiar mouse (Fig. 2A), demonstrating impaired social recog-
nition memory in this group (27). Consistent with the latter deficit, 
adult CDS mice also displayed an impairment in temporal order 
memory for objects (Fig. 2B). In the temporal order memory test, 
PBS and CDS mice were first allowed to freely explore a first pair of 
identical objects (sample phase 1) and then a novel pair of identical 
objects (sample phase 2). In the subsequent test phase, when the 

mice were allowed to choose between one object from the first pair 
(temporally remote objects) and one from the second pair (tempo-
rally recent objects), only PBS mice showed a preference toward the 
temporally remote object, whereas CDS mice failed to discriminate 
between the two objects (Fig. 2B). Additional analyses of the relative 
amount of time exploring the objects in sample phases 1 and 2 of 
the temporal order memory test revealed no effects of CDS on ob-
ject exploration per se (Fig. 2B), suggesting that the CDS-induced 
disruption of temporal order memory represents a genuine deficit 
in the capacity of CDS mice to discriminate the relative recency of 
stimuli (28). In the contextual fear conditioning test, the initial ac-
quisition of conditioned fear, which was measured by the percentage 
time freezing across successive presentations of mild electric foot 
shocks on day 1 of the test, was similar between PBS and CDS mice 
(Fig. 2C). Likewise, the two groups did not differ with regard to the 
expression of conditioned fear toward the context, which was as-
sessed 24 hours after conditioning (Fig. 2C). Compared to PBS con-
trols, however, CDS-treated mice displayed a deficit in the extinction 
of contextual fear memory, which was assessed by comparing the 
relative amount of conditioned freezing during successive days of 
context exposures relative to baseline freezing measured 24 hours 
after conditioning (Fig. 2C). Together, these data demonstrate that 
mice with a transient prefrontal microglia depletion in adolescence 
develop PFC-related cognitive deficits in adulthood, including im-
pairments in social recognition memory, temporal order memory, 
and extinction of contextual fear memory. These deficits occurred 
without alterations in basal locomotor activity or indices of innate 
anxiety-like behavior, as analyzed by open-field and light-dark box 
tests (fig. S9).

To examine whether the stereotaxic surgery per se may have 
confounded the identified effects of CDS-induced prefrontal mi-
croglia depletion on cognitive development (Fig. 2), we compared 
the performance of mice receiving no stereotaxic injection (sham 
control mice) and mice receiving a bilateral stereotaxic injection of 
PBS in adolescence using the same battery of behavioral and cogni-
tive tests in adulthood. These additional analyses revealed no differ-
ences between sham-treated and PBS-injected mice in terms of basal 
locomotor activity or indices of innate anxiety-like behavior, as an-
alyzed by open-field (fig. S10A) and light-dark box (fig. S10B) tests. 
Likewise, sham-treated and PBS-injected mice did not differ in the 
tests assessing social approach behavior and social recognition memory 
(fig. S10C), temporal order memory (fig. S10D), or contextual fear 
conditioning and extinction (fig. S10E). These data show that the 
selected stereotaxic method did not induce any notable effects on 
behavioral and cognitive development, suggesting that the CDS- 
induced impairments in social recognition memory, temporal order 
memory, and extinction of contextual fear memory represent genuine 
long-term effects of prefrontal microglia depletion in adolescence.

Adult synaptic deficits after transient prefrontal microglia 
deficiency in adolescence
In keeping with the emerging role of microglia in synaptic refine-
ment (13–17), we examined whether transient prefrontal microglia 
depletion in adolescence alters synaptic development and func-
tions. First, we used Ingenuity Pathway Analysis (IPA) for function-
al network prediction of genes that were found to be differentially 
expressed in the PFC at the peak of CDS-induced microglia deple-
tion, i.e., at 5 dpi in adolescence (Fig. 1). Consistent with the de-
crease in microglial cell density (Fig. 1, A and B), IPA identified the 
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functional network “phagocytosis” to be dysregulated in CDS mice 
during this acute phase of adolescent microglia depletion (fig. S11). 
CDS mice also showed altered expression of genes annotating with 
the functional networks “axonal remodeling,” “neurite remodeling,” 
and “dendritic spine morphogenesis” (fig. S12) at 5 dpi, suggesting 
that acute deficiency of microglia in the adolescent PFC affects tran-
scriptional programs pertaining to the remodeling of neuronal 
circuities. Intriguingly, a dysregulation of the functional networks 
“extracellular matrix organization and functions,” “abnormal mor-
phology of nervous system,” “abnormal morphology of neurons,” 
and “remodeling of neurites” persisted into adulthood after CDS 
treatment in adolescence (fig. S13), indicating that prefrontal mi-
croglia deficiency in adolescence may induce persistent changes in 
neuronal circuitries and synaptic structures.

To test this hypothesis, we first explored whether CDS-induced 
microglia depletion in the adolescent PFC alters the extent to which 
microglia engulf synaptic elements. To this end, we conducted 
immunohistochemical colocalization studies using the microglial 
marker, Iba1, and the presynaptic marker, Bassoon. We quantified 
the number of Bassoon+ synaptic puncta colocalizing with surface- 
rendered microglia (Fig. 3A). On the basis of the transcriptomic 
alterations aligning with phagocytosis (fig. S11), we expected the 
number of Bassoon+ synaptic puncta colocalizing with microglia to 
be decreased in CDS-injected mice relative to PBS controls. Consist-
ent with our expectation, the number of Bassoon+ synaptic puncta 
was decreased in prefrontal microglia of CDS-injected mice at 10 dpi 
(Fig. 3B). At 20 dpi, however, CDS-injected mice displayed a significant 
increase in synaptic puncta colocalizing with microglia, whereas 

Fig. 2. Prefrontal microglia deficiency in adolescence disrupts adult cognitive functions. (A) Phase 1 (D, dummy object; M, unfamiliar mouse) and phase 2 (F, familiar 
mouse; N, novel mouse) of the social interaction test. The bar plots show the social preference index (phase 1) and social memory index (phase 2), whereas the line plots 
depict absolute exploration times in either phase. §P < 0.001 [overall main effect of object: F(1,18) = 20.7]; *P < 0.05 [t(18) = 2.84]; +P < 0.01 [main effect of object in PBS mice: 
F(1,9) = 16.7]. (B) The percentage plots depict the percentage amount of time exploring the left (L) or right (R) object in sample phases 1 and 2 of the temporal order mem-
ory test. The bar plot shows the temporal order memory index during the test phase. **P < 0.01 [t(18) = 2.98]. (C) Percent time freezing during the habituation, acquisition, 
and expression phases (left and middle line plots) and extinction rate (% change from freezing levels measured during the expression phase; right line plot) during the 
contextual fear test. The arrows indicate the presentation of foot shock. **P < 0.01, based on post hoc tests following ANOVA [treatment × days interaction: F(3,54) = 2.9, 
P < 0.05]. N = 10 mice in each group and test.
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there were no significant group differences at 40 dpi (Fig. 3B). Hence, 
the data demonstrate dynamic changes in microglia-mediated syn-
aptic engulfment after transient microglia deficiency in the adoles-
cent PFC. While there was an initial decrease in synaptic engulfment 
by microglia shortly after the peak of their depletion, this decrease 
was followed by a phase of increased uptake of synaptic particles 
into prefrontal microglia.

On the basis of these findings, we investigated whether transient 
microglia depletion in adolescence is sufficient to cause lasting im-
pairments in neuronal circuitries and synapses in the adult brain. 
We first compared the dendritic complexity of pyramidal neurons 
in the PFC of adult mice that were injected with CDS or PBS in ad-
olescence. Sholl analysis of biocytin-labeled pyramidal neurons re-
vealed that CDS mice displayed a reduction in the number of 
intersections at 60- to 80-m distance from the soma center (Fig. 4A), 
demonstrating reduced complexity of dendritic arbors in close 
proximity of the cell soma. We then estimated the density of excit-
atory and inhibitory synapses in the adult PFC of PBS and CDS 
mice by analyzing the colocalization of presynaptic and postsynap-
tic markers. For excitatory synapses, we used the presynaptic mark-
er vesicular glutamate transporter 1 (VGLUT1) and the postsynaptic 
marker postsynaptic density protein 95 (PSD-95) (30), whereas 
vesicular -aminobutyric acid (GABA) transporter (VGAT) and 
Gephyrin (31, 32) were used as inhibitory presynaptic and postsyn-
aptic markers, respectively. CDS treatment in adolescence similarly 
decreased the density of VGLUT1+/PSD-95+ colocalizing (Fig. 4B) 
and VGAT+/Gephyrin+ colocalizing synapses (Fig. 4C) in the adult 
PFC, indicating that transient prefrontal microglia depletion exerts 
lasting effects on the density of both excitatory and inhibitory syn-
apses. These effects were further associated with a selective reduc-
tion of mushroom-shaped spines along the dendrites of prefrontal 

pyramidal neurons in adult mice that were subjected to adolescent 
CDS treatment (Fig. 4D), showing that the synaptic sequela of tran-
sient prefrontal microglia deficiency involves a specific pattern of 
dendritic spine pathology in the adult PFC.

To further explore whether these structural synaptic deficits are 
accompanied by functional changes in prefrontal neurons, we con-
ducted whole-cell voltage clamp recordings of layer 2/3 pyramidal 
cells residing in the adult PFC of mice treated with PBS or CDS in 
adolescence. Passive biophysical properties (resting membrane po-
tential and input resistance and capacitance) and action potential 
(AP)–related properties (AP firing threshold and frequency and AP 
half-width) of these cells were not different between PBS and CDS 
groups (fig. S14), indicating that the basic electrophysiological 
properties of prefrontal pyramidal cells were unaffected by the tem-
porary prefrontal microglia depletion in adolescence. Likewise, the 
frequency and peak amplitude of spontaneous excitatory post-
synaptic currents (sEPSCs) remained unaffected by adolescent CDS 
treatment (Fig.  5A). Compared to PBS controls, however, CDS 
mice displayed an increase in the frequency of spontaneous inhibi-
tory postsynaptic currents (sIPSCs; Fig. 5B) and increased gene ex-
pression and protein levels of the alpha-1 subunit of the inhibitory 
GABA type A (GABAA) receptor (Gabra1; fig. S15). There were no 
differences between CDS and PBS mice with regard to other alpha 
subunits of the GABAA receptor (fig. S15).

Relationship between cognitive and subregion-specific 
synaptic deficits after adolescent microglia deficiency
We also sought to identify possible relationships between cognitive 
and synaptic deficits in adult mice that were exposed to transient 
prefrontal microglia depletion in adolescence. To this end, we re-
peated selected cognitive (temporal order memory) and synaptic 
(density of VGLUT1+/PSD-95+ excitatory synapses and density of 
VGAT+/Gephyrin+ synapses) analyses in an independent cohort of 
adult mice that were subjected to intra-PFC CDS or PBS injections 
at 6 weeks of age (fig. S1) and determined possible correlations 
between these measures. Since distinct subregions of the PFC may 
contribute differentially to cognitive functions such as temporal 
order memory (33, 34), these correlative analyses were conducted 
taking into account the IL, PL, and AC subregions of the PFC.

Consistent with our previous findings (Fig. 2B), we confirmed 
the presence of a temporal order memory deficit in adult mice that 
were subjected to transient prefrontal microglia depletion in ado-
lescence (fig. S16A). The subsequent quantification of VGLUT1+/
PSD-95+ puncta in distinct subregions of the PFC showed that mi-
croglia depletion in adolescence led to a selective reduction in the 
density of excitatory synapses in the AC subregion of the adult PFC 
(fig. S16B), whereas it decreased the density of VGAT+/Gephyrin+ 
inhibitory synapses in both PL and AC (fig. S16C). The adolescent 
CDS treatment did not alter the density of excitatory or inhibitory 
synapses in the IL subregion of the adult PFC (fig. S16, B and C). 
Pearson product-moment correlations identified positive correlations 
between the temporal order memory index and the density of excit-
atory (VGLUT1+/PSD-95+) in the AC and between this cognitive 
measure and the density of inhibitory (VGAT+/Gephyrin+) synapses 
in the AC and PL subregions (fig. S17). Subsequent group-wise 
analyses confirmed these positive correlations, although statistical 
significance was only obtained for the associations between the tem-
poral order memory index and density of excitatory (VGLUT1+/
PSD-95+) or inhibitory (VGAT+/Gephyrin+) synapses in the AC 

Fig. 3. Prefrontal microglia deficiency in adolescence leads to dynamic changes 
in microglial uptake of synaptic particles. (A) The photomicrograph shows a 
representative Z-stack image of a double-IF stain using Iba1 (green) as microglial 
marker and Bassoon (red) as presynaptic marker before (top) and after (bottom) 
surface rendering and reconstruction with Imaris image analysis software. 
Bassoon+ presynaptic puncta colocalizing with Iba1+ microglia appear in yellow 
in the unprocessed IF stain, whereas Bassoon+ presynaptic puncta residing within 
microglia appear as red dots in the reconstructed image. (B) Quantification of 
Bassoon+ presynaptic puncta residing within microglia at different days after injec-
tion. Note that the number of Bassoon+ synaptic puncta was decreased in prefrontal 
microglia of CDS-injected mice at 10 dpi [*P < 0.05, t(8) = 2.72], whereas they were 
increased in CDS mice at 20 dpi [**P < 0.01, t(8) = 4.28]. There were no significant 
group differences at 40 dpi. All data are means ± SEM with individual values 
overlaid; N = 5 mice per group and dpi.
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subregion of CDS mice (fig. S16D). Together, these results show 
that transient prefrontal microglia depletion in adolescence had a 
more extensive impact on dorsal than on ventral subregions of the 
PFC in terms of synaptic densities. Moreover, our data suggest that 
synaptic deficits in the AC subregion of the PFC may be key in 
mediating adult cognitive impairments emerging after transient 
prefrontal microglia depletion.

Windows of vulnerability for cognitive and synaptic 
sequelae after microglia deficiency
The adult emergence of cognitive and synaptic deficits induced by 
transient prefrontal microglia depletion in adolescence likely stemmed 

from an interference with maturational processes occurring in the 
PFC from adolescent to adult stages. To further explore whether 
adolescence is a window of increased vulnerability for cognitive and 
synaptic sequelae after transient microglia deficiency, we applied 
the same microglia-depleting manipulation to adult mice (12 weeks 
of age; fig. S18) and examined possible effects on behavior and cog-
nition. Consistent with the effects induced by adolescent CDS treat-
ment (Fig. 1), intra-PFC injection of CDS in adult mice caused a 70 
to 80% decrease in prefrontal microglia density (fig. S19A). Similar 
to when CDS was applied to adolescent mice (Fig.  1), the CDS- 
induced microglia depletion in adulthood was transient and was 
not associated with changes in the prefrontal density of astrocytes 

Fig. 4. Prefrontal microglia deficiency in adolescence induces structural synaptic changes in pyramidal neurons of the adult PFC. (A) Representative IF stain of a 
biocytin-filled pyramidal neuron reconstructed with Imaris image analysis software (left), with digitally applied concentric spheres (20-m spacing) from the soma center 
(right). The line plot depicts the number of dendritic intersections against the radial distance from soma. *P < 0.05, based on post hoc tests following ANOVA [treatment × 
distance interaction: F(15,180) = 2.7, P < 0.01]; N = 7 mice per group. (B) Representative double-IF stain using VGLUT1 (red) as presynaptic and PSD-95 (green) as postsynaptic 
markers of excitatory neurons. VGLUT1+/PSD-95+ colocalizing synapses are highlighted by white circles in magnified sections. The scatterplot shows the density (numbers 
per square millimeter) of VGLUT1+/PSD-95+ synapses in the medial PFC of PBS (N = 9) and CDS (N = 10) mice. **P < 0.01, t(17) = 2.97. (C) Representative double-IF stain using 
VGAT (red) as presynaptic and Gephyrin (green) as postsynaptic markers of inhibitory neurons. VGAT+/Gephyrin+ colocalizing synapses are highlighted by white circles in 
magnified sections. The scatterplot shows the density (numbers per square millimeter) of VGAT+/Gephyrin+ synapses in the PFC of PBS (N = 9) and CDS (N = 10) mice. 
**P < 0.01, t(17) = 2.88. (D) The photomicrograph shows a representative IF stain of a biocytin-filled pyramidal dendritic section before (top) and after (bottom) surface 
rendering with Imaris. Different spine classes (1, filopodia; 2, long thin; 3, mushroom; and 4, stubby spines) are highlighted in different colors in the surface-rendered 
image. The scatterplots show the number of different spines. *P < 0.05, t(12) = 3.22; N = 7 mice per group.
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(fig. S19B) or neurons (fig. S19C). Despite the efficacy of the adult 
CDS treatment to deplete microglia from the adult PFC, this ma-
nipulation did not alter behavioral or cognitive functions (fig. S20) 
or electrophysiological parameters (fig. S21) after prefrontal mi-
croglia were repopulated. Furthermore, we did not observe any be-
havioral or cognitive changes when adult mice were tested during 
the time of ongoing microglia depletion in the PFC (fig. S22), indi-
cating that adult prefrontal microglia have little direct impact on 
behavioral and cognitive functions, at least when considering the 
behavioral and cognitive domains investigated here.

To further explore possible windows of vulnerability for cogni-
tive and synaptic sequelae after transient prefrontal microglia defi-
ciency, we implemented the CDS-based microglia depletion model 
to 4-week-old mice with the aim to induce a transient depletion of 
prefrontal microglia in preadolescence (fig. S23). Consistent with 
the effects induced by adolescent CDS treatment (Fig. 1), intra-PFC 
injection of CDS in preadolescent mice caused a marked but tran-
sient decrease in the density of prefrontal microglia, which peaked 
at 5 dpi but was fully restored as of 10 dpi (fig. S24A). Preadolescent 
CDS treatment did not change the density of prefrontal neurons 
(fig. S24B) or astrocytes (fig. S24C) during the acute and post-acute 
phases of microglia depletion. Mice receiving a bilateral intra-PFC 
injection of CDS in preadolescence developed behavioral and 
cognitive changes in adulthood, which were partially distinct from 
those induced by transient prefrontal microglia depletion in adoles-
cence. More specifically, adult mice subjected to the CDS treatment 
in preadolescence displayed a higher social preference index in the 

social interaction test (Fig. 6A), while they did not differ from PBS 
controls in terms of social recognition memory (Fig. 6A) or temporal 
order memory (Fig. 6B). Similar to mice receiving CDS in adoles-
cence (Fig. 2C), however, mice subjected to the microglia-depleting 
manipulation in preadolescence developed a deficit in the extinction 
of contextual fear memory at adult age (Fig. 6C), which was unrelated 
to possible changes in innate anxiety-like behavior (fig. S25). To-
gether, our data demonstrate that the adult PFC, unlike the maturing 
PFC, is resilient to transient microglia deficiency in terms of possible 
behavioral and cognitive maladaptations. Moreover, our findings 
suggest that the precise timing of prefrontal microglia depletion 
during postnatal development critically determines the specificity of 
adult brain dysfunctions.

Consistent with this notion, we found that prefrontal microglia 
depletion in preadolescence produces a spectrum of adult synaptic 
abnormalities that substantially differed from the long-term synap-
tic changes induced by prefrontal microglia depletion in adolescence. 
Unlike CDS treatment in adolescence (Fig. 4A), the same manipu-
lation did not alter the dendritic complexity of pyramidal neurons 
in the adult PFC when it was implemented in preadolescence 
(Fig. 7A). Moreover, in contrast to prefrontal microglia depletion in 
adolescence (Fig. 4, B and C), preadolescent microglia depletion failed 
to induce a global decrease in excitatory (VGLUT1+/PSD-95+) or 
inhibitory (VGAT+/Gephyrin+) synaptic densities in the adult PFC 
(Fig. 7, C and D). CDS treatment in preadolescence did, however, 
lead to a modest but significant decrease in the number of long-thin 
spines in the adult PFC, as evaluated by Imaris-guided quantifica-
tion of surface-rendered pyramidal dendritic sections (Fig.  7B). 
Concomitant to the differential effects of the preadolescent or ado-
lescent manipulations on synaptic structures, the precise timing of 
prefrontal microglia depletion also influenced the specificity of 
functional synaptic alterations. While CDS treatment in adolescence 
led to an increase in the frequency of sIPSCs in adult prefrontal 
neurons (fig. S26A), CDS treatment during the earlier postnatal 
stage reduced the peak amplitude of sIPSCs while sparing sIPSC 
frequency (fig. S26B). CDS treatment in preadolescence did not alter 
the frequency or peak amplitude of sEPSCs in adult prefrontal neu-
rons (fig. S26, A and B), nor did it change basic electrophysiological 
properties of prefrontal pyramidal cells (fig. S26, C and D).

DISCUSSION
The protracted maturation of the PFC is necessary for acquiring 
mature cognitive abilities in adulthood (1–5). Our data now impli-
cate microglia as a regulator of this maturational process and show 
that a cell-specific and temporary deficiency of prefrontal microglia 
during restricted stages of adolescence is sufficient to cause lasting 
synaptic and cognitive impairments in adulthood. It is likely that 
prefrontal microglia influence cognitive development by means of 
refining dendritic and synaptic structures (18). In support of this 
notion, we identified dynamic changes in microglia-mediated syn-
aptic engulfment after transient microglia deficiency in the adoles-
cent PFC. While there was an initial decrease in the uptake of 
synaptic particles into prefrontal microglia shortly after the peak of 
their depletion (i.e., at 10 dpi), this decrease was followed by a phase 
of increased synaptic engulfment by prefrontal microglia. The latter 
may provide a parsimonious explanation for the seemingly para-
doxical effects of transient microglia deficiency on synaptic densi-
ties in the adult PFC. Rather than causing an increase, transient 

Fig. 5. Electrophysiological properties of pyramidal neurons in the adult PFC 
after transient prefrontal microglia depletion in adolescence. (A) sEPSC fre-
quency and peak amplitude of pyramidal neurons in the adult PFC of PBS and CDS 
mice. Dots represent individual cells (n = 35 for PBS and n = 27 for CDS; N = 4 mice 
per group), whereas filled circles reflect cell averages per animal. The picture shows 
representative sEPSC traces for PBS and CDS mice. (B) sIPSC frequency and peak 
amplitude of pyramidal neurons in the adult PFC of PBS and CDS mice. Dots repre-
sent individual cells (n = 26 cells from N = 3 mice per group), whereas filled circles 
reflect cell averages per animal. *P < 0.05, t(4) = 4.35, with animals as experimental 
unit. The picture shows representative sIPSC traces for PBS and CDS mice.
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microglia deficiency in adolescence eventually led to an overall de-
crease in synaptic densities at adult age. We also revealed a notable 
relationship between the degree of synaptic and cognitive deficits 
emerging in mice that were subjected to prefrontal microglia defi-
ciency in adolescence. Consistent with previous lesion or imaging 
studies implicating dorsal PFC subregions in temporal behavioral 
sequencing and temporal ordering of events (35–37), we found that 
prefrontal synaptic densities in the AC were positively correlated 
with the capacity of CDS-treated mice to discriminate the relative 
recency of stimuli. Together, we provide converging evidence sug-
gesting that altered synaptic refinement links prefrontal microglia 
deficiency in adolescence with the emergence of PFC-associated 
cognitive impairments in adulthood.

By showing that the cognitive effects of intra-PFC CDS treat-
ment were markedly influenced by the precise postnatal timing, our 
study also identified critical windows of vulnerability for cognitive 
sequelae after transient prefrontal microglia deficiency. While CDS-
based prefrontal microglia depletion in adult mice failed to induce 
short- or long-term effects on behavior and cognition, the same manipu-
lation caused lasting cognitive dysfunctions when implemented in 
preadolescence or adolescence, with notable differences existing 
between the two latter time windows as well. For example, preado-
lescent CDS exposure failed to alter social recognition memory and 
temporal order memory, both of which were disrupted by adoles-
cent CDS treatment only. These timing-dependent effects were un-
likely to be the result of a varying degree of microglia depletion, as 

Fig. 6. Prefrontal microglia deficiency in preadolescence causes selective behavioral and cognitive changes in adulthood. (A) Phase 1 (D, dummy object; M, unfa-
miliar mouse) and phase 2 (F, familiar mouse; N, novel mouse) of the social interaction test. The bar plots show the social preference index in phase 1 (values > 0 represent 
a preference toward M) and social memory index in phase 2 (values > 0 represent a preference toward N), whereas the line plots depict absolute exploration times in ei-
ther phase. *P < 0.05 [t(34) = 2.6]; §P < 0.001 [F(1,34) = 46.7], reflecting the overall main effect of object in phase 1; +P < 0.05, reflecting the difference between PBS and CDS 
mice in terms of the time spent exploring the live mouse, based on post hoc tests following ANOVA [treatment × object interaction: F(1,34) = 3.8, P < 0.05]; #P < 0.01, re-
flecting the overall main effect of object in phase 2 [F(1,34) = 8.4]. (B) The percentage bar plots depict the relative amount of time (%) exploring the left (L) or right (R) object 
in sample phases 1 and 2 of the temporal order memory test. The bar plot shows the temporal order memory index during the test phase (values > 0 represent a prefer-
ence toward the temporally more remote object presented in sample phase 1). (C) Percent time freezing during the habituation, acquisition, and expression phases (left 
and middle line plots) and extinction rate (% change from freezing levels measured during the expression phase; right line plot) during the contextual fear test. The arrows 
indicate the presentation of foot shock. *P < 0.05 and **P < 0.01, based on post hoc tests following repeated-measures ANOVA [treatment × days interaction: F(3,102) = 3.2, 
P < 0.05]. All data are means ± SEM with individual values overlaid; N = 18 male mice in each group and test.
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intra-PFC injections of CDS in preadolescence or adolescence caused 
a highly comparable degree of microglia depletion (70 to 80% re-
duction at the peak of the depletion under both conditions). Rather, 
the differential effects of preadolescent or adolescent CDS treat-
ment may be accounted for by a timing-dependent disruption of 
ongoing maturational processes, which partly differ between pre-
adolescent and adolescent stages of prefrontal maturation (3–5). 
Establishing and strengthening the excitatory/inhibitory balance, 
which is achieved through the remodeling of the glutamatergic and 
GABAergic systems, is one of the key processes that characterize the 
adolescent maturation of the PFC (4). The GABAergic system un-
dergoes major remodeling steps during adolescence, whereas the 
glutamatergic system itself is remodeled only marginally. Two illus-
trative examples for the notable GABAergic changes occurring 
during adolescent PFC maturation involve local GABAergic inter-
neurons expressing parvalbumin (PV) or calretinin (CR), which 
show opposite maturational trajectories (3, 38). Upon reaching ad-
olescence, fast-spiking interneurons up-regulate PV expression, 
whereas CR expression decreases sharply during this time (3, 38). 
Upon reaching adolescence, prefrontal pyramidal neurons also 
start displaying enhanced sIPSC frequencies (39), which, in turn, 
seems to be related to a concomitant increase in Gabra1 expression 
(3). Because of these maturational trajectories, the consequences of 

disrupting prefrontal GABAergic remodeling are likely to be different 
when the disrupting event takes place in preadolescence or adoles-
cence. Consistent with this notion, we found that prefrontal microglia 
depletion in adolescence led to increased sIPSC frequencies and 
higher Gabra1 expression in the adult PFC, whereas the same ma-
nipulation failed to do so when implemented in preadolescence.

However, some effects of transient prefrontal microglia deple-
tion similarly emerged regardless of whether the depletion coincided 
with preadolescence or adolescence. Such timing-independent ef-
fects were, for example, observed in contextual fear extinction, which 
was equally impaired in adult mice that had been treated with CDS 
at 4 or 6 weeks of age. The basic neural circuitries mediating fear 
extinction develop already at juvenile stages of life (40–42), with 
fine-tuning and refinement occurring thereafter throughout peri-
adolescence (43, 44). Thus, the microglia-depleting manipulations 
in 4- or 6-week-old mice targeted preexisting, basic neuronal cir-
cuitries of fear extinction, possibly leading to a mal-refinement of 
these circuitries across subsequent brain maturation in both cases. 
If confirmed by future investigations, then the early development 
and subsequent maturation of fear extinction circuitries may in-
deed offer an explanation as to why transient prefrontal microglia 
depletion in preadolescence or adolescence induced similar effects 
in this cognitive domain.

Fig. 7. Restricted structural synaptic changes in pyramidal neurons of the adult PFC after transient prefrontal microglia deficiency in preadolescence. (A) The 
line plot depicts the number of dendritic intersections against the radial distance from soma (20-m spacing from the soma center), as analyzed by Sholl analysis of bio-
cytin-filled prefrontal neurons reconstructed with Imaris image analysis software. N = 8 per group. (B) Number of different spines (filopodia, long-thin, mushroom, and 
stubby spines), as analyzed by quantification of surface-rendered spines on biocytin-filled pyramidal dendritic sections. Different spine classes are highlighted in different 
colors, as shown on the representative IF stain of a biocytin-filled pyramidal dendritic section after surface rendering with Imaris. *P < 0.05, t(14) = 2.66; N = 8 per group. 
(C) Representative double-IF stain using VGLUT1 (red) as presynaptic and PSD-95 (green) as postsynaptic markers of excitatory neurons. VGLUT1+/PSD-95+ colocalizing 
synapses are highlighted by white circles in the magnified section. The scatterplot shows the density (numbers per square millimeter) of VGLUT1+/PSD-95+ synapses in 
the medial PFC of PBS and CDS mice. N = 7 per group. (D) Representative double-IF stain using VGAT (red) as presynaptic and Gephyrin (green) as postsynaptic markers 
of inhibitory neurons. VGAT+/Gephyrin+ colocalizing synapses are highlighted by white circles in the magnified section. The scatterplot shows the density (numbers per 
square millimeter) of VGAT+/Gephyrin+ synapses in the PFC of PBS and CDS mice N = 7 per group.
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While several genetic and pharmacological models of microglia 
depletion exist (19–24), the model presented here is unique in that 
it allows for a selective manipulation of microglia in a brain region–
specific and temporally restricted manner without inducing non-
specific effects on peripheral immune cells. This degree of specificity 
is not reached by other models, be it because they lack brain region 
specificity (19–23) and/or are associated with a suppression or de-
pletion of peripheral immune cells, including monocytes and mac-
rophages (45). However, one possible limitation of the model 
presented here is that it requires stereotaxic surgery to induce tran-
sient microglia depletion, and thus, it causes local tissue damage at 
the site of the intracerebral injection. To control for possible con-
founds resulting from local tissue damage, we included additional 
cohorts of sham control mice, which underwent the same experi-
mental manipulations as PBS controls (including anesthesia, fixa-
tion in the stereotaxic frame, and longitudinal skin incision), except 
that they did not receive any intracerebral injection. We found that 
sham controls did not differ from PBS controls with regard to the 
densities in terms of microglia, neurons, or astrocytes or in terms of 
microglial gene expression after microglia repopulation. Moreover, 
sham and PBS control mice did not differ in terms of their behav-
ioral and cognitive performance throughout all tests of interest. On 
the basis of these findings, we conclude that the local tissue damage 
caused by the intracerebral injection did not confound the identi-
fied effects of CDS-induced microglia depletion, implying further-
more that the synaptic and cognitive changes emerging after transient 
prefrontal microglia depletion cannot be accounted for by the ste-
reotaxic injection itself.

We acknowledge a number of limitations in our study. First, be-
cause our study was based on investigations in male mice only, an 
extension to other species and female subjects is warranted to test 
the generalizability of our findings across species and sex. The latter 
appears particularly important in view of the known sex differences 
in microglia biology in health and disease (46). Second, while our 
data strongly implicate microglia in the structural and functional 
maturation of the PFC, the precise molecular mechanisms by which 
these cells regulate prefrontal maturation remain to be identified in 
future studies. Third, the identified associations between cognitive 
and subregion-specific synaptic deficits emerging after transient 
prefrontal microglia deficiency are based on correlative evidence 
only. Thus, additional studies are warranted to ascertain causal re-
lationships between synaptic and cognitive measures in this model. 
Likewise, the precise relationships between structural and functional 
synaptic abnormalities await further exploration. For example, while 
our study revealed timing-dependent effects of transient microglia 
deficiency on synaptic densities and electrophysiological parame-
ters in the PFC, the extent to which the identified synaptic deficits 
contribute or even mediate the observed alterations in sIPSC re-
mains elusive.

Notwithstanding these limitations, our study identifies adoles-
cence as a critical period during which prefrontal microglia act on 
cognitive development. The experimental model system described 
here offers unique opportunities to investigate the pathophysiological 
relevance of impaired microglial functions in neurodevelopmental 
disorders, especially those that involve structural and functional 
deficits in the PFC. While hypotheses surrounding an involvement 
of increased microglial activity in neurological and psychiatric dis-
orders have rapidly gained momentum in recent years (47–49), our 
findings emphasize that the opposite pathology, namely, microglial 

deficiency, is likely to be etiologically relevant for some brain dis-
orders as well, especially for those that have their typical onset in 
late adolescence or early adulthood (50).

MATERIALS AND METHODS
Animals
All experiments were performed using male C57BL6/N mice (Charles 
Rivers, Sulzfeld, Germany). We included animals of one sex (male) 
only, as our study was primarily designed to identify timing-dependent 
effects of transient prefrontal microglia depletion, which required 
the generation of multiple cohorts of animals. Hence, the inclusion 
of both sexes was not technically feasible in the current study. The 
animals were kept in groups (two to five animals per cage) in indi-
vidually ventilated cages (Allentown Inc., Bussy-Saint-Georges, France) 
in a temperature- and humidity-controlled (21° ± 3°C, 50 ± 10%) 
specific pathogen–free holding room. They were kept under a re-
versed light-dark cycle (lights off: 9:00 a.m. to 9.00 p.m.) and had ad 
libitum access to standard rodent chow (Kliba 3336, Kaiseraugst, 
Switzerland) and water throughout the entire study. All experiments 
were previously approved by the Cantonal Veterinarian’s Office of 
Zürich, Switzerland (license no. ZH-187/2017). All efforts were 
made to minimize the number of animals used and their suffering. 
The number of animals used in each experiment is specified in the 
legends of the main figures (Figs. 1 to 7) and supplementary figures 
(figs. S1 to S25).

Stereotaxic surgery
The stereotaxic surgery was performed using methods established 
and validated before (51, 52). Anesthesia of the animals was induced 
by inhalation of 2 to 3% isoflurane (ZDG9623V, Baxter, Switzerland) 
in oxygen. After anesthesia induction, the heads of the animals 
were shaved, and vitamin A cream (Bausch & Lomb Swiss AG) was 
applied to the eyes to avoid dehydration. The animals were injected 
with the analgesic Temgesic [buprenorphine (0.1 mg/kg, s.c.), 
Reckitt Benckiser, Switzerland] and fixed into the stereotaxic frame 
(MTM-3, World Precision Instruments, USA) while kept under con-
stant isoflurane/oxygen flow [1 to 3% isoflurane in oxygen (600 ml/
min)]. All animals were kept on a temperature-controlled heating 
plate (ATC1000, World Precision Instruments, USA) during the 
entire surgical procedure to avoid anesthesia-induced hypothermia. 
A longitudinal incision of the skin was made to expose the skull. 
The skull was cleaned from connective tissue, and the bone, above 
the target area, was removed using a micro drill (OmniDrill35, World 
Precision Instruments, USA) with a rose burr (ø 0.3 mm). Intrace-
rebral injections were performed using a NanoFil needle and syringe 
(NANOFIL, NF35BV, World Precision Instruments, USA) con-
nected to an automated pump (UMP3T-1, World Precision Instru-
ments, USA).

Mice assigned to transient prefrontal microglia depletion received 
a single, bilateral injection of CDS (50 mg/ml in PBS; catalog no. 
233183, EMD Millipore Corp., USA) into the medial portion of the 
PFC, whereas control mice received a single, bilateral injection of 
PBS (catalog no. 14190144, Thermo Fisher Scientific, Switzerland). 
The solutions were injected at an infusion rate of 5 nl/s and a volume of 
200 nl (4- and 6-week-old mice) or 300 nl (12-week-old mice). 
Bilateral injections were performed at defined stereotaxic coordi-
nates of the PFC with reference to bregma. For preadolescent 
(4-week-old) mice, the following coordinates were used: anteroposterior 
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(A/P) = +1.75 mm, mediolateral (M/L) = ±0.3 mm, and dorsoventral 
(D/V) = −1.65 mm; for adolescent (6-week-old) mice, the following 
coordinates were used: A/P = +1.80 mm, M/L = ±0.3 mm, and 
D/V = −1.90 mm; and for adult (12-week-old) mice, the following 
coordinates were used: A/P = +2.0 mm, M/L = ±0.3 mm, and 
D/V = −2.0 mm. After insertion of the needle, a small drop of Histo-
acryl (B. Braun, Switzerland) was applied at the site of injection to 
avoid reflux of the injected substances. After injection of either PBS 
or CDS, the needle was kept in place for 5 min to avoid reflux of the 
substances before retracting it. For some experiments, an additional 
group of animals was fixed into the stereotaxic frame and had a lon-
gitudinal incision made but were otherwise left undisturbed. These 
mice served as additional sham controls. Incisions were sutured 
with a surgical thread (G0932078, B. Braun, Switzerland), and the 
animals were placed in a temperature-controlled chamber (Harvard 
Apparatus, USA) until full recovery from anesthesia. After the sur-
gery, the animals were placed back in their home cage and closely 
monitored for three consecutive days after surgery.

Behavioral and cognitive testing
Behavioral and cognitive testing involved a battery of tests indexing 
basal locomotor activity and innate anxiety-like behavior (open-field 
test and light-dark box test), social approach behavior and recogni-
tion memory (social interaction test), temporal order memory for 
objects (temporal order memory test), and contextual fear condition-
ing and extinction (fear conditioning test). The tests for social ap-
proach behavior and recognition memory, temporal order memory, 
and contextual fear conditioning and extinction were selected be-
cause they critically involve PFC functions (27–29). Tests for basal 
locomotor activity and innate anxiety-like behavior were conducted 
to evaluate whether the anticipated changes in PFC-related cognitive 
functions after microglia depletion would be confounded by possible 
alterations in general exploratory activity or innate anxiety-like be-
havior. In each experimental series, the animals were tested repeatedly 
using the same order of testing [(i) open-field test, (ii) light-dark box 
test, (iii) social interaction test, (iv) temporal order memory test, and 
(v) fear conditioning test], with a resting phase of 3 to 4 days between 
individual tests. Testing was always conducted during the animals’ 
active phase, that is, during the dark phase of the inverted light-dark 
cycle (between 10:00 a.m. and 8.00 p.m.). All tests were extensively 
validated previously and are routinely used in our laboratory (53–56).
Open-field test
A standard open-field exploration task served as the first test to as-
sess spontaneous locomotor activity and innate anxiety-like behavior 
(57). The apparatus consisted of four identical open-field arenas 
[40 cm (length) by 40 cm (width) by 35 cm (height)] made of white 
polyvinyl chloride (OCB Systems Ltd., Hertfordshire, UK). It was 
positioned in a testing room with diffused lighting (~30 lux in the 
center of the arena). A digital camera was mounted above the arena, 
captured images at a rate of 5 Hz, and transmitted them to a PC 
running the EthoVision (Noldus Technology, Wageningen, The 
Netherlands) tracking system. The animals were recorded for 15 min 
before they were placed back into their home cage. For the purpose 
of data collection, the arena was conceptually partitioned into two 
areas: a center zone (measuring 10 cm by 10 cm) in the middle of 
the area and a peripheral zone occupying the remaining area. The 
measurements collected from this test included the total distance 
moved, the distance moved in the center zone, and the number of 
center zone visits.

Light-dark box test
A light-dark box test was used as the second test to measure innate 
anxiety-like behavior (57). The apparatus consisted of four identical 
multiconditioning boxes (Multi Conditioning System, TSE Systems, 
Bad Homburg, Germany), each containing a dark (1 lux) and a 
bright (100 lux) compartment. The two compartments were sepa-
rated from each other by a dark plexiglass wall with an integrated, 
electrically controlled door. To start a trial, each mouse was placed 
in the dark compartment. After 5 s, the door automatically opened, 
allowing access to both the dark and bright compartments for 
10 min. The measurements collected from this test included the dis-
tance moved and time spent in the light compartment.
Social approach and social recognition memory test
Social approach behavior and social recognition memory were mea-
sured using a social interaction test consisting of two phases (54, 55). 
The apparatus was made of a modified Y-maze consisting of an 
opaque acrylic glass, which contained three identical arms [50 cm 
(length) by 9 cm (width)] surrounded by 10-cm-high Plexiglas walls. 
The three arms radiated from a central triangle (8 cm on each side) 
and were spaced 120° from each other. Two of the three arms con-
tained rectangular wire grid cages [13 cm (length) by 8 cm (width) 
by 10 cm (height)], with metal bars horizontally and vertically 
spaced 9 mm apart. The third arm did not contain a metal wire cage 
and served as the start zone (see below). The apparatus was located 
in an experimental testing room under dim diffused lighting (~20 lux 
as measured in the individual arms).

Phase 1. This phase served as a test for social approach behavior. 
During this phase, one metal wire cage contained an unfamiliar 
C57BL6/N mouse (“live mouse”), whereas the other wire cage con-
tained an inanimate object (“dummy object”). The latter was a black 
scrunchie made of velvet material. The allocation of the live mouse 
and “dummy” to the two wire cages was counterbalanced across ex-
perimental groups. To begin a trial, the test animal was introduced 
at the end of the start arm and was allowed to freely explore all three 
arms for 5 min. Behavioral observations were made by an experi-
menter who was blinded to the experimental conditions in the form 
of numerical codes. Social interaction was defined as a nose contact 
within a 2-cm interaction zone. For each test animal, a social pref-
erence index was calculated by the following formula: [(time spent 
with the mouse)/(time spent with the inanimate dummy object + 
time spent with the mouse)] − 0.5. The social preference index was 
used to compare the relative exploration time between the unfamil-
iar mouse and the inanimate dummy object, with values > 0 signifying 
a preference toward the unfamiliar mouse. In addition, the absolute 
times spent with the unfamiliar mouse and the inanimate dummy 
object were analyzed. On completion of phase 1, the animal was 
removed and kept in a holding cage for 5 min until the start of the 
next phase.

Phase 2. This phase served as a test for social recognition memory. 
During this phase, another unfamiliar C57BL6/N mouse, which is 
referred to as the “novel mouse,” replaced the inanimate dummy 
object. The other cage contained the “familiar mouse” previously 
used in phase 1 (see above) of the test. The allocation of the novel 
mouse and familiar mouse to the two wire cages was counterbal-
anced across experimental groups. To start phase 2, the test animal 
was introduced at the end of the start arm and was allowed to freely 
explore all three arms for 5 min. Behavioral observations for social 
interaction were scored as described before. For each test animal, a 
social memory index was calculated by the following formula: 
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[(time spent with the novel mouse)/(time spent with the novel 
mouse + time spent with the familiar mouse)] − 0.5. The social 
memory index was used to compare the relative exploration time 
between the familiar and novel mice, with values > 0 signifying a 
preference toward the novel mouse. In addition, the absolute times 
spent with the familiar and novel mice were analyzed.
Temporal order memory test
A temporal order memory test for objects was used to measure the 
PFC-dependent capacity of animals to discriminate the relative re-
cency of stimuli (28). The test apparatus consisted of an open field 
as described above, with minor modifications (see below). The test 
procedure consisted of four consecutive phases, which were each 
separated 60 min apart.

Habituation phase. To habituate the animals to the test appara-
tus, the animals were gently placed in the center of the open-field 
apparatus and allowed to freely explore the arena for 10 min. They 
were then removed from the apparatus and kept in a holding room 
for 60 min before the start of the next phase.

Sample phase 1. For this phase, a first pair of identical objects 
(blue aluminum hairspray bottles, 250 ml, 20 cm high) were placed 
in the open-field arena in opposing corners approximately 5 cm from 
the walls. To start a trial, the animals were gently placed into the center of 
the open field and were allowed to freely explore the objects for 
10 min. They were then removed from the apparatus again and kept 
in a holding room for 60 min before the start of the next phase.

Sample phase 2. For this phase, a novel pair of identical objects 
(LEGO Duplo brick pile, 15 cm high) were placed in the open-field 
arena, thereby allocating them in the same position as the first pair 
of objects (see above). To start a trial, the animals were gently placed 
into the center of the open field again and were allowed to freely 
explore the novel pair of objects for 10  min. They were then re-
moved from the apparatus once more and kept in a holding room 
for 60 min before the start of the actual test phase.

Test phase. In the test phase, the open field was equipped with 
one object used in sample phase 1 (temporally more remote object) 
and one object in sample phase 2 (temporally more recent object), 
with the corner allocation of the objects being counterbalanced across 
groups. To start the test trial, the animals were placed into the cen-
ter of the open field and were allowed to freely explore either object 
for 10 min.

For each animal, a temporal order memory index was calculated 
by the following formula: [(time spent with phase 1 object)/(time 
spent with phase 1 object + time spent with phase 2 object)] − 0.5. 
The temporal order memory index was used to compare the animals’ 
capacity to discriminate the relative recency of stimuli (16), with 
values > 0 signifying a capacity to discriminate between the tempo-
rally more remote object presented in sample phase 1 and the tem-
porally more recent object presented in sample phase 2. In addition, 
the relative amount of time exploring the objects in sample phases 1 
and 2 of the test was analyzed to measure object exploration per se 
and to explore possible side preferences while exploring the objects.
Contextual fear conditioning and extinction
Contextual fear conditioning and extinction were conducted using 
four identical multiconditioning chambers (Multi Conditioning Sys-
tem, TSE Systems, Bad Homburg, Germany), in which the animals 
were confined to a rectangular enclosure [30 cm (length) by 30 cm 
(width) by 36 cm (height)] made of black acrylic glass. The cham-
bers were equivalently illuminated by a red house light (30 lux) and 
were equipped with a grid floor made of 29 stainless rods (4 mm in 

diameter and 10  mm apart; inter-rod center to inter-rod center), 
through which a scrambled electric shock could be delivered. Each 
chamber was surrounded by three infrared light–beam sensor sys-
tems, with the sensors spaced 14 mm apart, allowing movement 
detection in three dimensions. The contextual fear conditioning 
and extinction test followed protocols established before (53) and 
consisted of three phases, which were each separated 24 hours apart 
(see below). During all three phases, the red house light was on at all 
times. Conditioned fear was expressed as freezing behavior, which 
was quantified automatically by program-guided algorithms as the 
time of immobility per 30-s bins. The data collected during the 
three phases were analyzed separately.

Habituation and conditioning phase. The animals were placed in 
the designated test chamber and were allowed to freely explore the 
chamber for 3 min. This served to habituate the animals to the 
chamber. Conditioning commenced immediately at the end of 
the habituation period without the animals being removed from 
the chambers. For conditioning, the animals were exposed to 
three conditioning trials, whereby each conditioning trial began 
with the delivery of a 1-s foot-shock set at 0.3 mA and was followed 
by a 90-s rest period. After conditioning, the animals were removed 
from the chambers and were placed back in their home cages imme-
diately after the last trial. The amount of percent time freezing during 
each post-shock period was divided into bins of 30 s and provided a 
measure of the contextual fear acquisition.

Fear expression phase.  The fear expression phase took place 
24 hours after conditioning when the animals were returned to the 
same chambers in the absence of any discrete stimulus other than 
the context. To assess conditioned fear toward to the context, per-
cent time freezing was measured for a period of 6 min and expressed 
as a function of 30-s bins. The animals were then removed from the 
boxes and placed back to their home cages.

Fear extinction phase. Extinction of contextual fear memory was 
evaluated by daily exposing the animals to the same chambers in the 
absence of any discrete stimulus other than the context (17). This 
procedure was conducted on three consecutive days, during which 
the animals were exposed to the chamber for a total of 6 min on 
each day. To analyze extinction of contextual fear memory, the ex-
tinction rate was calculated for each animal by expressing the 
percent time freezing measured on each day of the fear extinction 
phase relative to the baseline percent time freezing measured during 
the fear expression phase 24 hours after conditioning.

Electrophysiology
Coronal slices (300 m) of the PFC were prepared from adult 
C57BL6/N male mice treated with PBS or CDS in preadolescence, 
adolescence, or adulthood (see above). Slices were incubated for 
1 hour at 34°C in sucrose-containing artificial cerebrospinal fluid 
(sucrose-ACSF: 85 mM NaCl, 75 mM sucrose, 2.5 mM KCl, 25 mM 
glucose, 1.25 mM sodium phosphate buffer, 4 mM MgCl2, 0.5 mM 
CaCl2, and 24 mM NaHCO3) and then held at room temperature in 
the same solution until recording. Electrophysiological recordings 
were made at 37°C in ACSF (126 mM NaCl, 2.5 mM KCl, 10 mM 
glucose, 1.25 mM sodium phosphate buffer, 2 mM MgCl2, 2 mM CaCl2, 
and 26 mM NaHCO3) containing (2R)-amino-5-phosphonovaleric 
acid (10 M; catalog no. 79055-68-8, Tocris Bioscience) and 2,3- dioxo-
6-nitro-7-sulfamoyl-benzo[f]quinoxaline (5 M; catalog no. 118876-
58-7, Tocris Bioscience) to record IPSCs, whereas ACSF containing 
hydrobromide/gabazine (10 M; catalog no. 104104-50-9, Tocris 
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Bioscience) was used to record EPSCs. Slices were visualized in an 
upright microscope (BX-61WI, Olympus) with infrared differential 
interference contrast optics, using a Hamamatsu ORCA-Flash 4.0 
complementary metal-oxide semiconductor camera. Whole-cell re-
cordings were obtained from prefrontal layer 2/3 pyramidal cells 
with patch pipettes (Harvard Apparatus; GC150F-10; outer diame-
ter, 1.5 mm; inner diameter, 0.86  mm; 10  cm length) filled with 
standard intracellular solution [95 mM K-gluconate, 50 mM KCl, 
10 mM Hepes, 4 mM Mg-ATP, 0.5 mM Na-GTP, 10 mM phospho-
creatine, and 2% biocytin; (pH 7.2) KOH-adjusted, 300 mOsm]. 
Electrophysiological recordings were made using MultiClamp700B 
amplifiers (Molecular Devices, Sunnyvale, CA). Signals were filtered 
at 10 kHz using Bessel filter and digitized (50 kHz) with a Digidata 
1440A and pCLAMP 10 (Molecular Devices, Sunnyvale, CA). Series 
resistance was monitored, and recordings were discarded if the series 
resistance changed significantly or reached 20 megaohm. Pyramidal 
cells were identified by their morphology and action potential spik-
ing properties. Spontaneous voltage clamp–recorded traces were 
analyzed using Mini Analysis Program (Synaptosoft Inc.).

For measurements of main biophysical parameters [resting 
membrane potential, input resistance and capacitance, action potential 
(AP) firing threshold, maximal AP frequency, and AP half-width] 
after adolescent microglia depletion, 51 pyramidal cells from seven 
PBS mice and 53 pyramidal cells from seven CDS mice were includ-
ed. In this cohort of animals, 26 pyramidal cells from three mice per 
treatment group were included for measurements of sIPSCs, whereas 
35 pyramidal cells from four PBS mice and 27 pyramidal cells from 
four CDS mice were included for measurements of sEPSCs. For 
measurements of main biophysical parameters after preadolescent 
microglia depletion, 68 pyramidal cells from eight PBS mice and 69 
pyramidal cells from eight CDS mice were included. In this cohort of 
animals, 33 pyramidal cells from eight mice per treatment group were 
included for measurements of sIPSCs, whereas 28 pyramidal cells 
from eight PBS mice and 29 pyramidal cells from eight CDS mice 
were included for measurements of sEPSCs. For measurements of 
main biophysical parameters after adult microglia depletion, 
69 pyramidal cells from eight PBS mice and 73 pyramidal cells from 
eight CDS mice were included. In this cohort of animals, 29 pyramidal 
cells from eight PBS mice and 28 pyramidal cells from eight CDS mice 
were included for measurements of sEPSCs, whereas 26 pyramidal 
cells from seven PBS mice and 20 pyramidal cells from seven CDS 
mice were included for measurements of sIPSCs. To avoid spurious 
findings arising from pseudoreplication, the number of animals (rather 
than the number of cells) was considered as the experimental unit 
in all statistical analyses of electrophysiological data (see below).

After electrophysiological recordings, the slices were fixed with 
4% paraformaldehyde (PFA) in 0.1 M PBS overnight. They were then 
transferred to 0.1 M PBS and washed three times for 10 min on a 
shaker at room temperature. After washing, the slices were incubated 
for 48 hours with streptavidin Alexa Fluor 488 conjugate (dilution 
1:500; S32354, Thermo Fisher Scientific, Switzerland) in 0.1 M PBS 
containing 1% Triton X-100 at 4°C. The slices were then washed again 
three times in 0.1 M PBS for 10 min on a shaker at room tempera-
ture and coverslipped with VECTASHIELD mounting medium 
(H-1000-10, Vector Laboratories).

Immunohistochemistry
The animals were deeply anesthetized with an overdose of pento-
barbital (Esconarkon ad us. vet., Streuli Pharma AG, Switzerland) 

and transcardially perfused with 20 ml of ice-cold PBS followed by 
60 ml of ice-cold 4% phosphate-buffered PFA with a perfusion rate 
of 20 ml/min. The brains were immediately removed from the skull 
and postfixed in 4% PFA for 6 hours before cryoprotection in 30% 
sucrose in PBS for 48 hours. The brains were cut coronally with a 
sliding microtome at 30 m (eight serial sections) and stored at −20°C 
in cryoprotectant solution [50 mM sodium phosphate buffer (pH 7.4) 
containing 15% glucose and 30% ethylene glycol; Sigma-Aldrich, 
Switzerland] until further processing.

Immunofluorescent stainings were performed according to pre-
viously established protocols (51, 52, 58, 59). Briefly, the brain sections 
were rinsed in tris buffer (pH 7.4) before incubating with primary 
antibodies. A summary of all antibodies used for the immunohisto-
chemical experiments is provided in Table 1 (primary antibodies) 
and Table 2 (secondary antibodies). The primary antibodies were 
diluted in tris buffer containing 0.2% Triton X-100 and 2% normal 
serum. The sections were incubated free-floating under constant 
agitation (100 rpm) overnight at 4°C. The following day, sections were 
washed three times for 10 min in tris buffer before a 30-min incuba-
tion period with secondary antibodies diluted in tris buffer containing 
2% normal serum at room temperature. After incubation, which was 
shielded from light, the sections were washed 3 × 10 min in tris buffer, 
mounted onto gelatinized glass slides, coverslipped with Dako fluo-
rescence mounting medium (S3023, Agilent, Switzerland), and stored 
in the dark at 4°C until image acquisition (see below).

Microscopy and immunofluorescent image analyses
Assessment of cell numbers
Immunofluorescence (IF)–stained images of Iba1+ microglia, neu-
ronal nuclei–positive (NeuN+) neurons, and S100 calcium-binding 
protein –positive (S100+) astrocytes were acquired with a wide-
field microscope (Axio Observer Z1, Zeiss, Jena, Germany) using a 
10× [air; numerical aperture (NA), 0.3] objective. Consecutive tile 
scans of whole coronal brain sections were captured (bregma: +2.2 
mm, +1.8 mm, +1.4 mm, and +0.5 mm) and exported from the ZEN 
Software as tiff format. Cell numbers within the regions of interest 
(medial PFC, primary motor cortex, secondary motor cortex, pri-
mary somatosensory cortex, and forceps minor of the corpus callo-
sum) were counted using the particle analyzer plugin for the ImageJ 
software. The threshold for each marker was set to acquire optimal 
representation of microglia, neurons, and astrocytes and kept con-
stant during image analyses. Microglia, neuron, and astrocyte cell 
numbers were normalized to each individual area of interest and 
displayed as cells per square millimeter. All analyses were conduct-
ed by an experimenter who was blinded to the treatment conditions 
in the form of numerical codes.
Estimation of synaptic density via colocalization analysis
Double-IF images of VGLUT1 and PSD-95 (excitatory synapses) or 
VGAT and Gephyrin (inhibitory synapses) were taken using sequen-
tial acquisition of separate wavelength channels by confocal laser 
scanning microscopy (Leica DMI6000 AFC, Model SP8, Mannheim, 
Germany) with a 63× (oil, NA 1.4) objective and a zoom of 1.8. Laser 
intensities for each channel were set and kept constant during the 
entire image acquisition. For each animal, 12 single-plane images 
were randomly acquired from four consecutive sections containing 
the PFC (bregma: +2.2 to +1.4 mm). Colocalization between VGLUT1+ 
and PSD-95+ puncta (excitatory synapses) or VGAT and Gephyrin 
(inhibitory synapses) was measured and calculated using a custom-made 
macro (provided by J.-M. Fritschy, Institute of Pharmacology and 
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Toxicology, University of Zürich, Switzerland) developed for the 
ImageJ software. This macro has been extensively validated for 
immunohistochemical colocalization studies and has been described 
in detail previously (51,  58). Briefly, Gaussian filter, background 
subtraction, and a threshold were applied to the images for each 
channel. The settings for each marker were adjusted so that an op-
timal representation of VGLUT1, PSD-95, VGAT, and Gephyrin 
was achieved and kept constant during image analyses. The number 
of colocalized clusters was defined as pixel clusters in the presynap-
tic channel (VGLUT1 or VGAT) that overlapped with pixel clusters 
in the postsynaptic channel (PSD-95 or Gephyrin), with a set size 
cutoff at 0.05 m2.

Sholl analysis
The complexity of dendritic arbors of biocytin-labeled layer 2/3 py-
ramidal neurons of the PFC was assessed by means of the Sholl analy-
sis (60). Images were captured with confocal laser scanning microscopy 
(Leica DMI6000 AFC, Model SP8, Mannheim, Germany) using a 20× 
(oil, NA 0.75) objective with a minimal z-stack distance of 2 m. All 
images were deconvolved with Huygens Professional version 20.10 
(Scientific Volume Imaging, The Netherlands, http://svi.nl), using the 
CMLE algorithm, with SNR:10 and 40 iterations. After deconvolution, 
the images were imported into Imaris image analysis software 
(version 9.6.0, Oxford Instruments). Neurons were reconstructed 
three-dimensionally using the “filament creation” wizard. Manual er-
ror correction was performed to ensure accurate dendrite rendering. 
For the Sholl analysis, a sphere radius gap of 20 m was chosen, and 
the number of dendrite intersections against the radial distance from 
soma was quantified automatically by the software. On average, five to 
six pyramidal neurons per animal were included in the Sholl analysis. 
To avoid spurious findings arising from pseudoreplication, the num-
ber of animals (N = 7 to 8 per treatment) was considered as the exper-
imental unit in statistical analyses (see below).
Classification and quantification of dendritic spines
Dendritic spines were classified and quantified for biocytin-labeled 
layer 2/3 pyramidal neurons of the PFC. Image acquisition was per-
formed with confocal laser scanning microscopy (Leica DMI6000 
AFC, Model SP8, Mannheim, Germany) using a 63× (oil, NA 1.4) 
objective with a zoom of 3 and a minimal z-stack distance of 0.5 m. 
All images were deconvolved with Huygens Professional version 
20.10 (Scientific Volume Imaging, The Netherlands, http://svi.nl), 
using the CMLE algorithm, with SNR:10 and 40 iterations. After 
deconvolution, the images were imported into Imaris image analy-
sis software (version 9.6.0, Oxford Instruments). Dendrites of layer 
2/3 pyramidal cells in the PFC were surface-rendered using the 
semiautomated “autopath” algorithm in the filament creation wiz-
ard. Whenever necessary, manual error correction was performed 
to obtain a full representation of the individual dendrites with the 
corresponding spines. The “classify spines Xtension” function was 
used with default parameters to classify different spine classes 
(filopodia, long-thin, mushroom, and stubby spines). Spines with a 
length shorter than 1 m were classified as stubby, whereas spines 
with a length shorter than 3 m and a mean spine head width larger 
than the doubled mean neck width were classified as mushroom. 
Spines with a mean spine head width larger or equal the mean spine 
neck width were classified as long thin. Spines that did not match 
the previous criteria were classified as filopodia. The number of 
spines per 100-m dendrite was analyzed for each spine class. These 
analyses were conducted by an experimenter who was blinded to 
the treatment conditions in the form of numerical codes. For each 
animal, four dendritic sections (each ranging 80 to 90 m in length) 
of four distinct pyramidal neurons per animal were included for the 
quantification of dendrites. Hence, a total length of 320 to 360 m 
per animal was included in the analysis of dendritic spines. To avoid 
spurious findings arising from pseudoreplication, the number of 
animals (N = 7 to 8 per treatment) was considered as the experi-
mental unit in statistical analyses (see below).
Estimation of synaptic particles within microglia
Double-IF images of Iba1+ microglia and Bassoon+ synaptic parti-
cles were taken using sequential acquisition of separate wavelength 
channels by confocal laser scanning microscopy (Spinning disk, 
Visitron CSU-W1, Visitron Systems, Puchheim, Germany) with a 

Table 1. List of primary antibodies used for immunohistochemistry.  
Wherever applicable, the table specifies the vendor, description, catalog 
number (Cat#), and dilution of the primary antibodies used for 
immunohistochemistry. The selected antibodies have been validated 
thoroughly in previous studies using C57BL6/N mice (51, 58, 59). n.a., not 
applicable. 

Target Vendor Description, 
Cat# Dilution

Alpha-1 subunit 
of the 
inhibitory 
GABAA 
receptor 
(Gabra1)

Custom-made* Rabbit 
polyclonal, n.a. 1:10,000

Bassoon Enzo Life 
Sciences

Mouse 
monoclonal, 

ADI-VAM-
PS003

1:1000

Gephyrin
Synaptic 
Systems, 
Germany

Mouse 
monoclonal, 

147 011
1:1000

Ionized 
calcium-binding 
adaptor 
molecule 1 (Iba1)

FUJIFILM Wako 
Chemicals, USA

Rabbit 
polyclonal, 
019-19741

1:3000

Neuronal nuclei 
(NeuN)

Synaptic 
Systems, 
Germany

Guinea pig 
polyclonal, 266 

004
1:1000

Postsynaptic 
density protein 
95 (PSD-95)

Thermo Fisher 
Scientific, 

Switzerland

Mouse 
monoclonal, 

MA1-046
1:1000

S100 calcium-
binding protein 
 (S100)

Abcam, The 
Netherlands

Rabbit 
monoclonal, 

ab52642
1:1000

Vesicular 
glutamate 
transporter 1 
(VGLUT1)

Synaptic 
Systems, 
Germany

Guinea pig 
polyclonal, 135 

304
1:1000

Vesicular 
inhibitory amino 
acid transporter 
(VGAT)

Synaptic 
Systems, 
Germany

Rabbit 
polyclonal, 131 

002
1:1000

*The primary antibody against Gabra1 was custom-made by J.-M. Fritschy, 
Institute of Pharmacology and Toxicology, University of Zürich, Switzerland. 
Its production and validation have been described previously (19).
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100× (oil, NA 1.4) objective. Laser intensities for each channel were 
set and kept constant during the entire image acquisition. For each 
animal, 12 series of images with a minimal z-stack distance of 0.13 m 
were randomly acquired from three consecutive sections contain-
ing the medial portion of the PFC spanning the IL, PL, and AC sub-
regions (bregma: +2.2 to +1.4 mm). All images were deconvolved with 
Huygens Professional version 20.10 (Scientific Volume Imaging, The 
Netherlands, http://svi.nl) using the CMLE algorithm with SNR:10 
and 40 iterations. After deconvolution, the images were imported into 
Imaris image analysis software (version 9.6.0, Oxford Instruments). 
Iba1+ microglia were reconstructed three-dimensionally using the 
“surface creation” wizard. Bassoon+ synaptic puncta were generated 
using the “spots creation” wizard with default parameters. The “split 
into surface objects” function was used to quantify Bassoon+ synaptic 
particles within surface-rendered Iba1+ microglia. The colocalizing 
synaptic particles were normalized to the volume of microglia.

Next-generation RNA-seq
The animals were deeply anesthetized with an overdose of pento-
barbital (Esconarkon ad us. vet., Streuli Pharma AG, Switzerland) 
and transcardially perfused with 20 ml of ice-cold ACSF (pH 7.4) as 
described previously (59). After decapitation, the brains were im-
mediately extracted from the skull, frozen on dry ice, and stored at 
−80°C until further processing. The brains were then cut into 1-mm 
coronal brain sections using razorblade cuts, and subsequent micro-
dissection of the medial PFC (bregma: +2.5 to +1.5 mm) was per-
formed as described previously (51, 56). Total RNA was isolated using 
the SPLIT RNA Extraction Kit (008.48, Lexogen, Vienna, Austria). 
The procedure was conducted according to the manufacturer’s in-
structions, and the resulting RNA was quantified by Nanodrop 
(DeNovix DS-11+ spectrophotometer, Labgene Scientific SA, 
Switzerland). The samples were then stored at −80°C until further use.

RNA integrity and amount were determined using a Bioanalyzer 
2100 (Agilent Technologies). Only samples with an RNA integrity 
number > 8 were further processed and included in the analysis. 
The TruSeq Stranded Total RNA Library prep kit (Illumina) with 
ribosomal depletion and dual barcoding [2 × 10 base pairs (bp)] was 

used to produce library constructs. Briefly, 400 ng of total RNA per 
sample was ribosomal RNA–depleted, fragmented, and reverse- 
transcribed into double-stranded cDNA and ligated with adapters. 
Polymerase chain reaction (PCR) was performed to selectively en-
rich for fragments containing adapters on both ends. Quality and 
quantity of enriched libraries were analyzed using a Bioanalyzer 
2100 (Agilent Technologies) with a DNA-specific chip. Diluted li-
braries (10 nM) were pooled and sequenced on an Illumina Nova-
Seq 6000 (100SR v1, Illumina) to an average depth of ~40 million 
100-bp single-end reads per sample.

RNA-seq reads were mapped to mouse genome (GRCm38.p5) 
with STAR version 2.7.3a (61) using the default parameters. We ob-
tained, on average, 83.3% uniquely mapped reads per sample. Reads 
were assigned to genes with featureCounts (62) with the following 
parameters: -t exon -g gene_id, gene annotation - Gencode GRCm38/
vM12. The differential expression analysis was carried out with 
DESeq2 version 1.22.1 (63) using the default parameters. We kept 
genes that have at least five reads in at least five samples.

Differentially expressed genes (DEGs) were identified by apply-
ing an FDR correction set at a 5% threshold (q < 0.05). Only genes 
that passed this FDR threshold were considered as significant DEGs. 
Gene ontology analysis was carried out using the gseGO function 
from clusterProfiler package (R/Bioconductor) (64). Functional 
network prediction was generated through the use of QIAGEN’s 
IPA (QIAGEN, Redwood City). IPA uses the curated Ingenuity 
Knowledge Base to identify the involvement of DEGs in specific 
diseases and cellular pathways and to establish functional networks 
of direct and indirect interactions between DEGs based on a func-
tional analysis algorithm (65). For IPA, we only considered DEGs 
that passed the FDR threshold (q < 0.05) as describe above.

Single-cell suspensions and flow cytometry
The animals were deeply anesthetized with an overdose of pento-
barbital (Esconarkon ad us. vet., Streuli Pharma AG, Switzerland) 
and transcardially perfused with 20 ml of ice-cold PBS with a 
perfusion rate of 20 ml/min. The brains were then cut into 1-mm 
coronal brain sections using razorblade cuts, and subsequent 

Table 2. List of secondary antibodies used for immunohistochemistry.  

Host species Target species Conjugate Distributor Cat# Dilution

Goat Rabbit Alexa Fluor 488 Thermo Fisher 
Scientific, Switzerland A-11008 1:500

Goat Guinea pig Cy3

Jackson 
ImmunoResearch 

Laboratories, Europe 
Ltd

106-165-003 1:500

Donkey Rabbit Alexa Fluor 488

Jackson 
ImmunoResearch 

Laboratories, Europe 
Ltd

711-545-152 1:500

Donkey Guinea pig Cy5

Jackson 
ImmunoResearch 

Laboratories, Europe 
Ltd

706-175-148 1:500

Donkey Mouse Cy3

Jackson 
ImmunoResearch 

Laboratories, Europe 
Ltd

715-165-150 1:500
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microdissection of the medial PFC (bregma: +2.5 to +1.5 mm) was 
performed as described previously (51, 56). The PFC samples were 
cut into small pieces using razorblade cuts and subsequently incu-
bated with digestion buffer [Hanks’ balanced salt solution with Ca2+/
Mg2+ supplemented with 5% fetal bovine serum, 2 mM Hepes, and 
collagenase type IV (0.4 mg/ml; catalog no. C4-BIOC, Sigma-Aldrich)] 
for 45 min at 37°C under constant agitation. The samples were 
homogenized with a syringe and filtered through a 100-m cell 
strainer (15380801, Thermo Fisher Scientific) mounted onto a 50-ml 
Falcon tube. The filtered samples were mixed with 30% Percoll 
(17089101, GE Healthcare) in PBS (v/v) and centrifuged at 2700 rpm 
for 30 min at 4°C without brakes during deceleration. The resulting 
myelin layer (top white layer) was removed using a suction pump, 
and the transparent layer with cells of interest was filtered through 
a 100-m cell strainer (15380801, Thermo Fisher Scientific). The 
single-cell suspension was washed in ice-cold PBS and centrifuged 
at 1500 rpm for 15 min at 4°C to pellet the cells. Cells were then 
ready for flow cytometry analysis.

To avoid nonspecific binding of antibodies, cells were incubated 
with anti-mouse CD16/32 (catalog no. 101310, BioLegend) in PBS 
for 15 min at 4°C to block the Fc receptors. Subsequently, the cells 
were washed with PBS and resuspended in the antibody mix in 
PBS. Cell surface staining was performed for 20 min at 4°C. After 
washing with PBS, cells were resuspended in fluorescence-activated 
cell sorting buffer (2 mM EDTA and 2% fetal calf serum in PBS) and 
acquired by an LSRII Fortessa flow cytometer (BD Biosciences). 
Data analysis was performed using FlowJo version 10.8.0 (Tree Star). 
Duplets were excluded for analysis using side scatter area/height 
(SSC-A/H), forward scatter area/height (FSC-A/H), and dead cells 
by a Fixable Viability Kit (near-infrared staining, catalog no. 423105, 
BioLegend). All antibodies used for the flow cytometric analyses are 
specified in the figure legend of fig. S5.

MACS for microglia isolation
Microglia were isolated from the PFC using MACS of cells that were 
harvested using an optimized mechanical dissociation protocol at 
4°C, as validated and described previously (66). Briefly, mice were 
deeply anesthetized with an overdose of pentobarbital (Esconarkon 
ad us. vet., Streuli Pharma AG, Switzerland) and transcardially per-
fused with 15 ml of ice-cold calcium- and magnesium-free Dulbecco’s 
PBS (DPBS; 14190144, Thermo Fisher Scientific, Switzerland) via a 
20-ml syringe and a 23-gauge needle (25  mm length). The brains 
were quickly removed and washed with ice-cold DPBS, after which 
the PFC was dissected on a cooled petri dish and placed in an ice-
cold Hibernate-A medium (HAPR, Brainbits). Mechanical dissocia-
tion was carried out on ice, while all the solutions were kept at 
4°C. The PFC samples of three mice were pooled per data point and 
were dissociated in 1.5 ml of Hibernate-A medium in a 1-ml Dounce 
homogenizer (40401, Active Motif) with a loose pestle. The tissue 
was gently homogenized and then sieved through a 70-m cell 
strainer (15370801, Thermo Fisher Scientific) mounted onto a 
50-ml Falcon tube. The Dounce homogenizer was washed twice 
with 1 ml of Hibernate-A, whereby each wash was poured onto the 
cell strainer. The homogenized PFC samples were then transferred 
to 5-ml Eppendorf tubes and kept on ice. The homogenates were 
pelleted at 400g for 6 min at 4°C in a swing-bucket rotor centrifuge 
(Eppendorf, Schönenbuch, Switzerland). The supernatants were re-
moved, and 1 ml of ice-cold DPBS was added to all samples. The 
pellets were then resuspended with a P1000 micropipette. After 

resuspension, the final volume in each tube was brought to 1.5 ml. 
Freshly prepared isotonic percoll solution (500 l; 17089101, GE 
Healthcare) was added to each sample and mixed well. Percoll was 
rendered isotonic by mixing 1 part of 10× calcium- and magnesium- 
free DPBS (14200075, Thermo Fisher Scientific, Switzerland) with 
9 parts of percoll. The pH of percoll was adjusted to 7.3 to 7.4 with 
5 M hydrochloric acid before starting the isolation procedure. The 
percoll solution was mixed properly with the cell suspension, after 
which 2 ml of DPBS was gently layered on top of it, creating two 
separate layers. The samples were centrifuged for 10 min at 3000g. 
The centrifugation resulted in an upper layer consisting of DPBS and 
a lower layer consisting of percoll. The two layers were separated by 
a disk of myelin and debris, while the cells were located at the bottom 
of the tube. The layers above the cell pellet were aspirated, leaving 
about 500 l. The cells were then washed once in 4 ml of DPBS, mak-
ing sure not to resuspend the pellet. The cells were then pelleted by 
centrifugation at 400g for 10 min at 4°C.

Microglia were isolated by MACS using mouse anti-CD11b 
magnetic microbeads (130-093-634, Miltenyi) according to the manu-
facturer’s instructions with some modifications. The MACS buffer 
used consisted of 1.5% bovine serum albumin (BSA) diluted in 
DPBS from a commercial 7.5% cell culture–grade BSA stock (Thermo 
Fisher Scientific, 11500496). For the isolation of microglia, cell pellets 
were resuspended in 80 l of MACS buffer and 10 l of FcR-blocking 
reagent (Miltenyi). The cells were then incubated for 10 min at 
4°C. Thereafter, 10 l of anti-CD11b magnetic microbeads was added, 
and the cells were incubated for 15 min at 4°C. The cells were then 
washed with 1 ml of MACS buffer and pelleted at 300g for 5 min at 
4°C. The cells were passed through an MS MACS column (130-042-
201, Miltenyi) attached to a magnet. This led CD11b-labeled cells to 
stay attached to the column, whereas unlabeled cells flowed through. 
After washing the columns three times with MACS buffer, the col-
umns were removed from the magnet, and microglia were eluted 
with 1 ml of MACS buffer and pelleted at 300g for 5 min at 4°C.

Total RNA from the cell pellets was isolated using the SPLIT 
RNA Extraction Kit (008.48, Lexogen, Vienna, Austria). The proce-
dure was conducted according to the manufacturer’s instructions, 
and the resulting RNA was quantified by Nanodrop (DeNovix DS-
11+ spectrophotometer, Labgene Scientific SA, Switzerland). The 
samples were stored at −80°C until further use [gene expression 
analyses using quantitative real-time PCR (qRT-PCR); see below].

Quantitative real-time polymerase chain reaction
qRT-PCR was performed according to previously established protocols 
(51, 52, 54). RNA was extracted from bulk PFC samples or microglial 
cells isolated via MACS as described above and was analyzed by a 
TaqMan qRT-PCR instrument (CFX384 real-time system, Bio-Rad 
Laboratories) using the iScript one-step qRT-PCR kit for probes (Bio-
Rad Laboratories). The samples were run in 384-well formats in tripli-
cates as multiplexed reactions with a normalizing internal control (36B4). 
Thermal cycling was initiated with an incubation at 50°C for 10 min 
(RNA retrotranscription) and then at 95°C for 5 min (TaqMan poly-
merase activation). After this initial step, 39 cycles of PCR were per-
formed. Each PCR cycle consisted of heating the samples at 95°C for 10 s 
to enable the melting process and then for 30 s at 60°C for the annealing 
and extension reaction. Relative target gene expression was calculated 
according to the 2−Ct method (67). Custom-designed probe and 
primer sequence used for the reference gene (36B4) and TaqMan assay 
IDs for the genes of interest are summarized in Table 3.
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Statistical analyses
All statistical analyses of behavioral, immunohistochemical, qRT-PCR, 
and flow cytometry data were performed using Statistical Package 
for the Social Sciences (SPSS) Statistics (version 25.0, IBM, Armonk, 
NY, USA) and Prism (version 8.0; GraphPad Software, La Jolla, 
California), with statistical significance set at P < 0.05 unless specified 
otherwise. All immunohistochemical data involving three treatment 
groups (sham, PBS, and CDS) were analyzed using one-way analysis 
of variance (ANOVA), followed by Tukey’s post hoc test for multiple 
comparisons. All immunohistochemical data involving two treat-
ment groups (PBS and CDS) were analyzed using independent 
Student’s t tests (two-tailed), with the exception of the Sholl analysis 
data, which were analyzed using 2 × 16 (treatment × distance intervals) 
repeated-measures ANOVA, followed by Tukey’s post hoc test for 
multiple comparisons. All electrophysiological measurements were 
analyzed using independent Student’s t tests (two-tailed), whereby 
the number of animals (rather than the number of cells) was con-
sidered as the experimental unit.

All dependent variables in the open-field test (total distance 
moved, distance moved in the center zone, and the number of cen-
ter zone visits) and light-dark box test (total distance and time spent 
in the light compartment) were analyzed using independent Student’s 
t tests (two-tailed) as well. In the social interaction test, the social 

preference index and social memory index were also analyzed using 
independent Student’s t tests (two-tailed), whereas the absolute times 
exploring the live mouse versus inanimate dummy object (phase 1) 
or exploring the unfamiliar versus familiar mouse (phase 2) were 
analyzed using 2 × 2 (treatment × object) repeated-measures ANOVA, 
followed by repeated-measures ANOVA restricted to either treat-
ment group (PBS or CDS) whenever appropriate. In the temporal 
order memory tests, the temporal order memory index was ana-
lyzed using independent Student’s t tests (two-tailed), whereas the 
relative amount of time exploring the objects in sample phases 1 and 
2 of the test was analyzed using chi-square tests. In the contextual 
fear conditioning and extinction test, percent time freezing during 
the habituation and conditioning phases (day 1) was analyzed using 
2 × 6 (treatment × bins) and 2 × 9 (treatment × bins) repeated- 
measures ANOVAs, respectively, whereas percent time freezing 
during the expression phase (day 2) was analyzed using 2 × 12 
(treatment × bins) repeated-measures ANOVAs. The extinction 
rate was analyzed using 2 × 4 (treatment × days) repeated-measures 
ANOVAs, followed by Tukey’s post hoc for multiple comparisons. 
Transcriptomic data were analyzed as described above, using FDR 
correction set at a 5% threshold (q < 0.05). Only genes that passed 
this FDR threshold were considered as significant DEGs.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi6672

View/request a protocol for this paper from Bio-protocol.
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