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A B S T R A C T   

The prefrontal cortex (PFC) provides executive top-down control of a variety of cognitive processes. A distinctive 
feature of the PFC is its protracted structural and functional maturation throughout adolescence to early 
adulthood, which is necessary for acquiring mature cognitive abilities. Using a mouse model of cell-specific, 
transient and local depletion of microglia, which is based on intracerebral injection of clodronate disodium 
salt (CDS) into the PFC of adolescent male mice, we recently demonstrated that microglia contribute to the 
functional and structural maturation of the PFC in males. Because microglia biology and cortical maturation are 
partly sexually dimorphic, the main objective of the present study was to examine whether microglia similarly 
regulate this maturational process in female mice as well. Here, we show that a single, bilateral intra-PFC in-
jection of CDS in adolescent (6-week-old) female mice induces a local and transient depletion (70 to 80% 
decrease from controls) of prefrontal microglia during a restricted window of adolescence without affecting 
neuronal or astrocytic cell populations. This transient microglia deficiency was sufficient to disrupt PFC- 
associated cognitive functions and synaptic structures at adult age. Inducing transient prefrontal microglia 
depletion in adult female mice did not cause these deficits, demonstrating that the adult PFC, unlike the 
adolescent PFC, is resilient to transient microglia deficiency in terms of lasting cognitive and synaptic malad-
aptations. Together with our previous findings in males, the present findings suggest that microglia contribute to 
the maturation of the female PFC in a similar way as to the prefrontal maturation occurring in males.   

1. Introduction 

The prefrontal cortex (PFC) is the cortical region covering the 
anterior part of the frontal lobe in the mammalian brain (Carlén, 2017). 
It provides executive top-down control of a variety of cognitive pro-
cesses, including attention, working memory, decision making, and 
goal-directed behavior (Koechlin et al., 2003; Le Merre et al., 2021). The 
PFC also plays a key role in the development of personality and social 
functions (Bicks et al., 2015). Notably, dysfunction of the PFC is a cen-
tral feature of many psychiatric disorders, especially of those that 
typically emerge during adolescence or early adulthood, such as 
schizophrenia and bipolar disorder (Sakurai et al., 2015; Selemon and 
Zecevic, 2015; Harrison et al., 2020). 

A distinctive feature of the PFC is its protracted structural and 

functional maturation, which is sustained throughout adolescence until 
early adulthood (Caballero et al., 2016; Larsen and Luna, 2018; Chini 
and Hanganu-Opatz, 2021). Thus, the PFC is recognized as being one of 
the last brain regions to reach full maturity in humans (Gogtay et al., 
2004) and in other species, including rodents (Chini and Hanganu- 
Opatz, 2021). The protracted maturation of the PFC is necessary for 
acquiring mature cognitive abilities and involves substantial refinement 
of neuronal circuitries and synaptic connections (Chini and Hanganu- 
Opatz, 2021). This refinement adapts prefrontal circuits to respond 
optimally to the changing demands occurring during the transition from 
adolescence to adulthood (Caballero et al., 2016; Larsen and Luna, 
2018). 

We have recently shown that microglia, the brain’s resident immune 
cells, contribute to functional and structural maturation of the PFC 
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(Schalbetter et al., 2022). Using a mouse model of cell-specific, transient 
and local depletion of microglia, we found that deficiency of prefrontal 
microglia during adolescence is sufficient to induce an adult emergence 
of PFC-associated impairments in cognitive functions, dendritic 
complexity, and synaptic structures and functions (Schalbetter et al., 
2022). Intriguingly, there were no cognitive or synaptic sequelae when 
prefrontal microglia were depleted at adult age (Schalbetter et al., 
2022). Hence, these data suggest that adolescence is a sensitive period 
for prefrontal microglia to act on PFC-related cognitive development 
and synaptic refinement, whereas the adult PFC is resilient to transient 
microglia deficiency in terms of possible behavioral and cognitive 
maladaptations (Schalbetter et al., 2022). 

These findings were, however, based on investigations using male 
mice only (Schalbetter et al., 2022). Hence, it remains unknown whether 
microglia similarly regulate functional and structural maturation of the 
female PFC as well. Extending these investigations to the female sex is 
warranted for various reasons. First, there are marked sex differences in 
microglia biology in both health and disease (Schwarz and Bilbo, 2012; 
Hanamsagar et al., 2017; Guneykaya et al., 2018; VanRyzin et al., 2019), 
indicating that the influence of microglia on prefrontal maturation may 
be sexually dimorphic. Second, synaptic refinement within the PFC 
appears to follow sex-dependent temporal patterns, with adolescent 
synaptic pruning occurring earlier in females than males (Koss et al., 
2014; Drzewiecki et al., 2016). Third, sex differences also exist with 
regards to the prevalence and clinical course of psychiatric disorders, 
including those that involve abnormal PFC functions (Riecher-Rössler, 
2017; Chai et al., 2021; Ferrer-Quintero et al., 2022). 

Therefore, the main objective of the present study was to investigate 
whether microglia contribute to the structural and functional matura-
tion of the PFC in female mice. To achieve this goal, we implemented the 
same experimental approach previously used in males, which enabled us 
to manipulate microglia selectively in the PFC during a restricted time 
window of adolescence (Schalbetter et al., 2022). More specifically, we 
induced transient microglia deficiency by a single, bilateral stereotaxic 
injection of clodronate disodium salt (CDS) into the PFC of adolescent 
female mice. CDS induces apoptosis of microglia through inhibition of 
their mitochondrial adenosine 5′-diphosphate/adenosine 5′-triphos-
phate (ATP) translocase (Lehenkari et al., 2002; Torres et al., 2016). As 
previously demonstrated, intra-PFC injection of CDS in 6-week-old male 
mice is a potent and highly selective method to induce a local and 
transient depletion of prefrontal microglia during adolescence, which 
does not induce non-specific effects on other cells of the central nervous 
system (CNS) or peripheral immune cell infiltration (Schalbetter et al., 
2022). 

Here, we used this model to examine whether behavioral and 
cognitive development of female mice is influenced by prefrontal 
microglia deficiency during adolescence. To this aim, female mice were 
subjected to intra-PFC CDS or control injections during adolescence, 
after which they were allowed to mature until adulthood. Adult 
behavioral and cognitive testing encompassed tests that critically 
depend on PFC functions, including social approach behavior and social 
recognition memory (Bicks et al., 2015), temporal order memory 
(Barker et al., 2007), and extinction of contextual fear memory (Sotres- 
Bayon et al., 2006; Maren et al., 2013). We also investigated whether 
transient prefrontal microglia depletion during adolescence alters the 
density of excitatory and inhibitory synapses in the adult PFC of female 
mice. Finally, to explore whether adolescence is a window of increased 
vulnerability for cognitive and synaptic sequelae after transient micro-
glia deficiency (Schalbetter et al., 2022), we applied the same microglia- 
depleting manipulation to adult female mice and examined possible 
effects on behavior, cognition and synaptic structures. 

2. Materials and methods 

2.1. Animals 

All experiments were performed using female C57BL6/N mice 
(Charles Rivers, Sulzfeld, Germany). The animals were kept in groups 
(2–5 animals per cage) in individually ventilated cages (Allentown Inc., 
Bussy-Saint- Georges, France) in a temperature- and humidity- 
controlled (21 ± 3 ◦C, 50 ± 10%) specific-pathogen-free (SPF) holding 
room. They were kept under a reversed light–dark cycle (lights off: 
09:00 AM–09.00 PM) 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 Vet-
erinarian’s Office of Zurich, Switzerland (license nr. ZH-187/2017). All 
efforts were made to minimize the number of animals used and their 
suffering. 

2.2. Stereotaxic surgery 

A schematic overview of the main experimental design of this study 
is provided in Fig. 1. The stereotaxic surgery was performed using 
methods established and validated before (Schalbetter et al., 2021, 
2022). Anesthesia was induced by inhalation of 4% 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 an-
imals were injected with the analgesic (Temgesic buprenorphine [0.1 
mg/kg, s.c.], Reckitt Benckiser, Switzerland) and fixed into the stereo-
taxic frame (MTM-3, World Precision Instruments, USA) while kept 
under constant isoflurane/oxygen flow (1 to 3% isoflurane in oxygen at 
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 longi-
tudinal 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). Intracerebral injections were per-
formed using a NanoFil needle and syringe (NANOFIL, NF35BV, World 
Precision Instruments, USA) connected to an automated pump (UMP3T- 
1, World Precision Instruments, 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 phosphate buffered 
saline (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 (6-week-old mice) or 300 nl (12-week-old mice). 
Bilateral injections were performed at defined stereotaxic coordinates of 
the PFC with reference to bregma. For adolescent (6-week-old) mice, the 
following coordinates were used: anteroposterior (A/P) = +1.80 mm, 
mediolateral (M/L) = ±0.3 mm, and dorsoventral (D/V) = −1.90 mm; 
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 Histoacryl (B. Braun, Switzerland) was applied at 
the site of injection to avoid reflux of the injected substances. After in-
jection 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 longitudinal 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 an-
imals were placed in a temperature-controlled chamber (Harvard 
Apparatus, USA) until full recovery from anesthesia. After the surgery, 
the animals were placed back in their home cage and closely monitored 
for three consecutive days after surgery. 
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2.3. 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 recognition 
memory (social interaction test), temporal order memory for objects 
(temporal order memory test) and contextual fear conditioning and 
extinction (fear conditioning test). The tests for social approach 
behavior and recognition memory, temporal order memory, and 
contextual fear conditioning and extinction were selected because they 

critically involve PFC functions (Sotres-Bayon et al., 2006; Barker et al., 
2007; Maren et al., 2013; Bicks et al., 2015). 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 behavior. In each 
experimental series, the animals were tested repeatedly using the same 
order of testing (1. open field test; 2. light–dark box test; 3. social 
interaction test; 4. temporal order memory test, 5. fear conditioning 
test), with a resting phase of 3–4 days between individual tests. Testing 

Fig. 1. Main experimental design of the study. (a) To deplete microglia selectively and transiently from the prefrontal cortex (PFC) during a defined window of 
adolescence, 6-week-old C57BL6/N female mice received a single, bilateral stereotaxic injection of clodronate disodium salt (CDS) into the medial PFC (mPFC). 
Control mice received a bilateral stereotaxic injection of phosphate-buffered saline (PBS). A group of mice receiving sham surgery, which involved the same surgical 
procedures but no stereotaxic injections, was included as an additional, negative control group for some experiments (not depicted in the figure). The magnitude and 
specificity of microglia depletion were ascertained by post-mortem immunohistochemistry in the mPFC (as highlighted by the gray area in the schematic coronal 
sections) along the anterior (bregma + 2.2. mm) to posterior (bregma + 1.4 mm) axis, which was conducted at successive time points (1, 5, 10, and 20 days post- 
injection [dpi]) after CDS or PBS injection or sham surgery. Additional morphological analyses of repopulated microglia were conducted at 10, 20 and 40 dpi. To test 
the effects of adolescent microglia depletion on adult behavioral and cognitive functions and synaptic densities, 6-week-old C57BL6/N female mice received a single, 
bilateral stereotaxic injection of CDS or PBS into mPFC and were then allowed to recover and mature into adulthood. Adult testing commenced at 12 weeks of age. (b) 
To deplete microglia selectively and transiently from the PFC in adulthood, 12-week-old C57BL6/N female mice received a single, bilateral stereotaxic injection of 
CDS into the mPFC. Control mice received a bilateral stereotaxic injection of PBS. The magnitude and specificity of microglia depletion were ascertained by post- 
mortem immunohistochemistry in the mPFC (as highlighted by the gray area in the schematic coronal sections) at 5 and 20 days post-injection (dpi) along the 
anterior (bregma + 2.2. mm) to posterior (bregma + 1.4 mm) axis. The 5 dpi interval was selected to capture the peak of CDS-induced microglia depletion, whereas 
the 20 dpi interval was chosen to ascertain the full restoration of the prefrontal microglia population after transient depletion in adulthood. To examine possible 
effects of adult microglia depletion on behavioral and cognitive functions and synaptic densities, 12-week-old C57BL6/N female mice were injected with either CDS 
or PBS and were allowed to recover for 6 weeks. A recovery period of 6 weeks was chosen to match the recovery and maturation period used in experiments, in which 
microglia were transiently depleted from the PFC of adolescent mice. Hence, in the adult microglia depletion model, behavioral and cognitive functions and synaptic 
densities were assessed starting at 18 weeks of age. 
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was always conducted during the animals’ active phase, that is, during 
the dark phase of the inverted light–dark cycle (between 10:00 
AM–08.00 PM). All tests were extensively validated before (Labouesse 
et al., 2015; Richetto et al., 2015; Weber-Stadlbauer et al., 2017; Mueller 
et al., 2021; Schalbetter et al., 2022). 

2.3.1. Open field test 
A standard open field exploration task served as a first test to assess 

spontaneous locomotor activity and innate anxiety-like behavior (Bel-
zung and Griebel, 2001). The apparatus consisted of four identical open 
field arenas (40 [length] × 40 [width] × 35 [height] cm) made of white 
polyvinyl chloride (OCB Systems Ltd., Hertfordshire, UK). It was posi-
tioned in a testing room with diffused lighting (~30 lx in 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 ×
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. The total times spent rearing and grooming 
were also measured and analyzed as additional measures of exploratory 
behavior. 

2.3.2. Light-dark box test 
A light–dark box test was used as a second test to measure innate 

anxiety-like behavior (Belzung and Griebel, 2001). The apparatus con-
sisted of 4 identical multi-conditioning boxes (Multi Conditioning Sys-
tem, TSE Systems, Bad Homburg, Germany), each containing a dark (1 
lx) and a bright (100 lx) compartment. The two compartments were 
separated 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 compartment for 10 min. 
The measurements collected from this test included the distance moved 
and time spent in the light compartment. 

2.3.3. Social approach and social recognition memory test 
Social approach behavior and social recognition memory were 

measured using a social interaction test consisting of two phases 
(Richetto et al., 2015; Weber-Stadlbauer et al., 2017). The apparatus 
was made of a modified Y-maze consisting of opaque acrylic glass, which 
contained three identical arms (50 [length] × 9 [width] cm) 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 contained rectangular wire grid cages (13 [length] × 8 
[width] × 10 [height] cm), 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 lx 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 contained 
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 experimental 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 experimenter who was blin-
ded to the experimental conditions in the form of numerical codes. So-
cial interaction was defined as nose contact within a 2-cm interaction 
zone. For each test animal, a social preference index was calculated by 
the 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 unfamiliar 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 counterbalanced 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 formula: ([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 be-
tween the familiar and novel mouse, with values > 0 signifying a pref-
erence toward the novel mouse. In addition, the absolute times spent 
with the familiar and novel mouse were analyzed. 

2.3.4. 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 recency 
of stimuli (Barker et al., 2007). The test apparatus consisted of an open 
field as described above, with minor modifications (see below). The test 
procedure consisted of 4 consecutive phases, which were each separated 
60 min apart. 

Habituation phase: To habituate the animals to the test apparatus, 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 removed 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 center 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 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 discrimi-
nate the relative recency of stimuli (Barker et al., 2007), with values >
0 signifying a capacity to discriminate between the temporally more 
remote object presented in sample phase 1 and the temporally more 
recent object presented in sample phase 2. In addition, the relative 
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amount of time exploring the objects in sample phases 1 and 2 of the test 
were analyzed to measure object exploration per se and to explore 
possible side preferences while exploring the objects. 

2.3.5. Contextual fear conditioning and extinction test 
Contextual fear conditioning and extinction were conducted using 4 

identical multi-conditioning chambers (Multi Conditioning System, TSE 
Systems, Bad Homburg, Germany), in which the animals were confined 
to a rectangular enclosure (30 [length] × 30 [width] × 36 [height] cm) 
made of black acrylic glass. The chambers were equivalently illuminated 
by a red house light (30 lx) 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 3 infrared light-beam 
sensor systems, with sensors spaced 14 mm apart, allowing movement 
detection in 3 dimensions. The contextual fear conditioning and 
extinction test followed protocols established before (Labouesse et al., 
2015) and consisted of 3 phases, which were each separated 24 h 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 time of 
immobility per 30-sec 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. Condi-
tioning commenced immediately at the end of the habituation period 
without the animals being removed from the chambers. For condition-
ing, the animals were exposed to 3 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 the last conditioning 
trial, the animals were removed from the chambers and were placed 
back in their home cages. 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 h 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, percent 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 (Sotres-Bayon 
et al., 2006; Maren et al., 2013). 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 extinction rate was calculated for each 
animal by expressing the percent time freezing measured on each day of 
the fear extinction phase relative to baseline percent time freezing 
measured during the fear expression phase 24 h after conditioning. 

2.4. 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 paraformaldehyde (PFA) with a perfu-
sion rate of 20 ml/min. The brains were immediately removed from the 
skull and post-fixed in 4% PFA for 6 h before cryoprotection in 30% 
sucrose in PBS for 48 h. The brains were cut coronally with a sliding 
microtome at 30 μm (8 serial sections) and stored at − 20 ◦C in cryo-
protectant solution (50 mM sodium phosphate buffer (pH 7.4) con-
taining 15% glucose and 30% ethylene glycol; Sigma-Aldrich, 
Switzerland) until further processing. 

Immunofluorescent stainings were performed according to previ-
ously established protocols (Notter et al., 2014, 2018, 2021; Schalbetter 
et al., 2021, 2022). In brief, the brain sections were rinsed in Tris buffer 
(pH 7.4) before incubated with primary antibodies. A summary of all 
antibodies used for the immunohistochemical experiments are 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 3 × 10 min in Tris buffer prior to a 30 min 
incubation 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 fluorescence mounting medium (S3023, Agilent, Switzerland), and 
stored in the dark at 4 ◦C until image acquisition (see below). 

2.5. Microscopy and immunofluorescent image analyses 

2.5.1. Assessment of cell numbers 
Immunofluorescence (IF)-stained images of Iba1+ microglia, NeuN+

neurons and S100β+ astrocytes were acquired with a widefield micro-
scope (AxioObserver Z1, Zeiss, Jena, Germany) using a 10× (air, 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 
region of interest (medial PFC, primary motor cortex, secondary motor 
cortex, primary somatosensory cortex, and forceps minor of the corpus 
callosum) 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 
constant during image analyses. Microglia, neuron and astrocyte cell 
numbers were normalized to each individual area of interest and dis-
played as cells/mm2. All analyses were conducted by an experimenter 
who was blinded to the treatment conditions in form of numerical codes. 

2.5.2. Analysis of microglia morphology and Sholl analysis 
Immunofluorescent images of Iba1+ microglia were taken by 

confocal laser scanning microscopy (Spinning disk, Visitron CSU-W1, 

Table 1 
List of primary antibodies used for immunohistochemistry.  

Target Vendor Description, 
Cat# 

Dilution 

Gephyrin Synaptic Systems, 
Germany 

Mouse 
monoclonal, 
147 011 

1:1′000 

Ionized calcium-binding 
adaptor molecule 1 
(Iba1) 

FUJIFILM Wako 
Chemicals, USA 

Rabbit 
polyclonal, 
019–19741 

1:3′000 

Neuronal nuclei (NeuN) Synaptic Systems, 
Germany 

Guinea pig 
polyclonal, 
266 004 

1:1′000 

Postsynaptic density 
protein 95 (PSD-95) 

Thermo Fisher 
Scientific, 
Switzerland 

Rabbit 
polyclonal, 
51–6900 

1:1′000 

S100 calcium-binding 
protein β (S100β) 

Abcam, Netherlands Rabbit 
monoclonal, 
ab52642 

1:1′000 

Vesicular glutamate 
transporter 1 (VGLUT1) 

Synaptic Systems, 
Germany 

Guinea pig 
polyclonal, 
135 304 

1:1′000 

Vesicular inhibitory amino 
acid transporter (VGAT) 

Synaptic Systems, 
Germany 

Rabbit 
polyclonal, 
131 002 

1:1′000 

The table specifies the vendor, description, catalogue number (Cat#) and dilu-
tion of the primary antibodies used for immunohistochemistry. The selected 
antibodies have been validated thoroughly in previous studies using C57BL6/N 
mice (Notter et al., 2014, 2018, 2021; Schalbetter et al., 2021, 2022). 
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Visitron Systems, Puchheim, Germany) with a 100× (oil, NA 1.4) 
objective. The laser intensity for the channel was set and kept constant 
during the entire image acquisition. For each animal, 8 series of images 
with a minimal z-stack distance of 0.14 μm were randomly acquired 
from three consecutive sections containing the medial portion of the PFC 
spanning the infralimbic (IL), prelimbic (PL) and anterior cingulate (AC) 
subregions (bregma: +2.2 to + 1.4 mm). The images were imported into 
Imaris image analysis software (version 9.6.0, Oxford Instruments) and 
processed using a median filter. Iba1+ microglial cells were recon-
structed three-dimensionally using the “filament creation” wizard. 
Manual error correction was performed to ensure accurate microglial 
process rendering. The total number of branch points was quantified 
automatically by the software. For Sholl analysis, a sphere radius gap of 
5 μm was chosen, and the number of microglial processes intersecting 
against the radial distance from soma was quantified automatically by 
the software. 

The cell soma area of microglial cells was assessed using the ImageJ 
software, whereby confocal images of the z-stack were merged to a 
single image. For each cell, the soma area was drawn manually and 
measured automatically by the software. 

On average, 10 randomly selected microglia per animal and dpi were 
included in the morphological and Sholl analyses, yielding a total of 50 
microglia from n = 5 animal in each treatment group and dpi. 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 microglia morphology and Sholl 
analysis. 

2.5.3. Estimation of synaptic density via co-localization analysis 
Double-IF images of VGLUT1 and PSD-95 (excitatory synapses) or 

VGAT and Gephyrin (inhibitory synapses) were taken using sequential 
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, 6 single plane images were acquired for 
each subregion of the PFC (IL, PL and AC), from 3 consecutive sections 
(bregma: +2.2 mm to + 1.4 mm). Co-localization between 
VGLUT1+ and PSD-95+ puncta (excitatory synapses) or VGAT and 
Gephyrin (inhibitory synapses) were measured and calculated using a 
custom-made macro (kindly provided by Prof. emeritus Jean-Marc 

Fritschy, Institute of Pharmacology and Toxicology, University of Zur-
ich, Switzerland) developed for the ImageJ software. This macro has 
been extensively validated for immunohistochemical co-localization 
studies and has been described in detail previously (Notter et al., 
2018, 2021; Schalbetter et al., 2022). In brief, Gaussian filter, back-
ground subtraction and a threshold were applied to the images for each 
channel. The settings for each marker were adjusted so that an optimal 
representation of VGLUT1, PSD-95, VGAT and Gephyrin was achieved 
and kept constant during image analyses. The number of co-localized 
clusters was defined as pixel clusters in the presynaptic channel 
(VGLUT1 or VGAT) that overlapped with pixel clusters in the post-
synaptic channel (PSD-95 or Gephyrin), with a set size cut-off at 0.05 
μm2. 

2.6. Magnetic-activated cell sorting for microglia isolation 

To quantify microglia-defining genes (Csf1r, Cx3cr1, Iba1, P2ry12, 
P2ry6, Pu.1, and Trem2; Wolf et al., 2017; Paolicelli et al., 2022) in 
microglial cell populations, microglia were isolated from the PFC using 
magnetic-activated cell sorting (MACS) of cells that were harvested 
using an optimized mechanical dissociation protocol at 4 ◦C as validated 
and described previously (Mattei et al., 2020). In brief, mice were deeply 
anesthetized with an overdose of pentobarbital (Esconarkon ad us. vet., 
Streuli Pharma AG, Switzerland) and transcardially perfused with 15 ml 
ice-cold, calcium- and magnesium-free Dulbecco’s phosphate-buffered 
saline (DPBS, 14190144, Thermo Fisher Scientific, Switzerland) via a 
20 ml syringe and a 23 G 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 dissociation was carried out 
on ice, while all the solutions were kept at 4 ◦C. The PFC samples of 3 
mice were pooled per data point and were dissociated in 1.5 ml 
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 μm cell strainer (15370801, Fisher Scientific) 
mounted onto a 50 ml Falcon tube. The Dounce homogenizer was 
washed twice with 1 ml Hibernate-A, whereby each wash was poured 
onto the cell strainer. The homogenized PFC samples were then trans-
ferred to 5 ml Eppendorf tubes and kept on ice. The homogenates were 
pelleted at 400 × g for 6 min at 4 ◦C in a swing-bucket rotor centrifuge 
(Eppendorf, Schönenbuch, Switzerland). The supernatants were 
removed and 1 ml ice-cold DPBS was added to all samples. The pellets 
were then re-suspended with a P1000 micropipette. After re-suspension, 
the final volume in each tube was brought to 1.5 ml. 500 μl of freshly 
prepared isotonic percoll solution (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 7.3–7.4 with 5 M hydrochloric acid before 
starting the isolation procedure. The percoll solution was mixed prop-
erly with the cell suspension, after which 2 ml of DPBS were gently 
layered on top of it, creating two separate layers. The samples were 
centrifuged for 10 min at 3000 × g. 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 μl. The cells were then washed 
once in 4 ml DPBS making sure not to resuspend the pellet. The cells 
were then pelleted by centrifugation at 400 × g for 10 min at 4 ◦C. 

Microglia were isolated by MACS using mouse anti-CD11b magnetic 
microbeads (130–093-634, Miltenyi) according to the manufacturer’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 re-suspended in 80 μl 
MACS buffer and 10 μl FcR-blocking reagent (Miltenyi). The cells were 

Table 2 
List of secondary antibodies used for immunohistochemistry.  

Host 
species 

Target 
species 

Conjugate Vendor Cat# Dilution 

Goat Rabbit Alexa 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 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 

The table specifies the host species, target species, conjugate, vendor, catalogue 
number (Cat#) and dilution of the secondary antibodies used for 
immunohistochemistry. 
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then incubated for 10 min at 4 ◦C. Thereafter, 10 μl of anti-CD11b 
magnetic microbeads were added and the cells were incubated for 15 
min at 4 ◦C. The cells were then washed with 1 ml MACS buffer and 
pelleted at 300 × g 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 unla-
beled cells flowed through. After washing the columns three times with 
MACS buffer, the columns were removed from the magnet and microglia 
were eluted with 1 ml MACS buffer and pelleted at 300 × g 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 procedure was 
conducted according to the manufacturer’s instructions, and the 
resulting RNA was quantified by Nanodrop (DeNovix DS-11 + Spec-
trophotometer, Labgene Scientific SA, Switzerland). The samples were 
stored at −80 ◦C until further use (gene expression analyses using 
quantitative real-time polymerase chain reaction, see below). 

2.7. Quantitative real-time polymerase chain reaction 

Quantitative real-time polymerase chain reaction (qRT-PCR) was 
performed according to previously established protocols (Richetto et al., 
2015; Notter et al., 2021; Schalbetter et al., 2021, 2022). RNA was 
extracted from microglial cells isolated via MACS as described above 
and was analyzed by 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 triplicates as multiplexed reactions with a normalizing in-
ternal 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 polymerase activation). After this initial step, 39 cycles of PCR 
were performed. 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(-Delta C(T)) method (Livak and 
Schmittgen, 2001). Custom-designed probe and primer sequence used 
for the reference gene (36B4) and TaqMan assay ID’s for the genes of 
interest are summarized in Table 3. 

2.8. Statistical analyses 

All statistical analyses were performed using SPSS Statistics (version 
25.0, IBM, Armonk, NY, USA) and Prism (version 9.0; GraphPad Soft-
ware, La Jolla, California), with statistical significance set at p < 0.05 
unless specified otherwise. All data were acquired and analyzed in a 
blind manner, in which the treatment conditions were blinded in the 
form of numerical codes. 

All immunohistochemical data involving 3 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 2 treatment 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 × 12 (treatment × distance intervals) repeated-measures ANOVA, 
followed by Bonferroni post-hoc tests for multiple comparisons at indi-
vidual distance intervals. All dependent variables in the open field test 
(total distance moved, distance moved in the center zone and number of 
center 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). 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 the absolute 
times 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 treatment 
group (PBS or CDS) whenever appropriate. In the temporal order 
memory tests, the temporal order memory index was analyzed 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 were 
analyzed using chi-square (χ2) tests. In the contextual fear conditioning 
and extinction test, percent time freezing during the habituation and 
conditioning phases (day 1) were 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. 

3. Results 

3.1. Validation of local and transient depletion of prefrontal microglia 
during adolescence in female mice 

First, we ascertained the effectiveness, selectivity and transiency of 
CDS-induced prefrontal microglia depletion during adolescence. To this 
end, female mice were subjected to a single, bilateral stereotaxic injec-
tion of CDS or PBS into the medial portion of the PFC at 6 weeks of age 
(Fig. 1a). An additional group of female mice receiving sham surgery, 
which involved the same surgical procedures but no stereotaxic in-
jections at 6 weeks of age, was included as a negative control group as 
well. The adolescent time period (i.e. 6 weeks of age) was selected based 
on our previous investigations, demonstrating that transient prefrontal 
microglia deficiency starting from 6 weeks of age induces an adult 
emergence of PFC-associated impairments in cognitive functions and 
synaptic structures in male mice (Schalbetter et al., 2022). 

Compared to control mice undergoing sham surgery or control mice 
receiving a bilateral stereotaxic injection of PBS, CDS-injected mice 
exhibited a transient reduction in Iba1+ microglial cell numbers in the 
PFC spanning the infralimbic, prelimbic, and anterior cingulate cortices 
(Fig. 2a,b). The CDS-induced microglia depletion started to emerge at 1 
day post-injection (1 dpi), as supported by the significant main effect of 
treatment (F(2,12) = 11.5, p < 0.01) and subsequent post-hoc compari-
sons between CDS and PBS (p < 0.01) or sham (p < 0.01) groups. The 
CDS-induced microglia depletion was most pronounced at 5 dpi (CDS vs. 
PBS or sham: p < 0.001, following ANOVA: F(2,12) = 139.7, p < 0.001) 
but was no longer present as of 10 dpi (Fig. 2a). Intra-PFC injection of 
CDS also led to a transient decrease in microglia density in the primary 
and secondary motor cortex as well as in the forceps minor of the corpus 
callosum, but not in the primary somatosensory cortex (Suppl. Fig. S1). 
Importantly, intra-PFC injection of CDS had no effect on the density of 
S100β+ astrocytes or NeuN+ neurons (Fig. 2c, d). Taken together, these 
data confirm that a single, bilateral intra-PFC injection of CDS in 6- 
week-old female mice induces a cell-specific and transient depletion of 

Table 3 
List of mouse TaqMan gene expression assays used for qRT-PCR analyses.  

Gene name TaqMan assay ID 
36B4 Custom-designed 
Allograft inflammatory factor 1 (Aif1; = Iba1) Mm00479862_g1 
Chemokine (C-X3-C motif) receptor 1 (Cx3cr1) Mm00438354_m1 
Colony stimulating factor 1 receptor (Csf1r) Mm01266652_m1 
Purinergic receptor P2Y, G-protein coupled 12 (P2ry12) Mm01950543_s1 
Pyrimidinergic receptor P2Y, G-protein coupled, 6 (P2ry6) Mm02620937_s1 
Spi-1 proto-oncogene (Spi1; = Pu.1) Mm00488140_m1 
Triggering receptor expressed on myeloid cells 2 (TREM2) Mm04209424_g1 

The list summarizes the names of the genes of interest and their TaqMan assay 
ID, listed according to alphabetical order. 36B4 was custom-designed, with the 
following probe and primer sequences: 36b4 forward primer: 5′-AGATGCAG-
CAGATCCGCAT-3′; reverse primer: 5′-GTTCTTGC CCATCAGCACC-3′; probe: 5′- 
CGCTCCGAGGGAAGGCCG-3′. 
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prefrontal microglia during a restricted window of adolescence. 
To further ascertain the transiency of the effects induced by 

adolescent CDS treatment, we performed detailed analyses of morpho-
logical parameters of surface-rendered microglia, which were recon-
structed using Imaris image analysis software (Fig. 3a). These 
morphological analyses were conducted at 10, 20 and 40 dpi, with 10 
and 20 dpi corresponding to intervals when microglia densities 
normalize after CDS-induced depletion in the PFC (Fig. 2a) and 40 dpi 
corresponding to the interval when behavioral and cognitive testing 
started (Fig. 1a). Sholl analysis of surface-rendered microglia at 10 dpi 
revealed that CDS mice displayed a marked reduction in the number of 
intersections at 5 to 40-μm distance from the soma center (Fig. 3a), as 
supported by the main effect of treatment (F(1,8) = 28.3, p < 0.001) and 
its interaction with distance intervals (F(11,88) = 28.5, p < 0.001). At 20 
dpi, CDS mice still displayed a reduction in the number of intersections 
at close proximity to the cell soma (10- to 20 μm distance intervals), but 
they exhibited an increase in the number of remote intersections to the 
cell soma (30- to 40 μm distance intervals; Fig. 3a) at this post-injection 
interval, leading to a significant interaction between treatment and 
distance intervals (F(11,88) = 14.8, p < 0.001). At 40 dpi, however, CDS 
and PBS mice no longer differed in terms of the number of intersections 
analyzed by Sholl analysis (Fig. 3a). Consistent with these dynamic 

alterations in the complexity of microglial processes, we found that 
microglia from CDS-treated mice displayed a significant reduction in the 
total number of branching points (t(8) = 4.66, p < 0.01) and a significant 
increase in cell soma area (t(8) = 3.29, p < 0.05) at 10 dpi, whereas these 
effects were no longer present at the 20 and 40 dpi intervals (Fig. 3b, c). 

To further confirm the transiency of the CDS-induced effects at the 
level of microglial gene expression, we quantified microglia-defining 
genes (Csf1r, Cx3cr1, Iba1, P2ry12, P2ry6, Pu.1, and Trem2) in MACS- 
isolated prefrontal microglia. Microglial cells were harvested from the 
PFC of PBS- and CDS-treated or sham-operated mice at 40 dpi, which 
corresponds to the interval when behavioral and cognitive testing star-
ted (Fig. 1a). These analyses revealed no group differences in the 
expression of any of the microglia-defining genes, as measured in the 
adult PFC (Fig. 3d). Hence, a bilateral stereotaxic injection of CDS into 
the PFC of adolescent female mice does not appear to cause lasting 
transcriptional changes in microglial cells of the adult PFC. 

3.2. Effects of prefrontal microglia deficiency during adolescence on 
behavioral and cognitive functions at adult age 

After confirming the effectiveness, selectivity and transiency of CDS- 
induced prefrontal microglia depletion (Fig. 2,3), we examined whether 

Fig. 2. Validation of local and transient depletion of prefrontal microglia during adolescence in female mice. (a) Representative fluorescent images of Iba1+

microglia in the prefrontal cortex (PFC) of adolescent female mice receiving sham surgery or a bilateral intra-PFC injection of PBS or CDS. The images were taken at 
1, 5, 10 and 20 days post-injection (dpi). The bar graphs show the number of Iba1+ microglia in the medial PFC (encompassing infralimbic, prelimbic and anterior 
cingulate cortices) at the different dpi intervals. **p < 0.01 and ***p < 0.001, based on post-hoc tests following ANOVA; N = 5 female mice per group and dpi. (b) 
Heat scatter representation of the CDS-induced microglia depletion at 5 dpi. The images depict color-coded overlays of coronal PFC sections taken from 5 female mice 
per group (sham, PBS or CDS), wherein each dot represents an Iba1+ microglial cell. Note the marked reduction of microglial cell density in the medial PFC of CDS- 
treated female mice, as indicated by the symbol (*) (c) The photomicrograph shows a representative S100β immunofluorescent stain in the PFC region. The bar plots 
depict the number of S100β+ astrocytes in the medial PFC (encompassing infralimbic, prelimbic and anterior cingulate cortices) of female sham control mice, PBS 
control mice and CDS mice at different dpi intervals. N = 5 female mice per group and dpi. (d) The photomicrograph shows a representative NeuN immunofluo-
rescent stain in the PFC region. The bar plots depict the number of NeuN+ neurons in the medial PFC (encompassing infralimbic, prelimbic and anterior cingulate 
cortices) of female sham control mice, PBS control mice and CDS mice at different dpi intervals. N = 5 female mice per group and dpi. All data are means ± SEM with 
individual values overlaid. 
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behavioral and cognitive development in female mice is influenced by 
prefrontal microglia deficiency during adolescence. To this aim, 6-week- 
old female mice were subjected to intra-PFC CDS or PBS injections, after 
which they were allowed to mature until adulthood. Behavioral testing 
commenced at 12 weeks of age (Fig. 1a). 

There were no group differences in terms of locomotor activity scores 
or indices of innate anxiety-like behavior in the open field (Fig. 4a, 
Suppl. Table 1) and light–dark box (Fig. 4b) tests, indicating that the 
adolescent CDS treatment did not lead to alterations in these behavioral 
domains at adult age. In phase 1 of the social interaction test, in which 
the animals were allowed to freely explore a non-familiar mouse or 
inanimate dummy object, PBS and CDS groups similarly displayed a 
clear preference toward the non-familiar mouse (Fig. 4c). Repeated- 
measures ANOVA of the absolute time exploring the non-familiar 
mouse or dummy object only revealed a significant main effect of ob-
ject (F(1,18) = 73.2, p < 0.001). Likewise, there were no group differences 
in phase 2 of the social interaction test, in which the animals were 
allowed to explore a novel versus familiarized mouse (Fig. 4c). PBS and 

CDS groups similarly displayed a clear preference toward the novel 
mouse in phase 2 of the test (Fig. 4c), as supported by the significant 
main effect of novelty (F(1,18) = 21.8, p < 0.001) in repeated-measures 
ANOVA of the absolute time exploring the novel mouse or familiar-
ized mouse. Hence, adolescent CDS treatment in female mice did not 
alter social approach behavior or social recognition memory in 
adulthood. 

As shown in Fig. 4d, however, adult female mice subjected to 
adolescent CDS treatment displayed an impairment in their capacity to 
discriminate the relative recency of objects, as assessed using the tem-
poral order memory test for objects. In this 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 be-
tween one object from the first pair (temporally remote objects) and one 
from the second pair (temporally recent objects), only PBS mice showed 
a preference toward the temporally remote object, whereas CDS mice 
failed to discriminate between the two objects (Fig. 4d; temporal order 

Fig. 3. Morphological parameters and transcriptomic signatures of repopulated microglia after transient depletion of prefrontal microglia during adolescence in 
female mice. (a) Sholl analysis of surface-rendered microglia, which were reconstructed using Imaris image analysis software, was performed to assess the branching 
of microglial processes and to estimate the cell soma size of microglia at 10, 20 and 40 days post-injection (dpi) in PBS- and CDS-treated mice. The photomicrograph 
shows a representative microglial cell after surface rendering and reconstruction with Imaris image analysis software, with digitally applied concentric spheres (5 μm 
spacing) from the soma center for subsequent Sholl analysis. The line plots depict the number of microglial processes intersecting at sequential radial distances from 
soma at each dpi interval of interest. *p < 0.05, **p < 0.01 and ***p < 0.001, based on Bonferroni post-hoc tests following significant 2-way interactions in ANOVA; 
N = 5 female mice per group and dpi. (b) Total number of branch points of prefrontal microglia in PBS- and CDS-treated mice at the 10, 20 and 40 dpi intervals. **p 
< 0.01, based on independent t-tests (two-tailed); N = 5 female mice per group and dpi. (c) Average cell soma area of prefrontal microglia in PBS- and CDS-treated 
mice at the 10, 20 and 40 dpi intervals. *p < 0.05, based on independent t-tests (two-tailed); N = 5 female mice per group and dpi. (d) Microglia-defining genes were 
analyzed in prefrontal microglia isolated from PBS- and CDS-treated or sham-operated mice at 40 dpi, which corresponds to the interval when behavioral and 
cognitive testing started. The bar plots show mRNA levels of Csf1r, Cx3cr1, Iba1 (=Aif1), P2ry12, P2ry6, Pu.1 (=Spi1) and Trem2. Each data point corresponds to 
pooled samples from 3 female mice, with 4 independent replicates per group. All data are means ± SEM with individual values overlaid. 
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memory index in PBS vs. CDS mice: t(18) = 3.08, p < 0.01). 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 object exploration per se (Fig. 4d), 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. 

In the contextual fear conditioning test, the initial acquisition of 

Fig. 4. Effects of prefrontal microglia deficiency during adolescence on adult behavioral and cognitive functions in female mice. To examine possible effects of 
prefrontal microglia depletion during adolescence on adult behavioral and cognitive functions, 6-week-old female mice were injected with either CDS or PBS and 
were allowed to recover for 6 weeks. Behavioral and cognitive testing commenced when the animals reached 12 weeks of age. (a) Total distance moved, distance 
moved in the center zone (CZ) and number of CZ visits in PBS and CDS mice during the open field test. (b) Distance moved and time spent in the light compartment 
(LC) in female PBS and CDS mice during the light–dark box test, which measures the animals’ exploration of the LC relative to the dark compartment (DC). (c) 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 in phase 1 (values > 0 represent a preference toward the unfamiliar mouse) and social memory index in phase 2 (values > 0 represent a preference 
toward the novel mouse), whereas the line plots depict absolute exploration times in either phase. §p < 0.001, reflecting the overall main effect of object in phase 1; 
+p < 0.001, reflecting the overall main effect of novelty in phase 2, based on repeated-measures ANOVA. (d) The percentage bar plots represent the relative amount 
of time (%) exploring the left (L) or right (R) object in sample phase 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 preference toward the temporally more remote object presented in sample phase 1). **p < 0.01, based on independent t- 
test (two-tailed). (e) Acquisition, expression and extinction of contextual fear. The line plots show percent time freezing during habituation, acquisition and 
expression, as well as the extinction rate (% change from freezing levels measured during the expression phase). The arrows indicate the presentation of a mild 
electric foot shock. ++p < 0.01, reflecting the main effect of treatment in repeated-measures ANOVA. **p < 0.01 and ***p < 0.001, based on post-hoc tests following 
repeated-measures ANOVA. All data are means ± SEM with individual values overlaid; N = 10 female mice in each group and test. 
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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. 4e). Compared to 
PBS controls, however, CDS-treated mice displayed an overall increase 
with regard to the expression of conditioned fear toward the context, 
which was assessed 24 h after conditioning (Fig. 4e). Repeated-measures 
ANOVA of percent time freezing during the expression phase revealed 
significant main effects of bins (F(11,198) = 3.32, p < 0.001) and treat-
ment (F(1,18) = 8.29, p < 0.01). In addition, 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 suc-
cessive days of context exposures relative to baseline freezing measured 
24 h after conditioning (Fig. 4e). Repeated-measures ANOVA of the 
relative amount of conditioned freezing during extinction training 
revealed a significant main effect of days (F(3,54) = 38.91, p < 0.001) and 
a significant interaction between treatment and days (F(3,54) = 4.45, p <
0.01). Subsequent post-hoc comparisons confirmed a significant differ-
ence between PBS and CDS mice at days 2 (p < 0.001) and 3 (p < 0.01) of 
extinction training (Fig. 4e). 

To examine whether the stereotaxic surgery per se may have 
confounded the identified effects of CDS-induced prefrontal microglia 
depletion on cognitive development (Fig. 4), we compared the behav-
ioral performance of adult female mice that received no stereotaxic in-
jection (sham control mice) and female mice that were subjected to a 
bilateral stereotaxic injection of PBS at 6 weeks of age. These additional 
analyses revealed no differences between sham-treated and PBS-injected 
mice in terms of basal locomotor activity or indices of innate anxiety-like 
behavior, as analyzed by open-field (Suppl. Fig. S2a) and light–dark box 
(Suppl. Fig. S2b) tests. Likewise, sham-treated and PBS-injected mice did 
not differ in the tests assessing social approach behavior and social 
recognition memory (Suppl. Fig. S2c), temporal order memory (Suppl. 
Fig. S2d), or contextual fear conditioning and extinction (Suppl. 
Fig. S2e). These data show that the selected stereotaxic method did not 
induce any noticeable effects on behavioral and cognitive development, 
suggesting that the CDS-induced impairments in temporal order mem-
ory and contextual fear expression and extinction represent genuine 
long-term effects of prefrontal microglia depletion during adolescence. 

Fig. 5. Effects of prefrontal microglia deficiency during adolescence on synaptic densities in the adult prefrontal cortex. To examine possible effects of prefrontal 
microglia depletion during adolescence on synaptic densities in the adult prefrontal cortex, 6-week-old female mice were injected with either CDS or PBS and were 
allowed to recover for 6 weeks. Synaptic densities were quantified when the animals reached 12 weeks of age. (a) The photomicrograph shows a representative 
double-immunofluorescence stain using VGLUT1 (green) as presynaptic and PSD-95 (red) as postsynaptic markers of excitatory neurons. Examples of VGLUT1+/PSD- 
95+ co-localizing synapses are highlighted by white circles in magnified sections. The scatter plots show the density (number/mm2) of VGLUT1+/PSD-95+ excitatory 
synapses in infralimbic (IL), prelimbic (PL) and anterior cingulate (AC) subregions of the prefrontal cortex from PBS and CDS mice. *p < 0.05, based on independent 
t-tests (two-tailed). (b) The photomicrograph shows a representative double-immunofluorescence stain using VGAT (green) as presynaptic and Gephyrin (red) as 
postsynaptic markers of inhibitory neurons. Examples of VGAT+/Gephyrin+ co-localizing synapses are highlighted by white circles in magnified sections. The scatter 
plots display the density (number/mm2) of VGAT+/Gephyrin+ inhibitory synapses in IL, PL and AC subregions of the prefrontal cortex from PBS and CDS mice. *p <
0.05, based on independent t-tests (two-tailed). N = 10 female mice per group. 
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3.3. Effects of prefrontal microglia deficiency during adolescence on 
synaptic densities in the adult PFC 

Based on our previous findings in male mice (Schalbetter et al., 
2022), we next investigated whether transient microglia depletion 
during adolescence is sufficient to cause lasting synaptic changes in fe-
male mice. Using colocalization analyses of presynaptic and post-
synaptic markers, we estimated the density of excitatory and inhibitory 
synapses in the PFC of adult (12-week-old) female mice that were sub-
jected to PBS or CDS treatment at 6 weeks of age. For excitatory syn-
apses, we used the presynaptic marker vesicular glutamate transporter 1 
(VGLUT1) and the postsynaptic marker postsynaptic density protein 95 
(PSD-95) (Berry and Nedivi, 2017), whereas vesicular γ-aminobutyric 
acid transporter (VGAT) and Gephyrin (Choii and Ko, 2015) were used 
as inhibitory presynaptic and postsynaptic markers, respectively. 

As shown in Fig. 5a, adolescent CDS treatment decreased the density 
of VGLUT1+/PSD-95+ excitatory synapses in the prelimbic (t(18) = 2.18, 
p < 0.05) and anterior cingulate (t(18) = 2.68, p < 0.05) subregions of the 
PFC, whereas it did not alter VGLUT1+/PSD-95+ synaptic density in the 
infralimbic subregion. Moreover, adolescent CDS treatment reduced the 
density of VGAT+/Gephyrin+ inhibitory synapses in the infralimbic 
(t(18) = 2.24, p < 0.05), prelimbic (t(18) = 2.35, p < 0.05) and anterior 
cingulate (t(18) = 2.28, p < 0.05) subregions of the PFC (Fig. 5b). Thus, 
these data demonstrate that transient prefrontal microglia depletion 
during adolescence exerts lasting effects on the density of both excit-
atory and inhibitory synapses in the PFC of adult female mice. 

3.4. Windows of vulnerability for cognitive and synaptic sequelae after 
prefrontal microglia deficiency 

To further explore whether adolescence is a window of increased 
vulnerability for cognitive and synaptic sequelae after transient micro-
glia deficiency (Schalbetter et al., 2022), we applied the same microglia- 
depleting manipulation to adult female mice (12 weeks of age) and 
examined possible effects on behavior and cognition (Fig. 1b) Consistent 
with the effects induced by the adolescent CDS treatment (Fig. 2), intra- 
PFC injection of CDS in adult mice caused a 70 to 80% decrease (t(8) =
17.71, p < 0.001) in the prefrontal density of Iba1+ microglial cells at 
the 5 dpi interval (Fig. 6a). Similar to when CDS was applied to 
adolescent mice (Fig. 2), the CDS-induced microglia depletion in 
adulthood was transient and was no longer apparent at 20 dpi in terms of 
prefrontal microglial cell density (Fig. 6a). Consistent with the selective 
effects induced by the adolescent CDS treatment (Fig. 2), intra-PFC in-
jection of CDS in adult mice did not alter the prefrontal density of 
S100β+ astrocytes (Fig. 6b) or NeuN+ neurons (Fig. 6c). 

Despite the efficacy of the adult CDS treatment to transiently deplete 

microglia from the adult PFC, this manipulation did not alter behavioral 
or cognitive functions after microglia repopulation. Indeed, there were 
no differences between female mice subjected to adult PBS or CDS 
treatment in terms of basal locomotor activity or indices of innate 
anxiety-like behavior, as analyzed by open-field (Fig. 7a) and light–dark 
box (Fig. 7b) tests. Likewise, female mice receiving an intra-PFC injec-
tion of PBS or CDS in adulthood did not differ in the tests assessing social 
approach behavior and social recognition memory (Fig. 7c), temporal 
order memory (Fig. 7d), or contextual fear conditioning and extinction 
(Fig. 7e). 

Consistent with the lack of behavioral and cognitive effects, intra- 
PFC administration of CDS in adulthood did not alter the prefrontal 
density of VGLUT1+/PSD-95+ excitatory synapses (Fig. 8a) or VGAT+/ 
Gephyrin+ inhibitory synapses in female mice (Fig. 8b). Taken together, 
these data demonstrate that the adult female PFC, unlike the adolescent 
PFC, is resilient to transient microglia deficiency in terms of lasting 
behavioral, cognitive and synaptic maladaptations. 

4. Discussion 

Adolescent maturation of the PFC is necessary for acquiring mature 
cognitive abilities in adulthood (Caballero et al., 2016; Larsen and Luna, 
2018; Nabel et al., 2020; Falk et al., 2021). Using a model of cell- 
specific, transient and local depletion of microglia during restricted 
time windows of adolescence, our previous study showed that microglia 
actively contribute to this maturational process in male mice (Schal-
better et al., 2022). Here, we used the same model to demonstrate that a 
temporary deficiency of prefrontal microglia during adolescence is suf-
ficient to cause an adult emergence of synaptic and cognitive impair-
ments in female mice. We further show that inducing local and transient 
microglia depletion in the adult PFC of female mice does not lead to 
lasting behavioral, cognitive and synaptic maladaptations. The timing- 
dependent effects revealed here and before (Schalbetter et al., 2022) 
are unlikely to be the result of a varying degree of microglia depletion, as 
intra-PFC injections of CDS in adolescence or adulthood caused a highly 
comparable degree of microglia depletion (70 to 80% reduction at the 
peak of the depletion at both ages). Rather, the differential impact of 
adolescent or adult CDS treatment on cognition and synaptic structures 
may be accounted for by a timing-dependent disruption of ongoing 
maturational processes. Taken together, our previous (Schalbetter et al., 
2022) and present investigations identify adolescence as a critical period 
during which prefrontal microglia act on cognitive development and 
synaptic refinement in both males and females. 

Prefrontal microglia deficiency during adolescence was found to 
cause adult impairments in temporal order memory in both males 
(Schalbetter et al. 2022) and females (Fig. 4d). Temporal behavioral 

Fig. 6. Density of microglia, neurons and astrocytes during prefrontal microglia depletion in adulthood. Post-mortem immunohistochemistry was used to assess 
whether bilateral stereotaxic injection of CDS into the prefrontal cortex of adult (12-week-old) female mice alters the density of microglia, neurons and astrocytes in 
the medial portion of the prefrontal cortex (encompassing infralimbic, prelimbic and anterior cingulate subregions) at 5 and 20 days post-injection (dpi). (a) Number 
of Iba1+ microglia in the PBS and CDS groups at 5 and 20 dpi. ***p < 0.001, based on independent t-test (two-tailed). (b) Number of S100β+ astrocytes in the PBS and 
CDS groups at 5 and 20 dpi. (c) Number of NeuN+ neurons in the PBS and CDS groups at 5 and 20 dpi. All data are means ± SEM with individual values overlaid; N =
5 female mice per group and dpi. 
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sequencing and temporal ordering of events critically underly the for-
mation and/or expression of this type of memory and are highly sensi-
tive to prefrontal maladaptations, especially within dorsal subregions of 
the PFC (Delatour and Gisquet-Verrier, 2001; Hannesson et al., 2004; 
Barker et al., 2007). Male and female mice subjected to prefrontal 

microglia deficiency during adolescence also developed similar deficits 
in contextual fear extinction at adult age. It is well known that the PFC 
strongly regulates the extinction of conditioned fear (Sotres-Bayon et al., 
2006), as supported by numerous rodent studies demonstrating 
impaired fear extinction following inactivation of the PFC (Morgan and 

Fig. 7. No effects of transient microglia depletion in the adult prefrontal cortex on behavioral and cognitive functions. To examine possible effects of prefrontal 
microglia depletion in adulthood on behavioral and cognitive functions, 12-weeks-old female mice were injected with either CDS or PBS and were allowed to recover 
for 6 weeks. Behavioral and cognitive testing commenced when the animals reached 18 weeks of age. (a) Total distance moved, distance moved in the center zone 
(CZ) and number of CZ visits in PBS and CDS mice during the open field test. (b) Distance moved and time spent in the light compartment (LC) in female PBS and CDS 
mice during the light–dark box test, which measures the animals’ exploration of the LC relative to the dark compartment (DC). (c) 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 in phase 1 (values 
> 0 represent a preference toward the unfamiliar mouse) and social memory index in phase 2 (values > 0 represent a preference toward the novel mouse), whereas 
the line plots depict absolute exploration times in either phase. §p < 0.001, reflecting the overall main effect of object in phase 1 or 2 of the test. (d) The percentage 
bar plots represent the relative amount of time (%) exploring the left (L) or right (R) object in sample phase 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 preference toward the temporally more remote object presented in sample 
phase 1). (e) Acquisition, expression and extinction of contextual fear. The line plots show percent time freezing during habituation, acquisition and expression, as 
well as the extinction rate (% change from freezing levels measured during the expression phase). The arrows indicate the presentation of a mild electric foot shock. 
All data are means ± SEM with individual values overlaid; N = 10 female mice in each group and test. 
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LeDoux, 1995, 1999; Lebrón et al., 2004; Sierra-Mercado et al., 2011). 
The sex-independent effects of adolescent CDS exposure on temporal 
order memory and contextual fear extinction suggest that prefrontal 
microglia deficiency during adolescence similarly disrupts the matura-
tion of the underlying neural substrates in males and females. In support 
of this notion, intra-PFC administration of CDS during adolescence 
decreased prefrontal densities of excitatory and inhibitory synapses at 
adult age, with highly comparable effects emerging in male (Schalbetter 
et al., 2022) and female (Fig. 5) mice. 

Despite these similarities, however, some of the effects induced by 
prefrontal microglia deficiency during adolescence appear to be sexually 
dimorphic. Unlike in males (Schalbetter et al., 2022), adolescent CDS 
treatment had no effect on adult social recognition memory in female 
mice (Fig. 4c). Furthermore, female mice subjected to prefrontal 
microglia depletion during adolescence not only displayed impaired 
extinction of contextual fear memory, but also they exhibited an overall 
increase in the expression of conditioned fear toward the context, in 
which aversive conditioning took place (Fig. 4e). In male mice, 
adolescent CDS treatment did not alter the expression of conditioned 
fear toward the context, but only led to a selective deficit in subsequent 
fear extinction (Schalbetter et al., 2022). Whereas the PFC critically 
regulates the extinction of conditioned fear (Morgan and LeDoux, 1995, 
1999; Lebrón et al., 2004; Sotres-Bayon et al., 2006; Sierra-Mercado 
et al., 2011), the initial expression of contextual fear responses is gov-
erned by the activity of hippocampal-amygdalar circuits (Maren et al., 
2013). On speculative grounds, the concomitant effects of adolescent 
CDS treatment on contextual fear expression and extinction in female 
mice may indicate that the transient microglia depletion during 
adolescence may not only have disrupted the maturation of the PFC it-
self, but also it may have induced additional mal-adaptive effects on 
interconnected structures, such as the hippocampus and amygdala. On 
the other hand, the more selective effect of adolescent CDS treatment on 
contextual fear extinction in male mice suggests that prefrontal micro-
glia deficiency during male adolescence has a more restricted impact on 

the maturation of prefrontal circuitries while largely sparing inter-
connected structures. Additional studies exploring neuronal deficits in 
multiple cortical and subcortical brain areas are required to test this 
hypothesis further. 

There are various plausible mechanisms by which transient micro-
glia depletion during adolescence could induce lasting effects on adult 
brain functions. Consistent with the emerging role of microglia in syn-
aptic refinement (Schafer et al., 2012; Hong et al., 2016; Cheadle et al., 
2020), the findings from our previous study in male mice suggest that 
prefrontal microglia deficiency may influence cognitive development by 
means of refining dendritic and synaptic structures (Schalbetter et al., 
2022). In support of this notion, we identified dynamic changes in 
microglia-mediated synaptic engulfment after transient microglia defi-
ciency in the adolescent PFC (Schalbetter et al., 2022). Interestingly, 
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 (Schalbetter et al., 2022). The latter 
may provide a parsimonious explanation for the seemingly paradoxical 
effects of transient microglia deficiency on decreasing, rather than 
increasing, synaptic densities in the adult PFC of both male (Schalbetter 
et al., 2022) and female (Fig. 5) mice. Besides microglia-mediated syn-
aptic pruning, however, several alternative (but not mutually exclusive) 
mechanisms may contribute to the emergence of adult cognitive and 
synaptic deficits following prefrontal microglia depletion during 
adolescence. These may involve reactive astrocytes, which may be 
instructed by (transient) microglial Trem2 deficiency to over-prune 
synapses (Jay et al., 2019; Konishi et al., 2020), and/or by a transient 
deficiency in microglia-derived neurotrophic factors, which appear to 
promote synaptic remodeling (Parkhurst et al., 2013). In addition, 
transient microglia depletion during adolescence may reduce adult 
synaptic densities through its effects on extracellular matrix (ECM) 
components. Indeed, our previous study in male mice demonstrated that 
CDS-induced microglia depletion during adolescence led to an 

Fig. 8. No effects of prefrontal microglia 
depletion in adulthood on synaptic densities in 
the adult prefrontal cortex. To examine 
possible effects of prefrontal microglia deple-
tion in adulthood on synaptic densities in the 
adult prefrontal cortex, 12-week-old female 
mice were injected with either CDS or PBS and 
were allowed to recover for 6 weeks. Synaptic 
densities were quantified when the animals 
reached 18 weeks of age. (a) The photomicro-
graph shows a representative double- 
immunofluorescence stain using VGLUT1 
(green) as presynaptic and PSD-95 (red) as 
postsynaptic markers of excitatory neurons. 
Examples of VGLUT1+/PSD-95+ co-localizing 
synapses are highlighted by white circles in 
magnified sections. The scatter plots show the 
density (number/mm2) of VGLUT1+/PSD-95+

excitatory synapses in infralimbic (IL), pre-
limbic (PL) and anterior cingulate (AC) sub-
regions of the prefrontal cortex from PBS and 
CDS mice. (b) The photomicrograph shows a 
representative double-immunofluorescence 
stain using VGAT (green) as presynaptic and 
Gephyrin (red) as postsynaptic markers of 
inhibitory neurons. Examples of VGAT+/ 
Gephyrin+ co-localizing synapses are high-
lighted by white circles in magnified sections. 
The scatter plots display the density (number/ 
mm2) of VGAT+/Gephyrin+ inhibitory synap-
ses in IL, PL and AC subregions of the pre-
frontal cortex from PBS and CDS mice. N = 10 
female mice per group.   
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upregulation of ECM genes, many of which persisted into adulthood. 
Consistent with these effects, a recent study in mice showed that 
microglia actively engulf ECM proteins, such that a loss of microglia is 
associated with impaired ECM engulfment and a concomitant accumu-
lation of ECM proteins in close contact with synapses (Nguyen et al., 
2020). The latter has further been associated with impaired synaptic 
plasticity and cognitive functions (Nguyen et al., 2020). 

Previous findings suggest that repopulated microglia may not 
necessarily be identical to the original microglial population (Huang 
et al., 2018). Therefore, it is possible that the effects of adolescent CDS 
treatment on brain and behavior may be, at least in part, accounted for 
by a different microglial phenotype after repopulation, rather than by 
the transient prefrontal microglia depletion per se. While our study 
cannot rule out this possibility completely, we did not find evidence for 
different microglial phenotypes persisting into adult life after adolescent 
depletion and subsequent repopulation. We quantified key genes per-
taining to microglial homeostasis and reactivity (Csf1r, Cx3cr1, Iba1, 
P2ry12, P2ry6, Pu.1, and Trem2) in prefrontal microglia isolated from 
adult female mice that were subjected to CDS, PBS or sham treatment in 
adolescence. These analyses revealed no group differences in the 
expression of any of these genes. Hence, consistent with its transient 
effects on microglial cell density, a bilateral stereotaxic injection of CDS 
into the PFC of adolescent female mice did not appear to cause lasting 
transcriptional changes in key genes relevant for microglial homeostasis 
and reactivity. Moreover, our morphological analyses of repopulated 
microglia demonstrated that there were no morphological changes at 
the 40 dpi interval, which corresponded to the dpi interval when 
behavioral and cognitive assessment started. There were, however, 
transient morphological changes of microglia at earlier dpi intervals (10 
and 20 dpi). Our findings suggest that microglia densities normalize as 
early as 10 dpi after CDS treatment, but repopulated microglial cells 
appear to take longer in reattaining the morphological characteristics of 
microglia from PBS-treated control animals. Importantly, our findings 
also demonstrate that CDS-induced prefrontal microglia depletion in 
adult female mice fails to induce significant effects on synaptic densities 
and cognitive functions, whereas marked effects emerged when the 
same manipulation was implemented in adolescence. These timing- 
dependent effects are consistent with our previous findings in male 
mice (Schalbetter et al., 2022) and are unlikely to be the result of a 
varying degree of the depletion, as intra-PFC injections of CDS in 
adolescence or adulthood caused a highly comparable amount of 
microglia depletion (70 to 80% reduction at the peak of the depletion 
under both conditions). Taken together, our previous (Schalbetter et al., 
2022) and present findings provide converging evidence suggesting that 
transient prefrontal microglia depletion in adolescence interfers with 
maturational processes occurring between adolescence and adulthood. 
It is conceivable that transient deficiency of microglia during critical 
stages of prefrontal maturation sets in motion a number of secondary or 
down-stream effects in various cell populations (including neurons and 
astrocytes), which together disrupt normal synaptic and cognitive 
maturation. Future investigations will be needed to identify these sec-
ondary or down-stream effects. 

Several genetic and pharmacological models of microglia depletion 
exist (Ginhoux et al., 2010; Kierdorf et al., 2013; Parkhurst et al., 2013; 
Elmore et al., 2014; Torres et al., 2016; Masuda et al., 2020). The model 
presented here and before (Schalbetter et al., 2022) is, however, unique 
in that it allows for a selective manipulation of microglia in a brain 
region-specific and temporally restricted manner without inducing 
nonspecific effects on peripheral immune cells. This degree of specificity 
is not reached by other models, be it because they lack brain region 
specificity and/or are associated with a suppression or depletion of pe-
ripheral immune cells, including monocytes and macrophages (Ginhoux 
et al., 2010; Kierdorf et al., 2013; Parkhurst et al., 2013; Elmore et al., 
2014; Masuda et al., 2020). Of note, many other previous studies used 
clodronate liposome preparations (Kumamaru et al., 2012; Han et al., 
2019; Jacobs et al., 2019), whereas the present study and our previous 

research (Schalbetter et al., 2022) used the clodronate salt preparation 
(i.e. CDS) without liposomal encapsulation. The reason why we selected 
CDS, rather than the liposomal preparation, was because of previous 
findings indicating that liposomes may cross the cell membrane of non- 
phagocytotic or less phagocytotic cells such as neurons, blood vessels 
and astrocytes, thereby inducing off-target effects on other cells (Han 
et al., 2019). Unlike liposomal preparations, the chemical properties of 
the salt preparation of clodronate (i.e. CDS) readily prevent its passive 
diffusion across cell membranes, so that CDS is taken up primarily by 
cells with strong innate phagocytic activity, such as microglia. Thus, 
intracerebral injection of CDS reaches more cellular specificity than 
clodronate liposome preparations. This notion is supported by our pre-
vious transcriptomic analyses conducted in male mice (Schalbetter 
et al., 2022), which revealed a selective reduction in microglia-defining 
genes after intracerebral injection of CDS, whereas genes defining other 
major cell populations, including astrocytes, oligodendrocytes, endo-
thelial cells, and neurons, were not significantly affected by the CDS 
treatment. Our immunohistochemical analyses of microglial and non- 
microglial cells confirmed these selective effects, suggesting that intra-
cerebral injection of CDS, as used in the present study, is indeed selective 
to microglia and does not induce major off-target effects on other cell 
populations of the brain parenchyma. 

However, one possible limitation of the model presented here and 
before (Schalbetter et al., 2022) is that it requires stereotaxic surgery to 
induce transient microglia depletion, and thus, it causes local tissue 
damage at the site of the intracerebral injection. To control for possible 
confounds resulting from local tissue damage, we included additional 
cohorts of sham control mice, which underwent the same experimental 
manipulations as PBS controls (including anesthesia, fixation 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 of microglia, 
neurons, or astrocytes. Moreover, sham and PBS control mice did not 
differ in terms of their behavioral 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 identified effects of CDS-induced microglia depletion, 
implying furthermore that the synaptic and cognitive changes emerging 
after transient prefrontal microglia depletion cannot be accounted for by 
the stereotaxic injection itself. 

We acknowledge a number of limitations in our study. First, we did 
not ascertain causal relationships between synaptic and cognitive 
measures in our model, so that the precise neuronal substrates of the 
observed cognitive deficits remain elusive. Second, we did not explore 
whether the structural synaptic deficits are accompanied by functional 
changes in prefrontal neurons. Based on our previous electrophysio-
logical studies conducted in the male microglia depletion model 
(Schalbetter et al., 2022), however, we deem it very likely that the 
synaptic deficits in females would be similarly associated with some 
degree of electrophysiological anomalies. Third, even though our find-
ings support the hypothesis that prefrontal microglia deficiency leads to 
lasting synaptic changes in the adult PFC, our study did not assess the 
temporal dynamics of this association. Therefore, additional longitudi-
nal or cross-sectional investigations examining cognitive functions and 
synaptic structures at successive stages of adolescent-to-adult matura-
tion will be required in future studies. 

Notwithstanding these limitations, we conclude that microglia 
contribute to the maturation of the female PFC in a similar way to 
prefrontal maturation occurring in males, such that a cell-specific and 
temporary deficiency of prefrontal microglia restricted to adolescence is 
sufficient to cause lasting synaptic and cognitive impairments in adult-
hood. The experimental model system described here and before 
(Schalbetter et al., 2022) offers unique opportunities to investigate the 
pathophysiological relevance of impaired microglial functions in neu-
rodevelopmental disorders, especially those that involve structural and 
functional deficits in the PFC. With its establishment in female mice, the 
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model now allows experimental investigations of this kind with regards 
to both male and female subjects. In a broader context, the present 
findings corroborate the hypothesis that microglial deficiency is likely to 
be etiologically relevant for some neurodevelopmental conditions and 
psychiatric disorders (Block et al., 2022; Bolton et al., 2022; Hayes et al., 
2022, Smith et al., 2022), especially for those that have their full onset in 
late adolescence or early adulthood. 
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Notter, T., Meyer, U., 2022. Adolescence is a sensitive period for prefrontal microglia 
to act on cognitive development. Sci. Adv. 8, eabi6672. 

Schwarz, M., Bilbo, S.D., 2012. Sex, glia, and development: interactions in health and 
disease. Horm. Behav. 62, 243–253. 

Selemon, L.D., Zecevic, N., 2015. Schizophrenia: A tale of two critical periods for 
prefrontal cortical development. Transl. Psychiatry 5, e623. 

Sierra-Mercado, D., Padilla-Coreano, N., Quirk, G.J., 2011. Dissociable roles of prelimbic 
and infralimbic cortices, ventral hippocampus, and basolateral amygdala in the 
expression and extinction of conditioned fear. Neuropsychopharmacology 36, 
529–538. 

Smith, C.J., Lintz, T., Clark, M.J., Malacon, K.E., Abiad, A., Constantino, N.J., Kim, V.J., 
Jo, Y.C., Alonso-Caraballo, Y., Bilbo, S.D., Chartoff, E.H., 2022. Prenatal opioid 
exposure inhibits microglial sculpting of the dopamine system selectively in 
adolescent male offspring. Neuropsychopharmacology 47, 1755–1763. 

Sotres-Bayon, F., Cain, C.K., LeDoux, J.E., 2006. Brain mechanisms of fear extinction: 
historical perspectives on the contribution of prefrontal cortex. Biol. Psychiatry 60, 
329–336. 

Torres, L., Danver, J., Ji, K., Miyauchi, J.T., Chen, D., Anderson, M.E., West, B.L., 
Robinson, J.K., Tsirka, S.E., 2016. Dynamic microglial modulation of spatial learning 
and social behavior. Brain Behav. Immun. 55, 6–16. 

VanRyzin, J.W., Marquardt, A.E., Argue, K.J., Vecchiarelli, H.A., Ashton, S.E., 
Arambula, S.E., Hill, M.N., McCarthy, M.M., 2019. Microglial phagocytosis of 
newborn cells is induced by endocannabinoids and sculpts sex differences in juvenile 
rat social play. Neuron 102, 435–449. 

Weber-Stadlbauer, U., Richetto, J., Labouesse, M.A., Bohacek, J., Mansuy, I.M., 
Meyer, U., 2017. Transgenerational transmission and modification of pathological 
traits induced by prenatal immune activation. Mol. Psychiatry 22, 102–112. 

Wolf, S.A., Boddeke, H.W., Kettenmann, H., 2017. Microglia in physiology and disease. 
Annu. Rev. Physiol. 79, 619–643. 

A.S. von Arx et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0889-1591(23)00105-8/h0205
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0205
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0210
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0210
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0220
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0220
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0220
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0220
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0225
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0225
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0225
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0230
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0230
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0230
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0235
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0235
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0235
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0235
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0240
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0240
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0240
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0240
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0245
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0245
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0245
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0245
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0250
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0250
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0250
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0255
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0255
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0255
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0255
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0260
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0260
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0260
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0265
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0265
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0265
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0270
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0270
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0270
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0270
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0275
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0275
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0275
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0275
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0280
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0280
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0285
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0285
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0285
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0290
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0290
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0290
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0290
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0295
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0295
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0295
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0295
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0300
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0300
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0300
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0300
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0305
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0305
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0310
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0310
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0315
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0315
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0315
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0315
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0320
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0320
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0320
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0320
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0325
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0325
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0325
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0330
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0330
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0330
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0335
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0335
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0335
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0335
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0340
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0340
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0340
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0350
http://refhub.elsevier.com/S0889-1591(23)00105-8/h0350

	Prefrontal microglia deficiency during adolescence disrupts adult cognitive functions and synaptic structures: A follow-up  ...
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Stereotaxic surgery
	2.3 Behavioral and cognitive testing
	2.3.1 Open field test
	2.3.2 Light-dark box test
	2.3.3 Social approach and social recognition memory test
	2.3.4 Temporal order memory test
	2.3.5 Contextual fear conditioning and extinction test

	2.4 Immunohistochemistry
	2.5 Microscopy and immunofluorescent image analyses
	2.5.1 Assessment of cell numbers
	2.5.2 Analysis of microglia morphology and Sholl analysis
	2.5.3 Estimation of synaptic density via co-localization analysis

	2.6 Magnetic-activated cell sorting for microglia isolation
	2.7 Quantitative real-time polymerase chain reaction
	2.8 Statistical analyses

	3 Results
	3.1 Validation of local and transient depletion of prefrontal microglia during adolescence in female mice
	3.2 Effects of prefrontal microglia deficiency during adolescence on behavioral and cognitive functions at adult age
	3.3 Effects of prefrontal microglia deficiency during adolescence on synaptic densities in the adult PFC
	3.4 Windows of vulnerability for cognitive and synaptic sequelae after prefrontal microglia deficiency

	4 Discussion
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


