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Abstract

DEPDC5, the key gene within the mechanistic target of rapamycin (mTOR) pathway, is one 

of the most common causative genes in patients with epilepsy and malformation of cortical 

development (MCD). Although somatic mutations in the dorsal cortical progenitors generate 

the malformed cortex, its pathogenesis of hyperexcitability is complex and remains unclear. We 

specifically deleted Depdc5 in the mouse forebrain dorsal progenitors to model DEPDC5-related 

epilepsy, and investigated whether and how parvalbumin interneurons were non-cell autonomously 

affected in the malformed cortex. We showed that long before seizures, coincident with microglia 

inflammation, proteolytic enzymes degraded perineuronal nets (PNN) in the malformed cortex, 

resulting in parvalbumin (PV+) interneuron loss and presynaptic inhibition impairment. Our 

studies therefore uncovered the hitherto unknown role of PNN in mTOR-related MCD, providing 

a new framework for mechanistic-based therapeutic development.
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Introduction

As the key gene in the mTOR signaling pathway, DEPDC5 mutations have been frequently 

discovered in epilepsy patients with MCD, including focal cortical dysplasia type II 

(FCDII), hemi-megalencephaly (HMEG), and megalencephaly (MEG) [1]. The conceptual 

paradigm in MCD is somatic mutations in dorsal cortical progenitors disrupt the normal 

neurodevelopment, yielding a focal malformation as the pathological substrate for seizures 

[2]. However, the pathogenic and epileptogenic mechanisms could be more complex. 

For example, mutant excitatory neurons generated by dorsal progenitors are cytomegalic, 
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and whether these mutant cells are hyperexcitable remains unclear and controversial[3], 

suggesting that they alone cannot cause a hyperexcitable network. Interestingly, the 

reduction of the interneuron number and the impairment of presynaptic inhibitory 

transmission were also observed[4], explaining the excitation-inhibition imbalance. 

However, because interneurons are generated in ventral ganglionic eminences that are 

anatomically and developmentally distant from dorsal progenitors, they are not affected 

by somatic mutation events in dorsal progenitors that give rise to MCD.

It is then intriguing whether and how these wild-type interneurons are impaired. To answer 

these questions, we first generated a mouse model of DEPDC5-related epilepsy by deleting 

Depdc5 specifically in the forebrain dorsal progenitors. These mice were megalencephalic 

and developed severe seizures, recapitulating the clinical features of mTOR-related MCD. 

We then identified that long before seizures, coincident with Iba1+ microglial activation, 

excessive release of matrix metalloproteinases (MMP) degraded protective PNN, resulting in 

PV+ interneuron loss and impaired presynaptic inhibition. Therapeutically, mTOR inhibition 

prevented PNN degradation, PV+ cell loss, and seizures. Our studies, therefore, provided 

a new framework to investigate the pathogenesis of Depdc5-related epilepsy at molecular, 

cellular, and circuitry levels. The disruption of PNNs may account for hyperexcitability in 

mTOR-related epilepsies, and PNN protection may provide therapeutic benefits.

Materials and Methods

Animals

Mouse experiments were performed in a mixed-strain background using both male and 

female mice. All mice were housed in a 12-hr light-dark cycle, climate-controlled room, 

with access to food and water ad-lib. Dr. Jun Hee Lee at the University of Michigan 

provided Dedpc5F/F mice that were originated from the HEPD0734_3_G10 embryonic stem 

cell clone and obtained from the European Mouse Mutant Archive[5]. This transgenic 

line contained a floxed-stop allele of exon 5 (Depdc5tm1c(EUCOMM)Hmgu) and was also 

characterized previously by other groups[6, 7]. Emx1-Cre mice (Jackson Laboratories, stock 

#005628) and were used to delete Depdc5 specifically in the forebrain dorsal progenitors. 

To mitigate the risk of germline transmission, male homozygous Depdc5 conditional mice 

(Depdc5F/F) were bred with female heterozygous for Depdc5 (Depdc5F/w) and Emx1-Cre 

to generate litters of homozygous CKO Depdc5F/F; Emx1-Cre(referred to herein as CKO), 

heterozygous Depdc5F/W; Emx1-Cre (referred to herein as Depdc5Emx1 het), Depdc5F/Fand 

Depdc5F/W mice (referred to herein as wildtype, WT). Pvalb-tdTomato mice (Jackson 

Laboratories #028594) were used to label parvalbumin-positive interneurons. All animal 

procedures were approved by the IACUC of University of Michigan.

Genotyping, immunohistochemistry, western blot

Please see the full description in Supplementary Material 1 file.

EEG implantation and analysis

P16~18 mice with three epidural screw electrodes were monitored for 8 hours per day 

and then returned to the mother. Procedures for affixing electrodes in young rodents were 
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performed as we previously described[8]. To detect the earliest seizures, a subset of <P14 

mice were monitored for 3 hours, two times every day, and then returned to the mother.

Acute slice electrophysiology, in situ Zymography, and Everolimus treatment

Please see the full description in the supplementary file.

Quantification and statistical analysis

Images were acquired by Nikon A1 inverted confocal microscope. Quantification was 

performed on images obtained from somatosensory cortex. PV+, WFA+, and Iba1+ cells 

were counted throughout all six layers of the somatosensory cortex with a width of 635 

μm. The soma size of NeuN labeled pyramidal neurons was measured in ImageJ software. 

The arbitrary unit (AU) of WFA immunoreactivity surrounding interneurons and in the 

background was directly measured by ImageJ. The relative signal strength was calculated 

as: (the interneuron WFA AU - the background AU)/the background AU. The relative signal 

strength of in situ Zymography assays was calculated similarly.

All data measurements were kept in Excel (Microsoft, Redmond, WA). All data were 

analyzed in GraphPad Prism v8.2. We ensured data were normally distributed in statistical 

tests, such as Kolmogorov–Smirnov normality tests. p values were determined by the student 

t-test. Analysis of variance was conducted with Bonferroni post hoc correction for multiple 

comparisons. All data were shown as mean ± s.e.m. A p-value less than 0.05 was considered 

to be statistically significant. In figure panels throughout the manuscript, the following 

labeling conventions for statistical testing are used: NS, p>0.05; *, p<0.05; **, p<0.01; ***, 

p<0.001; ****, p<0.0001.

Results

Depdc5 deletion in the forebrain dorsal progenitors generates megalencephaly and severe 
epilepsy

We deleted Depdc5 gene in the developing forebrain by crossing Depdc5 floxed mice 

to Emx1-Cre mice that specifically express Cre recombinase in dorsal progenitors at 

embryonic day (E) 10.5 [9] (Suppl. Fig.1A). The dissected cortex from Depdc5F/F; Emx1-

Cre+/− mice (hereafter CKO) brain showed almost a complete loss of Depdc5 protein 

on Western blot at postnatal day (P) 1 (Suppl. Fig. 1B)., Phosphorylated S6 (pS6) 

(s240/244), the hallmark of mTOR hyperactivation, was significantly increased (Suppl. 

Fig. 1B–D). CKO were megalencephalic and showed increased cortical thickness (Suppl. 

Fig. 1C–E). Cortical excitatory neurons in CKO were cytomegalic and showed increased 

surface area (Suppl. Fig. 1F). EEG implantation on P16~18 mice was performed for 

seizure characterization (Suppl. Fig. 1G, H, K–M). A subset of animals (P<14) underwent 

serial video EEG monitoring to determine the seizures onset (Suppl. Fig.1J). Because of 

technical difficulties of EEG recoring on young immature animals (<P14), particularly on 

these fragile Depdc5 CKO mice, the number of animals that successfully completed serial 

EEG monitoring was limited (n=3). No seizures were detected prior to P15. Interestingly, 

CKO had normal early postnatal development but began to die after P15 (Suppl. Fig. 1I), 
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suggesting sudden unexpected death in epilepsy (SUDEP)-like events. As shown previously, 

Depdc5 heterozygous CKO had normal development and showed no phenotypes[6, 10].

PNN degradation and PV+ interneurons loss in the malformed cortex

Because somatic inhibition on excitatory neurons is primarily mediated by PV+ 

interneurons, the most abundant neocortical interneurons, we used wisteria floribunda 

agglutinin (WFA) and parvalbumin (PV) antibody staining to examine if they are affected. 

WFA stains perineuronal nets (PNN) surrounding ~80% of PV+ interneurons [11]. 

Unexpectedly, both the intensity and density of WFA immunostaining were significantly 

decreased (Fig. 1A, C) in CKO. Serial WFA staining showed that PNN started degradation 

at P8, long before P15 when animals started developing seizures (Fig. 1E). Concurrently, 

the number and density of PV+ cells decreased by ~35.8% and 44%, respectively (Fig. 

1B, D). Brain slice recording on P15 animals showed CKOs had fewer miniature inhibitory 

postsynaptic currents (mIPSC) with longer inter-event intervals on pyramidal neurons (Fig. 

1F–G).

In situ zymography gelatinase assay showed the enzymatic activity of MMP-2 and MMP-9 

(DQG/gelatinase), two major MMP capable of degrading aggrecan-enriched PNN, was 

significantly increased on CKO brain slices (Fig. 1H, I). Because pathologically activated 

microglia are known contributors to MMP secretion[12], we analyzed the expression of 

Iba1+ microglia in the malformed cortex. The density of microglia was not different 

between WT and CKO (data not shown) at P8 and P16. Interestingly, most Iba1+ microglia 

in CKO were in the activated state with an amoeboid or bushy morphology (Fig. 1J–

L), while most Iba1+ cells in WT were in the resting state. These data suggested that 

the microenvironment in the malformed cortex entailed a marked shift toward microglia 

activation.

Early treatment with Everolimus rescues PNN degradation, PV+ interneuron loss, and 
seizures

We next administered Everolimus, a potent mTOR inhibitor, to CKO from P8 when PNN 

started degradation but before animals developed seizures. This early treatment prevented 

PNN degradation, PV+ cell loss (Fig. 2A–C, F, G) as well as mTOR hyperactivation, 

megalencephaly, cytomegaly (Fig. 2D, E), and microglial activation (Fig. 2H–K). EEG 

studies showed the near absence of interictal discharges, and only one treated CKO mice had 

rare seizures.

Clinically, patients with mTOR-related MCD, for example, tuberous sclerosis complex 

(TSC), receive mTOR inhibitor treatment after years of seizures and rarely achieve seizure-

free. Therefore, we performed a late treatment experiment during which Everolimus was 

started at P16~P18 after animals had already developed seizures. Surprisingly, the late 

treatment still rescued premature death, and all animals survived well into at least P30. 

Although seizures were still present, there was a significant reduction (0.176±0.02 sz/hr in 

vehicle treatment group, n=6, vs. 0.0532±0.058 sz/hr in Everolimus group, n=5. p=0.0010, 

student t-test). Although interneuron loss could not be completely rescued, the severity was 

less severe as compared to non-treated animals (Fig. 2O). Interestingly, the signal strength of 
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PNN staining in late-treatment CKO was similar to that in WT animals (Fig. 2N). These data 

suggested that late treatment could not rescue PNN degradation/PV+ cell loss that already 

existed before the treatment but could prevent ongoing deterioration and disease progression.

Discussion

When Depdc5 was deleted in post-mitotic excitatory and interneurons at the entire nervous 

system level, mice only had rare seizures during adulthood [6]. In contrast, our dorsal 

progenitor-specific deletion resulted in an early-onset (~P15) severe epileptic phenotype. 

The much milder epileptic phenotype raised an interesting question of whether interneuron 

or other neuronal subtypes with mTOR hyperactivation could be protective. Interestingly, 

several large cohort studies did not identify somatic mutations in interneurons in mTOR-

related MCD[13]. Experimentally, expression of PIK3CA p.H1047R, a mutation associated 

with both FCD and HME, in ventral progenitors that give rise to interneurons did not 

generate megalencephaly and seizures[13].

PNN degradation in the malformed cortex occurred long before animals developed their 

seizures, suggesting they were not caused by secondary injury from frequent seizures. 

PNN not only supports the fast-spiking physiology of PV+ interneurons but protects them 

from oxidative stress and excitotoxicity. Pathological PNN degradation causes PV+ cell 

loss in several neurological disorders[14]. For example, PNN degradation was associated 

with PV+ cell loss and compromised the GABAergic inhibition in the peritumoral 

region, contributing to epileptiform activities in tumor-associated epilepsy[11]. Consistent 

with PNN degradation, Gelatinase assays demonstrated that the malformed cortex had 

significantly increased enzymatic activity of MMP[11], particularly MMP9 and 2, that 

cleaves aggrecan-enriched PNN [12]. An alternative hypothesis for PV+ cell loss is that 

mutated excitatory neurons, via activity-dependent survival mechanisms, could affect the 

ultimate number of inhibitory cells [15]. However, an increased interneuron number would 

be expected in the hyperexcitable cortex, and early-life seizures significantly increase PNN 

expression during brain development[16].

Our study also showed that pathologically activated microglia, the primary source of 

MMP[17] and the facilitator of PNN degradation[18], were also markedly increased long 

before seizures. As the primary innate immune cells in the brain, microglia continuously 

survey their surrounding micro-environmental milieu and are being activated in response 

to diseased states[19]. In the malformed cortex, mutant excitatory neurons are cytomegalic 

and have severely disrupted cellular homeostasis, such as autophagy blockage (data now 

shown). Therefore, these mutant cells could activate surrounding microglial cells and elicit 

an inflammatory response. In addition, mTOR inhibitor rescued microglial activation, PNN 

degradation, and PV+ cell loss and prevented seizures, suggesting that these pathological 

findings highly correlate with, and/or at least in part contribute to the hyperexcitability in the 

malformed cortex.

The efficacy of Everolimus is more pronounced in younger children than in the older 

subgroup[20], consistent with the difference between our early and late Everolimus 

treatment. In the late treatment group, PV+ cell loss was not completely rescued but 
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the severity was significantly improved. Along with the normal WFA staining, these data 

suggested late treatment could not rescue the PV+ cell loss that had already existed but 

could prevent ongoing PNN degradation. Early intervention with Everolimus is therefore 

important for the treatment of mTOR-related epilepsy. Therapeutic development to enhance 

interneuron-mediated inhibition or to protect PNN should also be investigated in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PNN degradation and PV+ cell loss in the malformed cortex.
A, B) Shown are representative images of WFA A) and PV antibody staining B) in WT 

and CKO mice. C) Quantification of WFA+ relative immunofluorescent intensity (WT vs. 

CKO: 69.1±6.82 vs. 34.5±3.9; n≥14 WFA cells per animal from 5 CKO and 4 WT) and 

density. D) Quantification of the total number of PV+ cells (WT vs. CKO: 88.5±7.0 vs. 

56.8±6.4 PV+ cells in the somatosensory cortex with 635 μm width; 6 CKO and 8 WT) 

and PV+ cell density (WT vs. CKO: 94.1±4.1 vs. 52.7±8.4 PV+ cells /mm2; 4 CKO and 6 

WT) are decreased in CKO. E) Relative WFA signal strength starts decreasing at P8 (WT vs. 

CKO: P1: 8.0±2.41 vs.11.5±5.9, n=4 from each group, p=0.31; P8: 49.3±5.3 vs. 40.1±3.4, 

n=3 in CKO and 4 in WT; P13: 51.9±5.3 vs. 39.6±2.4, n=3 in each group; P21: 86.1±20.4 

vs. 35.4±6.6, n=3 in each group). F) Shown are representative images of miniature IPSCs 
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(mIPSCs) recorded from the pyramidal neurons of WT (black trace), Het (orange trace), and 

CKO (the blue trace) mice. G) The cumulative probabilities of the inter-event-intervals and 

the inset shows the average inter-event-intervals (8 WT cells, 7 Het cells, and 9 CKO cells 

from at least three animals in each group. WT 74.58±9.91 ms vs. HET, 69.69±7.09 ms vs. 

CKO, 123.8±16.87ms). H) Representative images show gelatinase activity (DQG-green) in 

the cortex of WT and CKO animals. I) Mean relative gelatinase activity in WT: 30.6±6.8 

vs. CKO: 86.9±3.1. Ctrl n = 3, CKO n=3. J, K) Representative images of Iba1 staining in 

the cortex of WT J) and CKO K). Resting microglia are characterized by a small cell body 

and elaborated thin processes with multiple branches extending in all directions. In contrast, 

activated microglia have a larger cell body with shorter and thick processes or a rod-shaped 

amoeboid-like morphology[21]. L) Quantification of activated microglia cells at J) P8 prior 

to the development seizures (31.9±6.4% bushy and 10.8±1.5% amoeboid-like microglia in 

CKO vs. 2.7±1.8% bushy and a near absence of amoeboid-like microglia in WT. N=3 in WT 

and CKO=3), and at M) P16 (27.7±5.5% bushy and 2.0±1.0% amoeboid-like microglia in 

CKO vs. 3.5±1.0% bushy and no amoeboid-like microglia in WT. 4 WT and 5 CKO). Scale 

bar in A and H: 200 μm, in B: 100 μm.
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Figure 2. Everolimus rescues PNN degradation, microglial activation, and seizures.
A-C) Shown are representative images of PNN staining in A) WT, B) CKO treated with 

vehicle and C) CKO treated with Everolimus from P8. Early treatment partially rescues D) 

cortical thickness (1516.0±80.6 μm in Everolimus group, n=6 brains vs. 1717.5±123.7 μm in 

vehicle treatment group, n=4 brains) but completely rescues E) the soma size of pyramidal 

neurons (265.5±18.9 μm2 in Everolimus group, n=3 vs. 345.3±14.6 μm2 in the vehicle 

treatment group, n=4), F) WFA relative signal strength (86.9±5.5 Everolimus group n=4 

vs. 40.9±1.2 in vehicle treatment group n=3), and G) PV+ cell density (122.1±14.1/mm2 

in Everolimus group, n=4 vs. 48.3±19.9/mm2 in the vehicle treatment group, n=3). H, I) 

Shown are representative images of Iba1 staining in the brain of CKO without H) and 

with I) treatment. J-K) Quantification of J) bushy microglia (14.4±12.4% in the Everolimus 
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group, n=6 vs. 46.1±26.5% vehicle treatment group, n=4, and K) amoeboid microglia 

(2.3±4.2% in the Everolimus group, n=4 vs. 20.5±17.2% vehicle treatment group, n=4). 

L-O) Late Everolimus treatment partially rescues L) cortical thickness, M) soma size of 

mutant neurons, and O) PV+ cell density. WFA signal strength is completely rescued. Scale 

bar in A: 200 μm, in H: 100 μm.
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