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Abstract

High-throughput, transcriptomic analyses of the brain have revealed significant differences of
microglia between the hippocampus and the cortex. However, it remains unclear whether these
regional differences translate into different microglial behaviors and impact disease progression.
Here, we show that microglia possess higher morphological complexity and phagocytic capacity
in the hippocampus compared to the cortex of wild-type mice. These regional differences are
preserved in mice harboring a germline Pten mutation, which have a general increase of
microglial ramification and phagocytic capacity. Moreover, we find that Pten-mutant microglia
protect neurons from over-excitation through pruning excessive excitatory synapses and
forming more microglia-neuron junctions. However, Pten-mutation induced neuronal over-
excitation is normalized in the hippocampus but not the cortex which we are attributing to
regional differences of microglia in both function and morphology. These Pten-mutant microglia
may protect Pten mutant mice from developing spontaneous seizures, but cannot eliminate their
heightened risk of provoked seizure. Collectively, our findings have revealed a potential
protective role of microglia in an over-excited brain, underscoring the impact of microglial
regional heterogeneity in disease development and highlighting their prospect as a therapeutic
target for epilepsy.
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Introduction

Microglia, the resident immune cells in the brain, play critical roles in mediating
neuroinflammation, regulating neuronal development, and maintaining the homeostasis of the
central nervous system (CNS) (Wolf et al., 2017; Li and Barres, 2018; Patel et al., 2019;
Umpierre and Wu, 2021). Their phagocytic activities are essential in refining the neuronal
circuits of the brain, providing an important mechanism ensuring optimal brain structural and
functional plasticity (Kettenmann et al., 2011; Wolf et al., 2017; Tan et al., 2020; Zhao et al.,
2024). Microglia undergo dynamic changes at the cellular, subcellular, and molecular level to
function within an ever-changing environment. This gives rise to significant phenotypic
heterogeneity, such as temporospatial and gender-specific differences in cellular origin,
colonization, density, morphology, and gene expression (Grabert et al., 2016; Hanamsagar et
al., 2017; Villa et al., 2018; Masuda et al., 2019; Tan et al., 2020). Recent high-throughput,
transcriptomic analyses of the brain have revealed significant gene expression differences of
microglia between the hippocampus and the cortex (Lawson et al., 1990; Grabert et al., 2016;
Morrison et al., 2017; Masuda et al., 2019). Although the variance in microglial phenotypes
suggests diverse functionality, the precise connections between regional microglial
heterogeneity and their functional diversity remain elusive. Moreover, the extent to which these
variations contribute to the progression of neurological disorders, such as epilepsy, remains
unclear.

The role of microglia in epilepsy, either alleviating or exacerbating seizure activity,
remains uncertain. Epilepsy is a prevalent neurological disorder affecting 65-70 million
individuals globally (Gibbs-Shelton et al., 2023). It is characterized by recurrent seizures and
can be caused by genetic factors, brain injury, infection, and abnormalities in brain structure
(Eyo et al., 2017). Multiple studies have shown that microglia are sensitive to the activity of
neurons and rapidly become activated during seizures (Liu et al., 2019; Mo et al., 2019;
Kinoshita and Koyama, 2021), indicating an active involvement of microglia in seizure activity.
Previous studies of epilepsy have reported positive correlations between microglia number and
seizure susceptibility during development, as well as seizure mitigation following inhibition of
microglial proliferation (Kim et al., 2015; Di Nunzio et al., 2021). However, others have shown
microglia to form specialized microglia-neuron junctions to dampen neuronal activity (Li et al.,
2012; Kato et al., 2016; Cserep et al., 2020; Merlini et al., 2021). Pharmacological and
pharmacogenetic approaches of eliminating microglia have also been shown to increase seizure
susceptibility (Wu et al., 2020; Gibbs-Shelton et al., 2023). The discrepancy in observations
across studies likely reflects the complex and dynamic role of microglia in regulating seizure.
Therefore, an alternative study design is needed to fully understand this relationship, as
pharmacological elimination of microglia poses limitations due to its significant disruption of
microglial structure, cellular irregularities, cytokine release, and heightened glial reactivity
(Rubino et al., 2018; Bedolla et al., 2022). Utilizing genetically modified mouse models holds
promise in circumventing these drawbacks and potentially enabling a more precise and
accurate phenotyping of microglia.

Phosphatase and tensin homolog deleted on chromosome ten (PTEN) is an essential
regulator of microglia function in the CNS (Tilot et al., 2016; Sarn et al., 2021b; Sarn et al.,
2021a), an observation which was originally demonstrated by us and has subsequently been
replicated by other group (Zhou et al., 2022). PTEN as a well-recognized tumor suppressor
gene (Yehia et al., 2020), its germline mutation defines the molecular diagnosis of PTEN
Hamartoma Tumor Syndrome (PHTS), which manifests as a wide array of clinical features,
including (but not limited to) benign and malignant tumors, autism spectrum disorder (ASD), and
epilepsy (Winden et al., 2018). PTEN is expressed in nearly all tissues and works to inhibit the
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PIBK/AKT/mTOR signaling pathway, which is important in regulating cell growth, survival,
migration, and proliferation (Winden et al., 2018; Yehia et al., 2020). Studies from patients and
animal models have shown that PTEN mutations in neurons can increase neuronal excitability
and reduce seizure threshold (LaSarge et al., 2021; Tariq et al., 2022). These findings have
been attributed to PTEN mutation-induced overgrowth of dendrites and spines, as well as
mutation-induced alterations of potassium channels (Nguyen and Anderson, 2018; LaSarge et
al., 2021; Tariq et al., 2022). The function of Pten in microglia is characterized by an increase in
phagocytic properties and a mutation-dependent change in microglia ramification (hyper- vs
hypo-ramified) (Tilot et al., 2016; Sarn et al., 2021b; Zhou et al., 2022). Therefore, in a germline
Pten mutant model, we anticipated observing both heightened neuronal excitation and
morphologically complex/functionally enhanced microglia, which would make for an ideal model
to investigate the interactions between microglia and neurons and their contributions to the
pathogenesis of epilepsy.

Here, we report microglial differences in morphology and phagocytic capacity between
the hippocampus and the cortex. In a heterozygous germline Pten mutant mouse model
(Ptenm3m4+) we find microglia play a beneficial role in mitigating seizure through pruning
excessive excitatory synapses and forming more microglia-neuron junctions. These changes
proved protective in that they reduced hippocampal neuron excitability from a hyperexcitable
state to a more balanced level. Nevertheless, our Pten™3m%* mice harbored an increased
susceptibility to seizures, which we attribute to differences in microglial morphology and
phagocytic capacity between hippocampus and cortex. Overall, our study reveals novel insights
into microglia-neuron interactions, and identifies microglia as an important potential therapeutic
target for epilepsy.

Materials and Methods

Animals. Generation of a cytoplasmic-predominant Ptenm3m#m3m4 mouse model on a CD1
background was previously described by our group (Tilot et al., 2014; Sarn et al., 2021b). The
Ptenm™3m4 mutation is located within exon 7 of Pten and consists of five nucleotide substitution
mutations, resulting in four nonsynonymous and one synonymous amino acid changes in the
third and fourth putative nuclear localization sequences of Pten. Here, we bred mice carrying
Pten™m4 mutations on a C57/BL6 background. To mimic the situation in PHTS, heterozygote
Pten™3m#*mice were compared with wild-type (WT) littermate controls. Confirmatory genotyping
was performed on genomic DNA from clipped toes using following PCR primers: WT forward
(5'-TGGCAGACTCTTCATTTCTGT GGC-3'), WT reverse (5'-ACTTCTTCACAACCACTT
CTTTCAAC-3'), mutant forward (5'-TACCCGGTAGAATTTCGACGACCT-3'), and mutant
reverse (5-ACTTCTTCACAACCACTTCTTTCAAC-3'). Mice were maintained on a 14:10 light-
dark cycle with ad libitum access to food and water. Room temperature was maintained
between 18 and 26 °C. Animals were euthanized via CO2 asphyxiation followed by cervical
dislocation. Both male and female mice were used in this project. All experiments were
randomized and conducted under protocols approved by the Institutional Animal Care and Use
Committee (IACUC) at Cleveland Clinic.

Slice preparation. Mice (P38-43) were anesthetized with isoflurane and subjected to
decapitation. Brains were removed rapidly and placed into ice-cold, oxygenated, cutting artificial
cerebrospinal fluid (ACSF). The cutting ACSF was composed of the following (in mM): 110
choline CI, 3.5 KCl, 0.5 CaCl,, 7 MgCl,, 1.3 NaH,POQO,, 25 NaHCO3;, and 20 glucose. After
trimming the brain, vibratome (VT1000, Leica) was used to generate 300 um coronal sections
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containing both the hippocampus and the cortex. Slices were incubated in oxygenated cutting
ACSF at 34 °C for 20 minutes, after which they were transferred to fresh normal ACSF at room
temperature for at least 40 minutes prior to recording. The normal ACSF used for
recovery/recording contained the following (in mM): 125 NacCl, 3.5 KCI, 2 CaCl,, 1.3 MgCl,, 1.3
NaH,PO,, 25 NaHCO3;, and 10 glucose. All solutions used here were prepared with double
distilled water (ddH,0).

Electrophysiology. Individual slices were transferred to a submerged recording chamber
and continuously perfused with the recording ACSF (3.0 ml/min) at 32 °C. Slices were visualized
under infrared video microscopy (Leica DM6000) and differential interference contrast optics.
Hippocampal CA1 and cortical layer V pyramidal neurons were identified based on location,
shape and size of cell body. Whole-cell patch clamp recordings were made using a MultiClamp
700B amplifier, and a 1550B interface (Axon Instruments). Patch electrodes were made from
borosilicate glass capillaries (BF150-86-10, Sutter Instruments) with a resistance in the range of
2.5-4 MQ. Action potential (AP) recordings were made using internal solution containing the
following (in mM): 125 K-gluconate, 15 KCI, 10 HEPES, 4 MgATP, 0.3 Na;GTP, 0.2 EGTA, and
10 phosphocreatine (295 mOsm, pH 7.3, adjusted with KOH). For excitability testing, APs of
hippocampal neurons were elicited by injecting step-currents from -25 to 200 pA at the step of
25 pA. Likewise, cortical neurons’ APs were elicited by injecting step-currents from -50 to 400
pA at the step of 50 pA. Intrinsic excitability was examined in the presence of 10 uM bicuculline,
20 uM CNQX, and 50 uM DL- AP5 to block synaptic transmission. Post synaptic currents (PSC)
were recorded using internal solution containing the following (in mM): 135 CsCH3S0O3, 10 CsCl,
10 HEPES, 4 MgATP, 0.3 Na;GTP, 5 QX314, 0.2 EGTA, and 10 phosphocreatine (295 mOsm,
pH 7.3, adjusted with CsOH). Excitatory PSC (EPSC) and inhibitory PSC (IPSC) were
separated by holding the membrane potential at -50 mV (reversal potential of Cl-) and 0 mV
(reversal potential of non-selective cation channel), respectively. To record miniature EPSC
(mEPSC) and miniature IPSC (mIPSC), 1 uM tetrodotoxin (TTX) was added. To record evoked
EPSC (eEPSC), a concentric bipolar electrode (WPI) was placed ~300 um away from the
recorded neurons. Paired-pulse ratio (PPR) was examined by delivering two electrical stimuli at
the intervals of 0.025 s, 0.05 s, 0.1 s,0.2 s, 0.5 s, and 1 s. All signals were filtered at 1 kHz
using the amplifier circuitry, sampled at 10 kHz and analyzed using Clampex 11 (Axon
Instruments, USA). All solutions used here were prepared with ddH,O.

Microglia phagocytosis assay. Brain slices were prepared as described above except the
slice thickness was reduced to 200 um to facilitate subsequent immunostaining. Fluorescent
beads (®=1 um, L2778, fluorescent red, Sigma-Aldrich) were blocked in fetal bovine serum
(FBS, 1:5 v/v) for 1 hour at 37 °C, after which they were added to normal ACSF to reach a final
concentration of 0.02% (v/v). Brain slices were then incubated in the oxygenated ACSF-
florescent bead solution for 3 hours at 34 °C in a water bath. As only the top side of the slice had
full access to the beads during this step (the bottom side was partially blocked by the mesh of
the incubating chamber), we only used the top side for downstream evaluation of microglia
phagocytosis. Following incubation, slices were washed three times (30 minutes each) with
fresh oxygenated ACSF and fixed in 4% PFA overnight. In effort to minimize non-specific bead
binding, slices were washed three times (30 minutes each) with phosphate buffered saline
(PBS) prior to immunostaining. In ATP-stimulation experiment, ATP and florescent bead were
added simultaneously and treated for 3 hours. Because ATP-induced morphological changes in
microglia complicated the direct counting of microglia, the averaged-microglial-density from the
phagocytosis assay of the same mice without ATP was used to estimate the number of beads
ingested per microglia.



oONOY UL D WN -

Immunohistochemistry and Imaging. Mice were euthanized via CO2 asphyxiation and
perfused transcardially with normal saline (0.9% NacCl) followed by PFA (4%) dissolved in PBS
(pH 7.4). Brains were removed and post-fixed in 4% PFA for at least 6 hours, after which they
were immersed in 30% sucrose containing PBS until settling. Coronal sections (20 um) were cut
on a cryostat microtome (Leica, UC7) and mounted onto glass slides. The sections were treated
with 0.2% Triton X-100 for 30 min and blocked in 10% FBS for 1 hour. Sections were treated
with primary antibody diluted in 10% FBS overnight at room temperature. Primary antibodies
included Iba1 (1:500, polyclonal, Wako), Kv2.1 (1:200, monoclonal, Antibodiesinc), Gfap (1:500,
monoclonal, Santa Cruz), and PV (1:500, monoclonal, Thermo Fisher). After washing off excess
primary antibody (PBS, three times, 20 minutes each), sections were incubated with secondary
antibody diluted in 10% FBS at room temperature for 2 hours. Secondary antibodies included
goat anti-mouse Alexa Fluor 568 (1:1000, Thermo-Fisher) and goat anti-rabbit Alexa Fluor 488
(1:1000, Thermo-Fisher). Finally, sections were mounted in Vectashield medium with DAPI
(Vector Laboratories) for imaging. To visualize dendritic spines, neurons on live brain slices
were patched and back-filled with an internal solution containing 0.1% biocytin. After filling, the
slice was fixed overnight by 4% PFA and stained with streptavidin conjugated Alexa-488
(1:1,000, Molecular Probes) for 3 days at 4 °C. For phagocytosis assay, brain slices were
stained individually in a 24-well plate, with prolonged incubating time for both primary (3 days)
and secondary (1 day) antibodies. In these staining, PBS with 1% Triton X-100 was used for cell
permeabilization. Images were acquired using an upright fluorescent microscope (Leica) or an
inverted confocal microscope (Leica SP8), as indicated in figure legends. Objective
magnification (20X, 63X, or 100X) was selected based on desired image resolution. Serial z
stack images were taken when structures spanned multiple layers. And in this case, a
composite image was generated by projecting at maximum intensity. Images were processed
and analyzed using ImageJ2 (also known as Fiji).

Microglia skeleton analysis. Microglia from the dorsal hippocampus and somatosensory
cortex were captured and analyzed. Microglia skeleton morphology was analyzed using
ImageJ2 as previously described by Morrison et al (Morrison et al., 2017). First, z stack image
series were converted to 8-bit and smoothed by the Smooth (3D) plugin. Next, image series
were transferred to binary image using the Threshold function of ImageJ2. Image threshold was
adjusted to ensure the majority of microglial processes were highlighted. Binary images were
skeletonized and analyzed using the Skeletonize (2D/3D) and Analyze Skeleton plugins,
respectively.

Seizure induction and behavioral score. Mice between the ages of P38 and P43 were
used in this experiment. Kainic acid (Sigma, 10 mg/ml in normal saline) was injected
intraperitoneally (i.p.) to induce epileptic seizures. The dosage used was determined through
trial of three dosages (15, 20, and 25mg/kg bodyweight) on a separate cohort of Pten™™#* mice.
The 20 mg/kg dose was selected for experimentation because it effectively induced seizure and
conferred a low mortality rate. After i.p. injection of kainic acid, mice were placed in a new cage
and seizure behavior was observed for 1 hour. At each 10-min interval following injection, the
highest level of seizure activity was scored using the following 0-5 Racine’s scale system with
modifications (Racine, 1972; Sun et al., 2021): (0) free moving, normal behavior; (1) staring and
reduced locomotion; (2) head nodding, activation of extensors and rigidity; (3) forelimb clonus
and rearing; (4) sustained rearing and falling; (5) loss of posture, tonic seizure, and death.
‘Latency-to-score 3’ was used as a measure of seizure susceptibility and was defined as the
time from kainic acid injection to the first score 3 seizure.

Statistics. Data are presented as mean £+ SEM. Statistical comparisons were made using
two-way analysis of variance (ANOVA) and paired/unpaired Student’s t-test as appropriate. For
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grouped timepoint data, two-way ANOVA with Geisser-Greenhouse correction was used to
compare difference between groups. Student’s t-test was performed if comparison of individual
time point of these grouped data was desired. P values less than 0.05 were considered to be
significant.

Results

Increased ramification and phagocytic capacity in hippocampal microglia compared to
cortical microglia

Recent advances in single-cell RNA sequencing have unveiled considerable spatial and
temporal heterogeneity in microglial gene expression across various brain regions, including the
hippocampus and cortex (Masuda et al., 2019; Tan et al., 2020). However, the extent to which
these genetic variations translate into differences in morphology and function remains an open
question. To this end, we performed immunostaining for the microglia marker ionized calcium-
binding adapter molecule-1 (Iba1) in brain slices from P40 wild-type (WT) mice and checked the
morphology of microglia in the hippocampus and adjacent somatosensory cortex, two major
brain regions involved in both ASD and epilepsy (Winden et al., 2018). High-resolution z-stack
confocal imaging was employed to capture the detailed morphology of microglia. We found
microglia in the hippocampus exhibited greater morphological complexity than those in the
cortex (Fig. 1A and B). To quantitatively assess these morphological differences, we performed
skeleton analysis of individual microglia. Microglial processes were reliably detected using this
method (Supplementary Fig. 1A). Hippocampal microglia were found to possess significantly
increased branching and longer processes than those found in the cortex (Fig. 1 C-E). Next, we
used Sholl analysis to further validate these findings. We observed a consistent increase in the
number of Sholl intersections with respect to the process branching/distance from the soma
when comparing hippocampal to cortical microglia (Fig. 1F). Collectively, these data show
increased morphological complexity in hippocampal microglia when compared to cortical
microglia, with specific increases in ramification and process elongation.

Phagocytosis is one of the major functions of microglia (Li and Barres, 2018; Patel et al.,
2019). To determine if the observed morphological difference between hippocampal and cortical
microglia correlates with differences in function, we assessed their phagocytic capabilities in
vitro on brain slices. Acutely prepared live brain slices from P40 WT mice were incubated with
0.02% (v/v) fluorescent beads of 1 um diameter at 34 °C for 3 hours. The slices were
subsequently fixed and immunostained for the microglial marker Iba1. Beads co-localizing with
Iba1 (Supplementary Fig. 1B) were considered to reflect microglial phagocytosis. As illustrated
in Figure 1G and H, we observed that hippocampal microglia exhibited a greater phagocytic
capacity for beads compared to cortical microglia, suggesting hippocampal microglia are
innately more phagocytic than their cortical counterparts.

Adenosine triphosphate (ATP), a well-characterized microglial chemoattractant and
activator, is known to enhance microglial phagocytic activity (Davalos et al., 2005; Dou et al.,
2012). To examine whether hippocampal and cortical microglia differ in their response to ATP
stimulation, we introduced 10 uM ATP into the bathing solution of our in vitro brain slice
phagocytosis assay in an independent parallel experiment. As shown in figure 1l and J, ATP
augmented phagocytic activity in both hippocampal and cortical microglia, each to a similar
extent (hippocampus: 2.66-fold increase, cortex: 2.78-fold increase). When compared directly,
hippocampal microglia still phagocyted a greater proportion of beads than cortical microglia (Fig.
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1 I and K), indicating that the difference of microglial phagocytosis between hippocampus and
cortex persist even under ATP stimulation. Altogether, our findings reveal that hippocampal and
cortical microglia differ not only in their morphological characteristics, but also in their
phagocytotic propensities.

Increased microglia ramification in both the hippocampus and cortex of Pten™3m4* mice

Pten, the gene implicated in PHTS, is a critical regulator of microglial morphology and function
(Sarn et al., 2021b; Sarn et al., 2021a; Vidal-ltriago et al., 2022). All PHTS patients have
heterozygous PTEN mutations. To this end, we bred our previously described homozygous
Ptenm3m#m3m4 mutant mice with C57BL/6 mice and generated heterozygous mice that carry a
single copy of Pten™™4 mutation (hereafter referred to as Pten™™#*) (Tilot et al., 2014; Sarn et
al., 2021b). We have previously reported that this particular mutation leads to cytoplasmic
predominant mislocalization of Pten, alongside a global reduction in Pten expression across
both cytoplasmic and nuclear compartments (Tilot et al., 2014). These effects render it an
appropriate model for investigating the functions of Pten. The Pten™¥m#* mice exhibited
macrocephaly at P40 (Supplementary Fig. 2A and B), akin to human patients with a germline
PTEN mutation (Yehia et al., 2020). To evaluate the impact of Pfen mutation on microglia
morphology, we conducted Iba1 immunostaining on brain slices from P40 Pten™™#* mice and
their WT littermates. Consistent with our previous report (Sarn et al., 2021b), microglia in the
Ptenm3m#+ mice displayed increased /ba? expression, total cell volume, and cell body size
(Supplementary Fig. 2C-l), reflecting a status of activation at P40. Images rendered from z-stack
projection showed that Pten™™#* microglia were hyper-ramified in the hippocampus and cortex
(Fig. 2A), while 3D reconstruction of single microglia corroborated these findings (Fig. 2B).
Skeleton analysis of individual microglia showed that Pten™™#* microglia exhibit increased
branching and have longer processes than WT microglia (Fig. 2C-E). Furthermore, Sholl
analysis demonstrated that Pten™¥™#* microglia have more and longer extension of processes
compared to WT microglia in both the hippocampus and cortex (Fig. 2F and 2G). These findings
collectively indicate Pten plays a crucial role in regulating microglia morphology not only in the
cortex, but also in the hippocampus.

Hippocampal microglia exhibit the highest phagocytic capacity, compared to cortical
microglia in Pten™*™#* mice

To evaluate whether Pten dysfunction alters the regional heterogeneity of microglia morphology
within the brain, we analyzed morphology of microglia in the hippocampus and cortex of
Pten™3m#* mice. Analysis of the z-stack projection images indicated that hippocampal microglia
are more hyper-ramified compared to cortical microglia (Fig. 3A). This was supported by 3D
reconstruction of individual microglia (Fig. 3B). Quantitative analysis of the microglial skeleton
revealed that hippocampal microglia have increased branching and longer processes compared
to cortical microglia (Fig. 3C-E). Sholl analysis further confirmed this, showing not only a greater
number of microglial processes, but also longer extensions of these processes in hippocampal
microglia compared to cortical microglia in Pten™3m#* mice (Fig. 3F). These findings suggest that
the morphological differences of microglia, previously noted between the hippocampus and
cortex in WT mice, persists in Pten™m#* mice.

Next, we evaluated phagocytic capacity between hippocampal and cortical microglia
populations in Pten™m#* mice. Following previously established in vitro microglia phagocytosis
assay, we observed that Pten™m#* microglia phagocytosed increased number of beads in both
the hippocampus and cortex compared to WT (Supplementary Fig. 3A and B), aligning with our
previous studies conducted in cultured microglia(Sarn et al., 2021b; Sarn et al., 2021a).
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Additionally, hippocampal microglia phagocytosed more beads than cortical microglia in
Pten™3m#+mice (Fig. 3G and H), indicating heightened phagocytic activity of the hippocampal
microglia. These findings suggest that our previously observed difference of WT microglia
phagocytic capacity between hippocampus and cortex is maintained in Pten™™#* mice, with
hippocampal microglia possessing an innately higher phagocytic capacity.

Finally, in an independent experiment, we examined the response of Pten™¥m#* microglia
to ATP stimulation to determine if there are regional differences between the hippocampus and
cortex in ATP-stimulated phagocytosis. We found that ATP-enhanced phagocytosis in cortical
microglia but not hippocampal microglia (hippocampus: 1.22-fold increase, cortex: 2.09-fold
increase; Fig. 31 and J), implying a unique reaction to ATP stimulation in cortical microglia.
Consequently, no significant difference in phagocytic activity was observed between
hippocampal and cortical microglia following ATP stimulation in Pten™™#* mice (Fig. 3| and K).
The lack of increased phagocytic activity in hippocampal microglia upon ATP stimulation
suggests these microglia may already have reached their peak phagocytic potential as a result
of Pten mutation. Indeed, further comparison of Pten™¥m#* with WT microglia under 10 uM ATP
stimulation indicated comparable phagocytic activities in both the hippocampus and cortex
(Supplementary Figs. 3C and D). Taken together, these data demonstrate a preserved
morphological and phagocytic heterogeneity among hippocampal and cortical microglia in
Ptenm3m#+ mice, as seen in WT mice. Moreover, Pten mutation appears to induce region-specific
changes in microglial activation, as hippocampal but not cortical microglia reached their ATP-
induced peak of phagocytic capacity.

Excitatory synaptic transmission is reduced in the hippocampus but unchanged in the
cortex of Pten™m#* mice

Pten plays a pivotal role in regulating dendritic spine number, morphology, and plasticity.
Numerous studies have shown that neuron-specific Pten dysfunction result in dendrite and
spine overgrowth (Getz et al., 2022; Tariq et al., 2022). It is well known that microglia are
fundamentally involved in synaptic pruning and remodeling (Zhao et al., 2024). In our germline
Pten™m#+ mice, we anticipated a concurrent presence of Pten mutation-induced spine
overgrowth in addition to the observed microglial activation. To understand how these opposing
effects integrate within the brain, and to determine whether the microglial morphological and
functional differences between the hippocampus and cortex influence the effects of Pten
mutations on spines, we employed various approaches to assess excitatory synaptic
transmission. First, we conducted whole-cell patch-clamp recordings of miniature excitatory
postsynaptic current (MEPSC) from CA1 hippocampal pyramidal neurons in the presence of 1
uM tetrodotoxin (TTX) and a membrane potential held at -50 mV. The mEPSC events recorded
in this condition could be completely blocked by 10 uM AMPA receptor antagonist DNQX and
50 uM NMDA receptor antagonist APV (Supplementary Fig. 4A and B), demonstrating the
specificity of our recorded events. Comparing mEPSC between WT and Pten™¥™#* mice
revealed a significant decrease in mEPSC frequency but not amplitude in the hippocampus of
the Pten™m#* mice (Fig. 4A-C). These data suggest that excitatory synaptic transmission is
reduced in the hippocampus of Pten™™#* mice. To discern whether such a reduction was
attributable to a decreased probability of synaptic vesicle release versus a reduction in the
number of excitatory synapses, we recorded paired-pulse ratio (PPR) of evoked excitatory
postsynaptic current (eEPSC) by applying two stimuli at the interval of 0.025 s, 0.05s, 0.1 s, 0.2
s, 0.5 s, and 1 s. The PPR had no significant difference at any of these intervals (Fig. 4D and
E), suggesting that the release probability remained unchanged in the hippocampus of
Pten™3m#+mice, and that there was an overall reduction in excitatory synaptic numbers. This
was further corroborated by directly visualizing dendritic spines through 0.1% biocytin back-
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filling and subsequent Avidin-488 staining of individual CA1 neurons. Spine density calculations,
based on the ratio of total spine number to dendritic length, confirmed a significant reduction in
spine density in the hippocampus of Pten™m#*mice compared to WT littermates (Fig. 4F and
G). Thus, our findings demonstrate a reduction in the number of excitatory synapses in the
hippocampus of germline Pten mutant mice at P40.

The reduced number of excitatory synapses could be the result of an integrated effect
involving neurons, astrocytes, and microglia. To determine if astrocyte abnormalities were
present in Pten™™#* mice, we performed immunostaining for the astrocyte marker glial fibrillary
acidic protein (Gfap). We found comparable astrocyte morphology and density between WT and
Pten™3m#*mice (Supplementary Fig. 4E and F), suggesting astrocytes are not significantly
affected by Pten mutation. Further examination of spine density at P14, a critical period of spine
formation, revealed a significant increase in spine density in the hippocampus of Pten™m#* mice
compared to WT (Fig. 4H and I). This finding aligns with previous research showing Pten
dysfunction in neurons leads to an increase in synaptic number (Sarn et al., 2021b; Getz et al.,
2022; Tariq et al., 2022). Taken together, these data suggest that the observed hyper-
ramified/phagocytic microglia could be playing a crucial role in pruning excess synapses during
the development of the hippocampus of our Pten™m#* mice.

Next, we sought to understand how microglial activity affects excitatory synaptic
transmission in the cortex of Pten™™#* mice, given their relatively moderate activation
compared to microglia in the hippocampus. First, we conducted whole-cell patch-clamp
recording of mMEPSC from layer V cortical pyramidal neurons in the presence of 1 uM TTX and a
membrane potential held at -50 mV. Both the frequency and amplitude of mMEPSC were
comparable in the cortex of Pten™3m#* mice and their WT littermates (Fig. 4J-L). These data
suggest that excitatory synaptic transmission is not changed in the cortex of Pten™m#* mice
compared to WT. Following this, we evaluated whether the releasing probability of excitatory
synapse was altered in the cortex of Pten™™#* mice. We recorded PPR of eEPSC by applying
two stimuli at the intervals of 0.025 s, 0.05s,0.1s,0.2s,0.5 s, and 1 s. PPR had no significant
difference at any tested interval (Fig. 4M and N), indicating that the release probability remained
unchanged as a result of the Pten mutation. Next, we evaluated excitatory synapse number by
directly visualizing dendritic spines through 0.1% biocytin back-filling and subsequent Avidin-
488 staining. Unlike our investigation of the hippocampus, neuronal spine density was not
different between the cortex of Pten™™#* and WT mice (Fig. 40 and P). Further examination of
spine density at P14 mice revealed a significant increase in spine density in the cortex of
Ptenm™3m4+ mice compared to WT (Supplementary Fig. 4Q and R), indicating cortical microglia
were able to prune excess synapses during the development of Pten™¥m#* mice but the extent is
slighter compared to hippocampal microglia. In sum, these data imply a differential change of
synaptic numbers in the hippocampus and cortex of Pten™¥m#* mice compared to WT
littermates, potentially attributable to the difference in microglial phagocytic capability between
these two brain regions.

Parvalbumin-positive interneuron number is reduced while inhibitory synaptic
transmission is unchanged in both the hippocampus and cortex of Pten™™#* mice

Next, we investigated the effects of Pten mutation on neuronal inhibitory signaling in the
hippocampus and cortex. Pfen knockout in neurons has been shown to reduce numbers of
parvalbumin (PV) and somatostatin (SST) positive interneurons(Vogt et al., 2015). To determine
if a similar phenotype exists in our Pten™™#* mice, we stained brain slices with antibody against
interneuron marker PV. We found PV* interneuron numbers were significantly reduced at P40 in
both the hippocampus and cortex of Pten™™#* mice when compared to WT littermates (Fig. 5A-
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C), suggesting impaired PV* interneuron development and/or survival in Pten™™#* mice. The
reduction in PV* interneurons was more pronounced in the hippocampus (37.5%) than in the
cortex (10%), highlighting regional disparities in the impact of Pten mutation on PV* interneuron
populations. To determine whether the reduction in PV* interneurons affects inhibitory synaptic
transmission, we recorded miniature inhibitory postsynaptic current (mIPSC) from pyramidal
neurons in both hippocampus and layer V cortex using whole-cell patch-clamp. The mIPSC
were isolated with 1 uM TTX and the membrane potential held at 0 mV. The specificity of these
recordings was confirmed by the complete blockade of mIPSC events with 10 uM bicuculline, a
GABA, receptor antagonist (Supplementary Fig. 4C and D). Surprisingly, we found no
significant difference in the frequency or amplitude of mIPSC between Pten™™#*and WT mice
in either the hippocampus or the cortex (Fig. 5D-1). These data indicate that although PV*
interneuron numbers are reduced as a result of dysfunctional Ptenin this model, it does not
impact inhibitory synaptic transmission.

Increased cortical but not hippocampal neuronal excitability contributes to the increased
seizure susceptibility in Pten™™4* mice

The PTEN-mTOR signaling pathway plays a critical role in regulating neuronal excitability, and
PTEN mutations have long been associated with increased seizure susceptibility and epilepsy
(LaSarge et al., 2021; Cullen et al., 2024). However, only a relatively small portion of PHTS
patients (0-14.8%) develop epilepsy (Hansen-Kiss et al., 2017; Shao et al., 2020; Ronzano et
al., 2022). This is consistent in our Pten™™#* mice, which have not been observed to exhibit
spontaneous seizures (data not shown). To explore potential changes in the intrinsic excitability
of pyramidal neurons in Pten™™#* mice, we recorded step-current injection induced neuronal
action potential (AP) firing from both the hippocampus and layer V cortex. To isolate intrinsic
excitability from the influence of synaptic transmissions, we added 10 uM DNQX, 50 uM APV,
and 10 uM bicuculine in the perfusion solution to block AMPA, NMDA, and GABA receptors,
respectively. On average, higher frequency of AP firing was observed in Pten™m#* neurons
compared to WT littermates (Fig. 6A-D), suggesting an increase in intrinsic excitability in both
the hippocampus and cortex of Pten™™#* mice. In line with this, the rheobase (which reflects
the minimum current required to induce the first AP firing at a 50% probability) was significantly
lower in both the hippocampus and cortex of Pten™™#* mice (Supplementary Fig. 5A and B).
Further investigation confirmed that the resting membrane potential (RMP) and input resistance
were similar between Pten™™#* and WT neurons (Supplementary Fig. 5C-F), ruling out their
potential impact on neuronal excitability. Taken together, we conclude that Pfen mutation
increases neuronal intrinsic excitability regardless of brain regions, consistent with previous
studies (LaSarge et al., 2021; Tariq et al., 2022).

In general, neuronal excitability is also influenced by excitatory and inhibitory synaptic
transmissions. As demonstrated above, inhibitory synaptic transmission was comparable
between Pten™™#* mice and their WT littermates. However, excitatory synaptic transmission
was reduced in the hippocampus but not in the cortex of Pten™™#* mice. To investigate the
cumulative effect of these synaptic changes on overall neuronal excitability, we recorded step-
current injection-induced AP firing with intact synaptic transmissions. In this condition, overall
excitability was similar in the hippocampus between Pten™™#* and WT mice, but significantly
increased in the cortex of Pten™™#* mice (Fig. 6E-H). The rheobase mirrored these findings,
being reduced in the cortex but similar in the hippocampus of Pten™™#* mice (Supplementary
Fig. 5G and H), indicating increased excitability of the cortical but not hippocampal neurons in
Pten™3m#* mice. Additionally, we observed no impact of genotype on RMP or input resistance
(Supplementary Fig. 5I-L), suggesting little influence of these factors with respect to changes in
neuronal excitability. These findings show that the presence of a Pten mutation differentially
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affects overall neuronal excitability in the hippocampus and cortex, and is corelative with the
differences observed in microglia between these two regions.

Microglia processes are known to form direct junctions with neuronal cell bodies, a
phenomenon which is regulated by neuronal activity and believed to protect neuronal function
(Li et al., 2012; Kato et al., 2016; Cserep et al., 2020). We explored if Pten dysfunction affects
the number of microglia-neuron junctions, and whether there are differences between the
hippocampus and cortex. Brain slices were co-stained for Iba1 as well as Kv2.1, a voltage-gated
potassium channel that anchors vesicle fusion molecules to the neuronal membrane and is
implicated in cellular process of cell-to-cell communication (Cserep et al., 2020). Using confocal
microscopy, we were able to visualize Kv2.1* neuronal cell bodies and their interaction with Iba1
labeled microglia to identify microglia-neuron junctions (Figure 61 and Supplementary Fig. 5M-
0). Z-stack images showed that almost all neuronal cell bodies had direct contact with microglia
(Supplementary Fig. 5M-0), an observation that is consistent with previous study (Cserep et al.,
2020). However, microglia-neuron junctions in the Pten™™#* mice seemed to be more abundant
due to increased microglial ramification (Supplementary Fig. 5M-O). To better reveal the
differences, we analyzed single layer confocal images and quantified the prevalence of these
junctions by dividing the number of neurons with junctions to the total number of Kv2.1*
neurons. An increased prevalence of microglial contacts was observed in both the hippocampus
and cortex of Pten™¥m#* mice, though more prominently in the cortex (hippocampus increased
by 18.7%, cortex increased by 46.6%, Figure 61-K). These data suggest that Pten plays a
crucial role in governing the quantity of microglia-neuron junctions, and the exist of a positive
correlation between the number of microglia-neuron junctions and neuronal excitability.

Thus far, we have observed increased intrinsic excitability in both the hippocampus and
cortex of Pten™m#* mice. In the hippocampus, microglia likely normalized overall excitability by
reducing the number of excitatory synapses. Conversely, in the cortex, overall excitability was
increased due to unchanged excitatory synapses probably because of relatively moderate
microglial function. To safeguard neuronal function, more microglia-neuron junctions were
formed in the cortex (Fig. 61-K). These observations suggest that microglia are actively working
to protect the brain from over-excitation, and corroborate our finding that Pten™3™#* mice do not
exhibit spontaneous seizure. To interrogate this further, we evaluated seizure susceptibility by
administering kainic acid, a glutamate receptor agonist, and scored seizure behavior using the
revised 0-5 Racine’s scale system (Racine, 1972; Sun et al., 2021). More severe seizure
behavior was observed in Pten™™#* mice than in WT littermates (Fig. 6L), with a significantly
shorter time to develop severe (score-3) seizures (Fig. 6M). In summary, although Ptenm3m#+*
microglia attempt to modulate neuronal excitability through pruning of excess synapses and
formation of specific junctions, Pten™™#* mice still exhibit increased seizure susceptibility, likely
due to microglial heterogeneity across different brain regions.

Discussion

Microglia's remarkable heterogeneity, evident in varying morphology, gene expression, and
functional state, reflects their versatility and adaptability across different brain regions and
conditions (Grabert et al., 2016; Wolf et al., 2017; Masuda et al., 2019; Tan et al., 2020). In this
study, we demonstrate that hippocampal microglia, compared to cortical microglia, are not only
hyper-ramified in morphology but also possess greater phagocytic capabilities. In germline
Pten™3m#*mice, we observed a general increase in morphological complexity and phagocytic
capability of microglia compared to WT, with these enhancements being more pronounced in
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the hippocampal microglia than in the cortical microglia (Fig. 3 and supplementary Fig. 3). This
heterogeneity likely contributes to the differential pruning of excess dendritic spines, which
normalized the Pten-mutation-induced increase of hippocampal but not cortical pyramidal
neuron excitability. Given that neuronal-specific knockout of Pten generally causes seizure
(Barrows et al., 2017; Santos et al., 2017; LaSarge et al., 2021), our findings explain the lack of
spontaneous seizure yet increased seizure susceptibility in germline Pten™m#* mice.

Our electrophysiological and biocytin-labeling experiments showed reduced excitatory
synapses in the hippocampus but no change in the cortex of Pten™™#* mice at P40 (Fig. 4A-G
and 4J-P). We attribute this regional difference to differing microglial phagocytic capacities for
the following reasons. Spine density is significantly increased in both the hippocampus and
cortex of Pten™™#*mice compared to WT at P14 (Fig. 4H, I, Q, and R), consistent with previous
reports that Pten dysfunction in neurons caused spine overgrowth regardless of age (LaSarge
et al., 2021; Tariq et al., 2022). Thus, the synaptic reduction in both regions at P40 is likely due
to synaptic pruning during development. Both astrocytes and microglia participate in synaptic
pruning, but which one is dominant is debated (Konishi et al., 2022). Our data show similar
astrocyte morphology and density between Pten™¥m#* mice and WT littermates (Supplementary
Fig. 4E and F), suggesting moderate effects of Pten on astrocyte. However, due to the limitation
of our germline Pten-mutant mouse model, we cannot rule out the contribution of other cell
types (eg. astrocyte, neuron efc.) to the phenotypes we observed here.

The morphological and phagocytotic differences we observed between hippocampal and
cortical microglia reflects the complex interplay between the microenvironments of different
brain regions and the microglial functional state. In general, hippocampal pyramidal neurons are
more excitable compared to cortical pyramidal neurons, probably due to their smaller cell body
size and higher input resistance (Supplementary Fig. 5D, F, J, and L) (Tan et al., 2018). The
heightened excitation of hippocampal neurons, as well as alterations in various neurotrophic
factors, may directly trigger morphological and functional changes and even activation state of
hippocampal microglia (Hanamsagar and Bilbo, 2017; Chagas et al., 2020; Umpierre and Wu,
2021). Microglia in a resting homeostatic state tend to be ramified with long, thin processes,
while active microglia are more amoeboid in shape (Vidal-Itriago et al., 2022). Between these
two states exists an intermediate state where microglia are hyper-ramified and have thicken
processes (Streit et al., 1999; Doyle et al., 2017; O'Neil et al., 2018). This state plays a
significant role in the brain’s response to various stimuli, reflecting a heightened level of
alertness and readiness to transition to a fully reactive state if necessary (Davis et al., 2017,
Vidal-ltriago et al., 2022). Our findings suggest microglia in the hippocampus are more prone to
an intermediate state compared to cortical microglia, because of their increased morphological
complexity and phagocytotic capacity. This observation is backed by the genetic findings from
current spatial transcriptomic work (Masuda et al., 2019).

Regardless of brain region, Pten™¥™#* microglia exhibit increased Iba1 expression, cell
volume, cell body size, hyper-ramification, and phagocytotic capacity compared to WT microglia
(Fig. 2 and Supplementary Fig.2) (Tilot et al., 2014; Sarn et al., 2021b; Sarn et al., 2021a).
These morphological and functional changes are consistent with an intermediate state,
suggesting microglia in Pten™™#* mice are generally hyper-activated. The findings of microglia
morphological changes in both germline and microglia-specific Pten mutation underpin the
influences of genetic background on microglia morphology and function (Sarn et al., 2021b;
Sarn et al., 2021a; Zhou et al., 2022). Interestingly, microglia morphological complexity seems
correlates with residual of Pten functions. Microglia are hypo-ramified in the microglia-specific
knockout mice (Zhou et al., 2022), whereas they are hyper-ramified in Pten mutant models
(Sarn et al., 2021b; Sarn et al., 2021a). This difference could derive from different levels of
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residual function of Pten in microglia, as well as different functional states of microglia in these
mice.

Pten is expressed in almost all cell types of the brain (Endersby and Baker, 2008). Cell
type-specific knockout of Pfen is a commonly used strategy to study the cell-specific role of Pten
(LaSarge et al., 2021; Getz et al., 2022; Tariq et al., 2022). While this approach isolates the
effect of Pten in a particular cell type from the influence of other cells, the result can be
exaggerated and may not fully reflect the real-life situations, as the majority of patients with
PHTS are heterozygous carriers of the PTEN gene mutation (Yehia et al., 2020). Our germline
Pten™3m#* mouse model closely replicates the observed pathologies of PHTS, providing a
consistent genetic background to study the effects of Pten gene alterations on disease
development. Based on evidence from the literature and our own studies, we believe that both
the microglia cell-autonomous and non-autonomous effects of Pten contributes to the
phenotypes observed in the germline Pten™™#* mice. Pten is expressed in microglia and
specific knockout of Pfen in microglia leads to changes in morphology and increased
phagocytotic activity (Zhou et al., 2022). In addition, co-culturing Ptenm3m#m3m4 microglia with WT
neurons reduces synaptic numbers (Sarn et al., 2021b). These findings suggest Ptenm3m4
mutation has cell-autonomous effects on microglial morphology and phagocytotic capacity (Sarn
et al., 2021b). Meanwhile, these cell-autonomous influences are further complemented by cell
non-autonomous effects of Pten. For instance, we previously cultured WT microglia with
Ptenm3m#m3m4 neyrons and observed enhanced phagocytosis of synapses (Sarn et al., 2021b),
suggesting heightened excitation of neurons directly impact microglial functional states.

It is interesting to find that inhibitory synaptic transmission was unchanged in Ptenm3m4+*
mice (Fig. 5D-1). Similar results were found in the study of a heterozygous Nkx2.1-Cre*;Ptenflox*
mice (Vogt et al., 2015). In that study, the investigators showed PV* and SST* interneurons
numbers were disproportionally reduced, resulting in an increased PV/SST ratio in the cortex
(Vogt et al., 2015). In our germline Pten™¥m#* mice, we also found reduced PV* interneuron
numbers in both the hippocampus and cortex (Fig. 5A-C), suggesting Pten signaling is critical
for PV* interneuron development and/or survival. Recent investigation has shown that microglia
can also prune inhibitory synapse (Chen et al., 2014; Hashimoto et al., 2023; Haruwaka et al.,
2024). It remains unclear how activated microglia selectively prune excess excitatory synapses,
and how inhibitory synaptic transmission was unchanged despite an overall reduction of PV*
interneurons. Further studies are needed to determine if there is a compensatory increase in the
number of inhibitory synapses formed per interneuron, and/or an increased release probability
of inhibitory synapses.

There is considerable data which show microglia play a neuroprotective role by forming
specialized junctions between their processes and neuronal cell bodies (Li et al., 2012; Vinet et
al., 2012; Cserep et al., 2020). Through these junctions, microglia can monitor the functional
state of neurons, respond to changes in neuronal activity or the presence of damage-associated
signals, and maintain CNS homeostasis (Li et al., 2012; Vinet et al., 2012; Cserep et al., 2020).
We found significantly more microglia-neuron junctions in Pten™™#* mice than in WT littermates,
providing the first evidence that Pten can regulate microglia-neuron junction formation. The
increase in such junctions could be any combination of increased microglial ramification,
elevated neuronal excitation, or simple Pten dysfunction in ether cell type. Though microglia-
neuron junctions are increased in both the hippocampus and cortex of Pten™™#* mice, they are
more prominent in the cortex (Figure 61-K), which coincides with increased overall excitability of
the cortical neurons but not hippocampal neurons in Pten™™#* mice. The microglia-neuron
junctions were better visualized with superresolution microscopy and transmission electron
micrograph (Cserep et al., 2020). The use of confocal imaging in our study limited our ability to
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calculate the actual numbers of microglia-neuron junctions. Thus, we only compared the
prevalence of microglia-neuron junction in this study (Fig. 6I-K).

The role of microglia in epilepsy, and whether they serve to alleviate or exacerbate
seizure activity, remains uncertain due to the discrepancy in observations across studies (Kim et
al., 2015; Gibbs-Shelton et al., 2023). The coexistence of over-excited neurons and
morphologically complex/functionally enhanced microglia in the Pten™¥m#* mouse makes it a
good model for studying the role of microglia in epilepsy. Our findings suggest Ptenm3m#*
microglia are protective in epilepsy, as they reduce excitation of pyramidal neurons by pruning
excess dendritic spines and forming increased direct junctions with neuronal cell bodies. They
are able to fully resolve overexcitation of hippocampal but not cortical neurons, likely due to the
differences in microglial morphology and phagocytic capacity between these two brain regions.
This may explain the lack of spontaneous seizure, yet increased susceptibility of inducible
seizures, in our Pten™™#* mice. Clinically, this may also be a reason why only a small portion of
the PHTS population develop epilepsy (0-14.8%) and why the majority of these epilepsy are
focal (Hansen-Kiss et al., 2017; Shao et al., 2020; Ronzano et al., 2022). Apart from the
hippocampus and cortex, the amygdala is another major brain region involved in the
pathogenesis of epilepsy. Further studies are needed to investigate how these might contribute
to the increased seizure susceptibility of Pten™™#* mice.

In conclusion, our study reveals significant morphological and functional differences
between hippocampal and cortical microglia, which may be augmented as a result of germline
Pten™3m#* mutation. In response to overly-excited neurons, Pten™m#* microglia appear to prune
an excess of excitatory synapses and to form more neuron-microglia junctions, implying a
protective role of Pten-mutant microglia in the pathogenesis of epilepsy in the Pten™m#* mouse
model. It offers novel insights into microglia-neuron interactions and identifies microglia as
important in etiopathogenesis of, and hence, potential therapeutic target for the treatment of

epilepsy.
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Figures and figure legends

Figure 1. Morphological and functional differences of microglia between the hippocampus and
cortex. (A) Representative z-stack confocal images showing the microglial morphology of the
WT hippocampus (left) and cortex (right) visualized by Iba1 staining. Scale: 50 um. (B)
Representative 3D reconstruction images showing the microglia morphology in the
hippocampus (left) and cortex (right). Scale: 50 um. (C-E) Summary data showing increased
branch end points per cell (C), branch number per cell (D), and process length (E) in
hippocampal microglia compared to cortical microglia (n = 8 mice. Branch end points: HPC,
102.64 + 4.5; cortex: 62.52 + 5.7, t(14) = 5.535, P < 0.001. Branch number: HPC: 207.2 + 11.0;
cortex: 125.71 + 10.5, t(14) = 5.370, P < 0.001. Process length: HPC: 0.47 + 0.02 mm; cortex:
0.30 £0.02 mm, £{(14) = 5.768, P < 0.001). (F) Comparison of Sholl analysis of microglia
morphology between the hippocampus and cortex (F(1, 14) = 10.12, P = 0.0067). (G) Left:
representative z-stack confocal images showing the Iba1-stained microglia (green) phagocytize
fluorescent beads (red); right: processed mask image showing the distribution of phagocyted
beads. Please note the dot size does not reflect the real size of the bead because of image
processing to make the bead more visible in the image. Scale: 500 um. (H) Summary data
showing average phagocytosis of beads by microglia to be higher in the hippocampus than the
cortex (n = 6 mice, HPC: 1.06 + 0.09 beads/microglia; cortex: 0.56 + 0.06 beads/microglia,
paired t test, {(5) = 4.732, P = 0.0052). () Left: representative z-stack confocal images showing
ATP increases microglia (green) phagocytic capacity; right: processed mask image showing the
distribution of phagocyted beads. Scale: 500 um. (J) Summary data showing ATP increases
microglia phagocytic capacity in both hippocampus and cortex (HPC: control 1.06 + 0.09
beads/microglia; ATP 2.72 + 0.4, {(10) = 3.961, P < 0.01. Cortex: control 0.56 + 0.06
beads/microglia; ATP 1.61 + 0.1, {(10) = 6.499, P < 0.001). (K) Summary data showing average
phagocytosis of beads by microglia to be higher in the hippocampus than the cortex when under
ATP stimulation (n = 6 mice, HPC: 2.72 + 0.4 beads/microglia; cortex: 1.61 + 0.1
beads/microglia, paired t test, {#(5) = 3.013, P = 0.03). *P < 0.05, **P < 0.01, ***P < 0.001.
Triangle: male, circle: female.

Figure 2. Microglia are hyper-ramified in both the hippocampus and cortex of Pten™m#* mice.
(A) Representative z-stack confocal images showing the microglia morphology in the
hippocampus (top) and cortex (bottom) of WT (left) and Pten™™#* mice (right). Scale: 50 um. (B)
Representative 3D reconstruction images showing the microglia morphology in the
hippocampus (top) and cortex (bottom) of WT (left) and Pten™¥m#* mice (right). Scale: 50 um.
(C-E) Summary data showing increased branch end points per cell (C), branch number per cell
(D), and process length (E) in Pten™¥™#* microglia compared to WT microglia in both the
hippocampus and cortex (n = 8 mice per group. Branch end points: WT HPC, 102.64 + 4.5,
Ptenm3m4+HPC, 137.80 + 8.9, t(14) = 3.529, P = 0.0017; WT cortex, 62.52 + 5.7, Ptenm3m4*
cortex, 80.15 + 5.4, t{(14) = 2.247, P = 0.0413. Branch number: WT HPC: 207.2 + 11.0,
Ptenm3m#+HPC: 272.44 + 20.16, t(14) = 2.841, P < 0.001; WT cortex: 125.71 + 10.5, Ptenm3m4*
cortex, 159.76 + 10.6, t(14) = 2.287, P = 0.0383. Process length: WT HPC: 0.47 + 0.02 mm,
Pten™3m#+*HPC: 0.65 + 0.04 mm, t(14) = 4.267, P < 0.001; WT cortex: 0.30 + 0.02 mm,
Ptenm™m4+HPC: 0.40 £ 0.02 mm, {(14) = 3.177, P = 0.0067). (F and G) Comparison of Sholl
analysis of microglia morphology between WT and Pten™™#*in both the hippocampus (F, F(1,
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14) = 20.22, P < 0.001) and cortex (G, F(1, 14) = 5.229, P = 0.0383). *P < 0.05, **P < 0.01, *™P
< 0.001. Triangle: male, circle: female.

Figure 3. Morphological and functional differences of microglia between the hippocampus and
cortex of Pten™m#* mice. (A) Representative z-stack confocal images showing the microglia
morphology in the hippocampus (left) and cortex (right) of Pten™3m#* mice. Scale: 50 um. (B)
Representative 3D reconstruction images showing the microglia morphology in the
hippocampus (left) and cortex (right) of Pten™¥m#* mice. Scale: 50 um. (C-E) Summary data
showing increased branch end points per cell (C), branch number per cell (D), and process
length (E) in hippocampal microglia compared to cortical microglia of Pten™¥m#* mice (n = 8 mice
per group. Branch end points: HPC, 137.80 + 8.9; cortex: 80.15 + 5.4, {(14) = 5.54, P < 0.001.
Branch number: HPC: 272.44 + 20.2; cortex: 159.76 + 10.6, {(14) = 4.947, P < 0.001. Process
length: HPC: 0.66 = 0.04 mm; cortex: 0.4 £ 0.02 mm, #65) = 1.997, P < 0.001). (F) Comparison
of Sholl analysis of microglia morphology between the hippocampus and cortex of Ptenm3m#+
mice (F(1, 14) = 11.12, P = 0.0049). (G) Left: representative z-stack confocal images showing
the Iba1-stained microglia (green) phagocytize fluorescent beads (red); right: processed mask
image showing the distribution of phagocytized beads. Scale: 500 um. (H) Summary data
showing average phagocytosis of beads by microglia to be higher in the hippocampus than in
the cortex of Pten™¥™#* mice (n = 6 mice, HPC: 1.79 + 0.2 beads/microglia; cortex: 1.0 + 0.1
beads/microglia, paired t-test, t{(5) = 5.4, P = 0.003). (I) Left: representative z-stack confocal
images showing ATP increases cortical but not hippocampal microglia (green) phagocytic
capacity in Pten™m#* mice; right: processed mask image showing the distribution of
phagocytized beads. Scale: 500 um. (J) Summary data showing the effects of ATP on microglia
phagocytic capacity in both hippocampus and cortex (HPC: control 1.79 + 0.2 beads/microglia;
ATP HPC: 2.25 + 0.3, {(10) = 1.3, P = 0.222. Cortex: control 1.0 + 0.1 beads/microglia; ATP
cortex: 2.07 £ 0.2, {(10) = 4.85, P < 0.001). (K) Summary data showing Pten™¥m#* hippocampal
microglia phagocytized similar bead amounts as cortical microglia under ATP stimulation (n = 6
mice, HPC: 2.25 + 0.3 beads/microglia; cortex: 2.07 + 0.2 beads/microglia, paired t test, {#(5) =
1.147, P = 0.303). *P < 0.05, **P < 0.01, **P < 0.001. Triangle: male, circle: female.

Figure 4. Excitatory synaptic transmission is reduced in the hippocampus but unchanged in the
cortex of Pten™m#* mice. (A) Representative traces of mMEPSCs recorded from hippocampal
pyramidal neurons of WT (top) and Pten™™#*mice (bottom). (B and C) Summary data showing
reduced mEPSCs frequency (B, n = 10 neurons from 1 male and 2 female mice for each group,
WT: 2.27 + 0.4 Hz, Pten™m™#*: 0.99 + 0.2 Hz, t(18) = 3.225, P = 0.0047) but not amplitude (C, n
= 10 neurons from 1 male and 2 female mice for each group, WT: 16.25 + 0.5 pA, Ptenm3m#+:
15.67 £ 0.6 pA, t(18) = 0.742, P = 0.467) in hippocampal pyramidal neurons of Pten™¥m#* mice
compared to WT. (D) Representative traces of paired-pulse stimuli at the intervals of 25 ms, 50
ms, and 100 ms. Recordings were made from hippocampal pyramidal neurons of WT (top) and
Pten™m4* mice (bottom). (E) Summary data showing no significant difference in paired-pulse
ratio between hippocampal pyramidal neurons of WT and Pten™™#* mice (n = 8 neurons from 1
male and 2 female mice for each group, F(1, 14) = 0.91, P = 0.357). (F) Representative z-stack
confocal images showing dendritic spines of hippocampal pyramidal neurons from P40 WT (top)
and Pten™¥™#*mice (bottom). Scale bar: 10 um. (G) Summary data showing reduced dendritic
spine density in Pten™™#* mice compared to WT at P40 (WT n = 6 mice, 1.32 + 0.06 spine/um;
Pten™3m#*n = 6 mice, 1.13 + 0.05 spine/um; t(10) = 2.356, P = 0.04). (H) Representative z-stack
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confocal images showing dendritic spines of hippocampal pyramidal neurons from P14 WT (top)
and Pten™3m#*mice (bottom). Scale bar: 10 um. (I) Summary data showing increased
hippocampal dendritic spine density in Pten™¥™#*mice compared to WT at P14 (WT n = 6 mice,
1.12 + 0.04 spine/um; Pten™¥m#*n = 6 mice, 1.35 + 0.06 spine/um; t(10) = 3.168, P = 0.01). (J)
Representative traces of mMEPSCs recorded from cortical pyramidal neurons of WT (top) and
Pten™3m#* mice (bottom). (K and L) Summary data showing unchanged mEPSC frequency (K, n
= 10 neurons from 2 male and 2 female mice for each group, WT: 4.71 + 0.8 Hz, Pten™3m#*:
7.19+1.1 Hz, 1(18) = 1.883, P = 0.076) and amplitude (L, n = 10 neurons from 2 male and 2
female mice, WT: 17.88 + 0.4 pA, Pten™m#*: 19.04 + 0.9 pA, t(18) = 1.149, P = 0.265) in cortical
pyramidal neurons of Pten™™#* mice compared to WT. (M) Representative traces of paired-
pulse stimuli at the intervals of 25 ms, 50 ms, and 100 ms. Recordings were made from cortical
pyramidal neurons of WT (top) and Pten™™#*mice (bottom). (N) Summary data showing no
significant difference in paired-pulse ratio between cortical pyramidal neurons of WT and
Pten™3m#*mice (n = 7 neurons from 2 male and 1 female mice for WT and n = 8 neurons from 1
male and 2 female mice for Pten™m#* F(1, 13) = 0.22, P = 0.645). (O) Representative z-stack
confocal images showing dendritic spines of cortical pyramidal neurons from P40 WT (top) and
Ptenm3m#* mice (bottom). Scale bar: 10 um. (P) Summary data showing unchanged cortical
dendritic spine density in Pten™3™#* mice compared to WT at P40 (WT n = 6 mice, 0.73 £ 0.07
spine/um; Pten™¥m#*n = 6 mice, 0.82 + 0.09 spine/um; t(10) = 0.842, P = 0.419). (Q)
Representative z-stack confocal images showing dendritic spines of cortical pyramidal neurons
from P14 WT (top) and Pten™¥m#*mice (bottom). Scale bar: 10 um. (R) Summary data showing
increased cortical dendritic spine density in Pten™3™#* mice compared to WT at P14 \WTn=6
mice, 0.74 + 0.04 spine/um; Pten™™#*n = 6 mice, 0.9 + 0.04 spine/um; t(10) = 2.932, P =0.01).
**P < 0.01, ***P < 0.001. Triangle: male, circle: female.

Figure 5. Parvalbumin-positive interneuron numbers are reduced but inhibitory transmission is
intact in Pten™™#* mice. (A) Representative fluorescent microscope images showing reduced
PV+ interneuron numbers in the hippocampus (top) and cortex (bottom) of Pten™m#* mice
(right) compared to WT mice (left). Scale: 200 um. (B and C) Summary data showing reduced
PV+ interneuron numbers in the hippocampus (B, WT n = 6 mice, 80.23 + 4.8 neuron/mm?;
Ptenm3m#*n = 6 mice, 50.41 + 5.1 neuron/mm?; t(10) = 4.25, P = 0.002) and cortex (C, WTn=6
mice, 150.78 + 3.1 neuron/mm?; Pten™¥™#*n = 6 mice, 134.67 + 6.3 neuron/mm?; t(10) = 2.3, P
= 0.044) of Pten™3m%* mice compared to WT mice. (D) Representative traces of mIPSCs
recorded from hippocampal pyramidal neurons of WT (top) and Pten™¥™#* mice (bottom). (E and
F) Summary data showing comparable mIPSC frequency (E, n = 10 neurons from 2 male and 2
female mice for each group, WT: 6.57 + 1.0 Hz, Pten™™#*: 6.90 + 0.5 Hz, t(18) = 0.3, P = 0.767)
and amplitude (F, n = 10 neurons from 2 male and 2 female mice for each group, WT: 22.35 +
1.2 pA, Ptenm3m#+: 25.66 + 2.0 pA, t(18) = 1.432, P = 0.169) between hippocampal pyramidal
neurons of WT and Pten™™#* mice. (G) Representative traces of mIPSCs recorded from cortical
pyramidal neurons of WT (top) and Pten™™#* mice (bottom). (H and I) Summary data showing
comparable mIPSC frequency (H, n = 10 neurons from 2 male and 2 female mice for each
group, WT: 13.19 + 2.0 Hz, Pten™m#+: 16.96 + 1.5 Hz, t(18) = 1.489, P = 0.154) and amplitude
(I, n =10 neurons from 2 male and 2 female mice for each group, WT: 26.01 + 1.7 pA,
Ptenm3m#+: 29.81 + 1.9 pA, t(18) = 1.519, P = 0.146) between hippocampal pyramidal neurons of
WT and Pten™™#*mice. *P < 0.05, ***P < 0.001. Triangle: male, circle: female.
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Figure 6. Increased seizure susceptibility in Pten™™#* mice is led by increased cortical but not
hippocampal neuronal excitability. (A) Representative traces of AP firing in the presence of
synaptic transmission blockers recorded from hippocampal pyramidal neurons of WT (top) and
Pten™3m#*mice (bottom). (B) Summary data showing increased AP frequency in hippocampal
pyramidal neurons of Pten™™#* mice compared to WT (n = 8 neurons from 2 male and 1 female
mice for WT and n = 9 neurons from 1 male and 2 female mice for Pten™m#* F(1, 15) = 19.25,
P < 0.001). (C) Representative traces of AP firing in the presence of synaptic transmission
blockers recorded from cortical pyramidal neurons of WT (top) and Pten™™#* mice (bottom). (D)
Summary data showing increased AP frequency in cortical pyramidal neurons of Pten™¥m#* mice
compared to WT (n = 8 neurons from 1 male and 2 female mice for WT and n = 10 neurons
from 2 male and 2 female mice for Pten™m#* F(1, 16) = 12.13, P = 0.003). (E) Representative
traces of AP firing recorded from hippocampal pyramidal neurons of WT (top) and Ptenm3m#+
mice (bottom). (F) Summary data showing unchanged AP frequency in hippocampal pyramidal
neurons of Pten™m#* mice compared to WT (n = 8 neurons from 2 male and 1 female mice for
WT and n = 7 neurons from 1 male and 2 female mice for Pten™™#* F(1, 13) = 0.092, P =
0.767). (G) Representative traces of AP firing recorded from cortical pyramidal neurons of WT
(top) and Pten™3m#* mice (bottom). (H) Summary data showing increased AP frequency in
cortical pyramidal neurons of Pten™™#* mice compared to WT (n = 7 neurons from 1 male and 2
female mice for WT and n = 6 neurons from 2 male and 1 female mice for Pten™m#* F(1, 11) =
12.95, P = 0.004). (1) Representative confocal images showing increased microglia-neuron
junctions in the hippocampus (top) and cortex (bottom) of Pten™3m#* mice (right) compared to
WT mice (left). Zoomed view of white square area is shown right beside each low power image.
Scale: 25 um and 10 um. (J and K) Summary data showing increased prevalence of microglia-
neuron junctions in the hippocampus (J, WT n = 6 mice, 41.65 + 2.4%; Pten™™¥*n = 6 mice,
49.21 £ 1.9%; #(10) = 2.496, P = 0.032) and cortex (K, WT n = 6 mice, 30.24 + 1.5%; Ptenm3m4*
n =6 mice, 44.1 + 1.8%; #(10) = 5.99, P < 0.001) of Pten™*™#* mice compared to WT mice. (L)
Summary data showing increased Racine score of kainic acid-induced seizure in Ptenm™m#*
mice compared to WT mice (n = 20 mice for both genotypes, F(1, 38) = 19.97, P < 0.001). (M)
Summary data showing shortened latency to score 3 seizure in Pten™m#*mice compared to WT
mice (n =9 mice for WT and n = 16 mice for Pten™™#* mice, 1(23) = 4.809, P < 0.001). *P <
0.05, **P < 0.01, ***P < 0.001. Triangle: male, circle: female.
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e Microglia in the hippocampus are morphologically more complex than in the cortex.

e Phagocytic capacity of hippocampal microglia is higher than cortical microglia.

e Pten™™ increases morphological complexity and phagocytic capacity of microglia.

e Microglia correct Pten™*™* induced overexcitation of the hippocampus but not cortex.
e Microglia protect Pten™m4* mice from developing spontaneous seizure.
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