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SUMMARY

Aims: Previous study suggests that mTOR signaling pathway may play an important role in

epileptogenesis. The present work was designed to explore the contribution of raptor pro-

tein to the development of epilepsy and comorbidities. Methods: Mice with conditional

knockout of raptor protein were generated by cross-bred Rptorflox/flox mice with nestin-CRE

mice. The expression of raptor protein was analyzed by Western blotting in brain tissue

samples. Neuronal death and mossy fiber sprouting were detected by FJB staining and

Timm staining, respectively. Spontaneous seizures were recorded by EEG–video system.

Morris water maze, open field test, and excitability test were used to study the behaviors of

Rptor CKO mice. Results: As the consequence of deleting Rptor, downstream proteins of

raptor in mTORC1 signaling were partly blocked. Rptor CKO mice exhibited decrease in

body and brain weight under 7 weeks old and accordingly, cortical layer thickness. After

kainic acid (KA)-induced status epilepticus, overactivation of mTORC1 signaling was mark-

edly reversed in Rptor CKO mice. Although low frequency of spontaneous seizure and sel-

dom neuronal cell death were observed in both Rptor CKO and control littermates, KA

seizure-induced mossy fiber spouting were attenuated in Rptor CKO mice. Additionally,

cognitive-deficit and anxiety-like behavior after KA-induced seizures were partly reversed

in Rptor CKO mice. Conclusion: Loss of the Rptor gene in mice neural progenitor cells

affects normal development in young age and may contribute to alleviate KA seizure-

induced behavioral abnormalities, suggesting that raptor protein plays an important role in

seizure comorbidities.

Introduction

The mammalian target of rapamycin (mTOR) regulates protein

synthesis, cell growth, cell proliferation, and autophagy in intra-

cellular and extracellular signals. mTOR kinase forms two distinct

complexes, mTOR complex 1 (mTORC1), and mTOR complex 2

(mTORC2) [1]. mTORC1 is sensitive to rapamycin and consists of

raptor, mLST8, PRAS40, and DEPTOR. It affects protein transla-

tion and synthesis by phosphorylating downstream p70 ribosomal

S6 kinase, 4E-BP1, and ribosomal S6 kinase [2,3]. PI3K and Akt,

the upstream of mTORC1, phosphorylated mTORC1 at Ser2448

and responds to downstream p70 S6 kinase and ribosomal S6

kinase [4–6]. mTORC2 includes rictor, mLST8 and SIN1, which is

insensitive to rapamycin. mTORC2 contributes to the regulation

of cytoskeleton and metabolism by phosphorylating downstream

Akt [7–9].

Dysregulation of the mTOR signaling is observed in various dis-

eases such as cancers, diabetes, cardiovascular diseases [10,11], as

well as a variety of neurological diseases [12–15]. In particular, in

some types of epilepsy, such as in tuberous sclerosis complex

(TSC) and in animal models of acquired epilepsies, the mTOR has

been involved in the pathology of epileptogenesis [16–19]. Our

previous reports have shown that mTORC1 pathway is activated

along with neuronal cell death, neurogenesis, mossy fiber sprout-

ing, and spontaneous seizures in the animal model of acquired

epilepsies [20,21]. Pretreatment with rapamycin, an mTOR inhibi-

tor, can abolish those seizure-induced mTOR activation and sei-

zure-induced comorbidities. In addition, posttreatment with

rapamycin after status epilepticus blocks late mTOR activation and

spontaneous seizures and correspondingly has antiepileptogenic

effects [20].

However, we have observed a paradoxical increase of p-S6 pro-

tein expression when rapamycin was administrated within 10 h

in rats with or without seizure [21,22]. These paradoxical

increases within short time raise our curiosity which is the key

factor of mTOR signaling pathway in regulation of epileptogenesis.

Raptor protein, a regulator-associated protein of the mTOR, is acti-

vated when rapamycin was injected within a short time. We
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suggest that the raptor protein may affect the mTOR kinase and

further phosphorylation of downstream ribosomal S6 kinase and

play an important role in epileptogenesis. Thus, in this study, we

generated a conditional Rptor gene knockout mice in the neural

progenitor cells (Rptor CKO mice) to study the role of raptor. The

mTOR signaling pathway expression in Rptor CKO mice in na€ıve

status were first assessed. Then, the changes of mTOR signaling

and mossy fiber spouting were detected after kainic acid (KA)

induced status epileptics. Finally, cognitive function and anxiety-

like behaviors were analyzed in postepileptic period.

Methods

Rptor CKO Mice and Drug Protocols

Rptorflox/flox mice maintained on a C57BL/6 background were

obtained from Jackson Laboratories (Strain #013188, Bar Harbor,

ME, USA). Nestin-CRE mice were obtained from Model Animal

Research Center of Nanjing University (J003771, Nanjing, China).

Rptorflox/flox–nestin-CRE knockout (Rptor CKO) mice with condi-

tional inactivation of the Rptor gene in neural progenitor cells

were generated by Rptor-floxed allele and heterozygous nestin-

CRE. Rptorflox/flox mice and Rptorflox/wt–nestin-CRE mice were

used as controls. Genotyping was performed on tail lysates using

primers as following: Rptor-forward 50- CTC AGT AGT GGT ATG

TGC TCA G; Rptor-reverse 50- CTC AGT AGT GGT ATG TGC TCA

G; Cre-forward 50- CCG GGC TGC CAC GAC CAA; CRE-reverse

50-GGC GCG GCA ACA CCA TTT TT. Care and use of animals

were conducted according to an animal protocol approved by the

Zhejiang University Animal Studies Committee.

Male Rptor CKO mice and control littermates of 6 weeks of age

were injected with KA (25 mg/kg, i.p) to induce acute status

epilepticus. Seizure severity was scored by Racine scale [23,24].

Briefly, category 1 = immobility and facial twitch; category

2 = head nodding; category 3 = forelimb clonus; category

4 = rearing; and category 5 = rearing and falling. The onset of SE

was defined as the beginning of category 4–5 seizures. If animals

did not develop category 4–5 seizures 1 h after KA injection, an

additional KA injection of 1/4 original doses was given, until the

animals developed stage 4–5 seizures. If the animals did not

develop stage 4 seizures after three additional application of KA,

they were discarded.

Two cohorts of mice were used for Western blotting analysis

2 h after seizure onset or for FJB staining 1 week after sei-

zure. Another cohort of mice was first used for EEG monitor-

ing for 6 weeks and then subjected to behavior studies. They

were finally used for Timm staining after finishing behavior

studies.

Western Blot Analysis

Male Rptor CKO mice and control littermates were sacrificed for

Western blot analysis of mTOR signaling pathway. Hippocampi

were harvested at 2 h after onset of status seizure and sonicated in

cold lysis buffer (50 mM Tris-HCl pH7.4, 150 mM NaCl, 0.5 mM

EDTA, 1% Triton X-100) along with protease and phosphatase

inhibitor cocktail (Sigma, USA). After centrifuged at 12,000 rpm

at 4°C for 30 min, supernatant was used for Western blotting

analysis as previously described [25]. After incubated with pri-

mary antibody to phospho-S6 (Ser240/244), S6, phospho-Akt

(Ser473), Akt, phosphor-S6K (Thr389), raptor and GADPH

(1:1000, Cell signaling technology, Danvers, MA, USA) at 4°C, the

membranes were reacted with horseradish peroxidase-labeled sec-

ondary antibody (1:1000, Beyotime, Nanjing, China). Signals

were detected by chemiluminescent HRP substrate (Millipore,

Billerica, MA, USA) and quantitatively analyzed with NIH ImageJ

software (Bethesda, MD, USA).

Histology

For immunofluorescence experiments, 6-week-old Rptor CKO

mice and control littermates were perfused with 0.1 M PBS fol-

lowed by 4% paraformaldehyde (PFA). For Timm’s staining,

2 months after KA (or saline) injection, alternative sodium sulfide

was perfused before PFA as described previously [25,26]. The

brains were removed and fixed in 4% PFA overnight, transferred

into 30% sucrose solution, and kept at 4°C. Frozen coronary sec-

tions of 20 lm thick were cut using Microtome (Microm HM525,

Thermo Scientific, Waltham, MA, USA). Five sections selected

from a one-in-six series were collected from each animal at the

same level of hippocampus, starting at 2.8 mm posterior to

bregma, and used for following staining.

Immunofluorescent Staining

Sections were blocked in 5% obtained serum with 0.1% Triton X-

100 in PBS for 1 h. Sections were then incubated with anti-mouse

CUX1 (1:200; Santa Cruz, CA, USA) overnight at 4°C, followed by

an anti-mouse IgG conjugated with Alexa Fluor-546 (1:100) for

2 h at room temperature [27]. An Olympus FV1000 confocal

microscope with a 109/0.3NA objective was used to acquire

images. The layer II-IV neuron (CUX1-positive cells) thickness in

neocortex was measured by Olympus Fluoview Ver.2.1a (Olym-

pus, Shinjuku, Tokyo, Japan).

Timm Staining

Slices were incubated in the solution (composition: 50% arabic

gum, 60 mL; citric acid buffer, 10 mL; 5.67% hydroquinone solu-

tion, 30 mL; 17% silver nitrate, 0.5 mL) in the dark for about

120 min. Mossy fiber sprouting in molecular layer of the dentate

hilus and CA3 were visualized under a Nikon light microscopy

(Tokyo, Japan). The degree of mossy fiber sprouting was assessed

using semiquantitative analysis as the following [28]: 1—sparse

Timm granule in the supragranule zone; 2—more numerous gran-

ules in a continuous distribution; 3—prominent granules and

patches; 4—dense lamina band in the supragranule layer; and

5—dense lamina band that extend to inner molecular layer.

Table 1 Frequency of spontaneous seizures of Rptor CKO mice and

controls in 48 h

Groups/Weeks (per 48 h) 1w 2w 3w 4w 5w 6w

CONT+KA 0 0 0 0.3 0 0.2

CKO+KA 0 0 0 0 0 0
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EEG Recoding

Rptor CKO mice and control littermates were monitored for spon-

taneous seizures by weekly video–EEG recording sessions for

6 weeks after kainate administration. For surgical implantation of

epidural and hippocampal depth electrodes, mice were anesthetized

with 4% chloral hydrate in a stereotaxic frame 3d before kainate

administration. Bilateral anterior and posterior epidural cortical

screw electrodes, reference, and ground electrodes were inserted in

the skull, soldered on electronic pins, and secured with dental

cement (Patterson, Saint Paul, MN, USA). Mice were acclimated in

cylindrical 10-inch-diameter acrylic cages for at least 1 day before

monitoring with a digital video–EEG acquisition system (XLTEK).

Multiple-channel EEG was acquired using standard alternating cur-

rent amplifiers with 1–70 Hz bandpass filters. Mice were monitored

continuously for the first week and then an epoch of 48 h for each

week thereafter. The average interictal grade of different groups

was scored based on a four-grade scale as previous reported [20]:

1 = normal background activity (�6–8 Hz sinusoidal theta

rhythm), no epileptiform spikes; 2 = mostly normal background

activity, few epileptiform spikes; 3 = mostly abnormal background

activity, many spikes; and 4 = burst-suppression pattern.

Behavior Studies

After finishing EEG monitoring, mice were subjected to behavior

studies which lasted for about 2 weeks.

Open Field Test

Open field test apparatus (40 cm 9 40 cm 9 40 cm) are made of

white polyvinylchloride. Before the test, the mouse had 10 second

to adapt the arena. Each mouse was placed in the center (36%

area of open field) and allowed to freely explore the field for

5 min. The activities and behaviors were recorded with a video

camera. The tracks of the mice were registered and analyzed with

the software Smart V2.5 (Xinrong, Shanghai, China). The center

entries, the time spent in the center, and the total distance were

scored. The open field arena was thoroughly cleaned after the test

of every mouse.

Test for Behavioral Hyperexcitability

Excitability and sensory responsiveness of mice were determined

by approach-response test and touch-response test as described

[29,30]. Each mouse was tested for five times totally. Before test,

mouse was gently transferred to a testing arena and habituated for

15 min. (1) Approach-response test: a pen vertically is moved slowly

toward the face of the animal. Responses were scored as followed:

1, no reaction; 2, the mouse sniffs at the object; 3, the mouse

moves away from the object; 4, the mouse freezes; 5, the mouse

jerks away from the object; 6, the mice jumps with or without

vocalizations. (2) Touch-response test: The animal is gently prodded

in the rump with the blunt end of a pen. Responses were scored as

1, no reaction; 2, the mouse turns toward the object; 3, the mouse

moves away from the object; 4, the mouse freezes; 5, the mouse

jerks around toward the touch; 6, the mouse turns away from the

touch; and 7, the mouse jumps with or without vocalizations.

Morris Water Maze Test

Mice were tested for learning and memory using a Morris water

maze. Mice were trained for four consecutive days before testing

(four trails per day at interval of 1 h). The mouse was first placed

on the platform for 10 seconds, then randomly placed in one of

four different quadrants of the water tank. Recordings were

stopped 10 seconds after the mouse reached the platform. The

mouse was led to the platform if it did not get to the platform

within 60 seconds and stayed there for 10 seconds. On the fifth

day, mouse was placed in the quadrant diagonally opposite from

the previous platform location and the time of reaching the plat-

form (escape latency), swimming distance, swimming speed, and

the number of the target quadrants were analyzed with the soft-

ware Smart V2.5.

Statistics

Results were presented as mean � standard error of the mean

(SEM). Differences among groups were compared by t-test or one-

way ANOVA, accordingly with experimental design, using SPSS

software (Version 19.0, SPSS Inc., Chicago, IL, USA). P < 0.05

was considered significant.

Results

The Activity of mTORC1 Pathway is Partly
Blocked in Rptor CKO Mice

Rptor CKO mice were successfully generated as identified by

genomic PCR (Figure 1A). Both Rptor CKO mice and litter-

mate controls exhibited similar appearance and autonomous

behaviors (Figure 1B). Although further behavior studies

revealed a slight decrease in cognitive function in Rptor CKO

mice, no significant changes were found between Rptor CKO

mice and littermate controls in anxiety-like behaviors,

excitability, and cognition (Figure S1). To verify the inactiva-

tion of the Rptor gene, protein extracts from brain were ana-

lyzed by Western blotting. Almost 50% loss of raptor protein

was found in 6-week-old mice as well as decreased down-

stream phospho-S6 protein (Figure 1C,D). In contrast to the

changes in the mTORC1 signaling, there was no significant

alteration in phosphorylation of Akt, which is the upstream

protein of raptor (Figure 1C,D).

Rptor Deletion in Neuron Affects Body and Brain
Development

To explore whether conditional knockout of Rptor had any effect

on development, we monitored the body weights and brain

weights in Rptor CKO mice and littermate controls. The average

body weight of male Rptor CKO mice was lower than that of con-

trol littermates at the age younger than 7 weeks old (Figure 2A),

whereas no obvious difference in body weight was noticed in

female Rptor CKO and controls (Figure 2B). In addition, the brain

weight of Rptor CKO mice was decreased compared to controls at

2 weeks of age (Figure 2C). Similar results were observed when

compared the brain-to-body weight ratios between Rptor CKO
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mice and controlled littermates (Figure 2D). To further elucidate

the factors responsible for the brain decrease, we analyzed the cor-

tical layer thickness using markers restricted to Layer II-IV (CUX1)

neurons in 6-week-old mice. Rptor CKO mice showed less thick-

ness of upper layer neurons (400.3 � 12.3 lm vs.

346.0 � 11.3 lm, P < 0.01, Figure 2E,F).

Overactivation of mTORC1 Signaling Induced by
KA Seizure was Reversed in Rptor CKO Mice

We have demonstrated that the mTOR signaling pathway is over-

activated after KA-induced seizure in previous study [20]. To

explore the change of mTOR signaling pathway after KA-induced

Figure 1 Rptor CKO mice had decreased

mTORC1 signaling with normal appearance.

(A) Genotyping of mice indicated that Rptor

CKO mice of homozygous Rptorflox/flox allele

and nestin-CRE. (B) Normal appearance of

Rptor CKO mice (CKO) and their control

littermates (CONT). (C) Representative blots of

Raptor, P-Akt, Akt, P-S6, S6, and GADPH

protein expression in Rptor CKO mice and

control littermates. (D) Quantitative summary

demonstrated that significant decreases in the

levels of raptor and P-S6, but not P-Akt. (n = 6

animals per group). *P < 0.05, by t-test. Both

male and female mice were used.

Figure 2 Decreased body weight, brain

weight, and cortical thickness in Rptor CKO

mice. (A, B) Body weight in male and female in

Rptor CKO mice and control littermates

(n = 15–20 mice per group). (C) Decreased

brain weight in Rptor CKO mice when

compared with littermate controls (n = 12

animals per group, 2 weeks old). (D) Brain/

body weight ratio in Rptor CKO was lower

when compared with littermate controls.

(E) Cortical layer II-IV thickness was identified

by staining with the upper layer marker Cux1.

(F) Quantitative summary demonstrated the

significant decrease in cortical layer II-IV

thickness in Rptor CKO mice (n = 8 mice per

group, 6 weeks old). Scale bar, 200 lm.

*P < 0.05, by t-test. Both male and female

mice were used.
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seizure in Rptor CKOmice, we detected p-S6K, p-S6, p-Akt protein

expression by Western blotting 2 h after KA-induced seizure

onset. KA treatment induced status epilepticus in almost each

mouse. Similar to rats, the mice started forelimb clonus 20 min

after KA injection and gradually progressed to rearing (stage 4)

40 min after KA injection, about 80% of mice finally developed

rearing and falling (stage 5) within 1 h. The status epilepticus

lasted for 1–3 h with the average duration about 2.4 h. A signifi-

cant increase in the expression of p-S6K, p-S6 protein, and p-Akt

was exhibited in control mice 2 h after seizure onset. Although

Rptor CKO mice also showed increase in the expression of p-S6K

and p-S6 protein after KA-induced seizure, it was significantly

decreased as compared to that of control mice (Figure 3A,B). No

obvious changes were noticed in p-Akt expression (Figure 3C).

Decreased Mossy Fiber Spouting in Rptor CKO
Mice

Wemonitored spontaneous seizure in Rptor CKOmice and control

mice for 6 weeks after KA-induced seizure. Before KA injection,

both control mice and CKO mice exhibited normal EEG. After

monitoring for 6 weeks, we found that KA treatment did not

induce robust spontaneous seizures in both control and Rptor CKO

mice (Figure 4A,B). However, spikes were frequently presented

in control mice whereas were seldom in Rptor CKO mice and the

score of the EEG interictal background was significantly increased

(Figure 4A,B). One of the ictal EEG was shown in Figure 4C;

behaviorally, the animal kept still for several seconds and then

started rearing and falling for 20–60 seconds. We then detected

whether KA-induced seizure had any effect on neuronal cell

death and mossy fiber sprouting in Rptor CKO mice, which were

implicated in the process of chronic epileptogenesis. Robust mossy

fiber spouting in CA3 and dentate hilus (DG) was observed with

Timm staining in control mice 6 weeks after KA-induced seizure,

while it was significantly attenuated in Rptor CKO mice (Fig-

ure 4D). Quantitative analysis showed that the score of mossy

fiber spouting was significantly decreased in the Rptor CKO mice

(Figure 4E). However, no obvious cell death was noticed in both

groups (Figure 4F).

Decreased Anxiety-Like Behavior and Cognitive
Deficit in Rptor CKO Mice

During the monitoring of EEG, we found that Rptor CKO mice

were not so irritable and overexciting as control mice after seizure.

Thus, we conducted open field test, excitability test, and Morris

water maze test to analyze the behaviors of Rptor CKO mice and

their controls.

Open field test was used to investigate the anxiety-like behavior

in mice. After KA-induced seizure, control mice exhibited anxi-

ety-like behaviors, which was evident by decreased center entries

and center duration, whereas it was reversed in Rptor CKO mice

(Figure 5A,B). Similarly, in the test of excitability, the increased

score of approach-response test (Figure 5C) and touch-response

test (Figure 5D) in KA-treated control mice were reversed in Rptor

CKOmice.

Morris water maze was used to study the cognitive functions of

mice. KA-induced seizure resulted in the increase of escape

latency (Figure 6A) and swimming length (Figure 6B) in control

mice, but it was partly and significantly reversed in Rptor CKO

mice. No difference of swimming velocity was noticed in all the

three groups (Figure 6C). Accordingly, the number of crossings of

Figure 3 Overactivation of mTORC1 signaling is partly reversed in Rptor CKO mice. Seizure were induced by KA (25 mg/kg, i.p.) when controls were

injected saline (Veh). Hippocampal protein was extracted 2 h after onset of seizure, and Western blotting analysis was performed. (A) Representative

blots and statistical analysis of P-S6K/S6K ratio. The ratio of P-S6K/S6K ratio in both KA-treated groups increased as compared to the Veh, while it

decreased in CKO+KA group as compared to CONT+KA group. (B) Representative blots and statistical analysis of P-S6/S6. The ratio of P-S6/S6 in both KA-

treated groups increased as compared to the Veh groups, while it decreased in CKO+KA group as compared to CONT+KA group. (C) Representative blots

and statistical analysis of P-Akt/Akt. The ratio of P-Akt/Akt of both KA-treated groups increased as compared to the Veh groups, while no difference was

noticed between CKO+KA group and CONT+KA group (n = 6 male mice per group). *P < 0.05, by one-way ANOVA. NS= not significant.
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Figure 4 Epilepsy-associated manifestation was attenuated in Rptor CKO mice. Control and Rptor CKO mice were treated with KA to induce status

epilepticus and recorded with EEG. Mice were perfused and stained for mossy fiber sprouting 8 weeks after EEG recording. (A) Representative EEG

background and interictal epileptiform spikes in different groups. (B) Score of EEG background spikes in different groups (n = 12 male mice per group). (C)

Representative EEG depicting ictal activity from a spontaneous seizure. (D) Representative images of Timm staining in the dentate gyrus (DG) and CA3

zones (n = 6 male mice per group. Scale bar, 200 lm. (E) Quantitative summary of Timm staining. Robust mossy fiber sprouting was seen in KA-treated

control (CONT+KA) in the DG and CA3 zone, while it attenuated in Rptor CKO mice (CKO+KA) compared to their controls (CONT+KA or CKO+Veh). (F)

Representative images of FJB staining 1 week after KA-induced status epilepticus. No obvious cell death was noticed in all groups (n = 6 male mice per

group). Scale bar, 10 lm. *P < 0.05 by one-way ANOVA.
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the target quadrant after removal of the platform was decreased in

controls after KA-induced seizure, while no significant change

was noticed in Rptor CKOmice (Figure 6D). All these data indicate

that less damage in cognitive deficit in Rptor CKO mice after KA-

induced seizure.

Discussion

In this study, we observed the role of raptor in na€ıve and KA-

induced status epilepticus mice by conditional knockout Rptor

gene in neural progenitor cells. We found that (1) Rptor CKO mice

had decreased expression of raptor and S6 protein, normal appear-

ance, decreased male body weight, brain weight, and neocortical

thickness; (2) Rptor CKO mice exhibited less overactivation of

mTOR signaling pathway, spike occurrence in EEG recording, and

mossy fiber sprouting after KA-induced seizure; and (3) Rptor

CKO mice revealed decreased anxiety-like behavior and less dam-

age in cognitive deficit.

The Rptor CKO mice had similar appearance with their controls.

Knockout of the Rptor gene in neuron results in raptor protein

decrease as well as downstream p-S6 protein; however, the

upstream p-Akt protein and mTORC2-related protein were not

affected. As the mTOR signaling pathway is well balanced and

controlled with complex upstream regulation and downstream

feedback, the effects of knockout of the Rptor gene in neuron may

be blurred. Thus, although decreased body weight and brain

Figure 5 Rptor CKO mice show decreased

anxiety-like behaviors. Open field test and

excitability test were performed 6 weeks after

KA-induced seizure. Both the center entries (A)

and the center duration (B) in Rptor CKO mice

(CKO+KA) were increased in open field test

compared to controls (CONT+KA) after seizure.

(C) The score of approach-response test was

decreased in Rptor CKO mice. (D) The score of

touch-response test was decreased in Rptor

CKO mice (n = 12 male mice per group).

*P < 0.05 compared to CONT+Veh, +P < 0.05

compared to CONT+KA by one-way ANOVA.

Figure 6 Rptor CKO mice have decreased

cognitive deficit after KA-induced status

epilepticus. Morris water maze test were

performed at 6 weeks after KA-induced

seizure. (A) The escape latency of three

groups. Both KA-treated groups exhibited

increased latency compared to veh-treated

groups, while it was markedly reversed in

CKO+KA mice compared to CONT+KA mice.

(B) Swimming length of three groups.

CONT+KA mice showed prolonged swimming

length. (C) Swimming velocity of three groups.

No differences were noticed. (D) The number

of crossings of the target quadrant after

removal of the platform was significantly

decreased in CONT+KA, but in CKO+KA (n = 12

male mice per group). *P < 0.05 compared to

CONT+Veh, +P < 0.05 compared to CONT+KA

by one-way ANOVA.
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weight were observed in the early age of Rptor CKOmice, no obvi-

ous cognitive deficits were recorded. Given that mTORC1 signal-

ing influences cell growth, proliferation, and metabolism, deleting

of the Rptor gene in neural progenitor cells may account for the

decreased thickness of Layer II-IV neurons.

In KA model of rats, rats have been observed chronic epilepsy

in a few weeks after KA-induced seizure [20,31]; however, in the

present study, only one of 12 in Rptor CKO mice and two of 12 in

control mice exhibited spontaneous seizure after KA-induced sei-

zure (Table 1). Meanwhile, no obvious neuron death were found

in both groups. Rptor CKO mice and their controls had the back-

ground of C57BL/6 series. It has reported that C57BL/6 series

mice have a tolerance to hypoxia, which may protect the neu-

rons from the harm of oxygen deficit-induced cell death and sub-

sequently, protect the mice from spontaneous seizure occurrence

[32]. However, report also shows that C57BL/6 mice subjected to

hypoxia-induced neonatal seizure developed earlier, more fre-

quent, and longer duration seizures when treated with KA in late

life, although spontaneous seizures were not monitored [33].

Thus, status epilepticus induced by intraperitoneal injection of

KA may not be a good model to trigger epileptogenesis in C57BL/

6 mice. However, mossy fiber sprouting was found in most con-

trol mice but not in Rptor CKO mice after KA-induced seizure;

these data further prove that raptor is the key protein in mTOR

signaling pathway-regulated cell proliferation and protein

synthesis.

Anxiety-like behavior, a comorbidity of seizure, has been

reported in patient with TSC [34,35] and in several mouse models

with epilepsy [33,36]. However, the molecular and cellular mech-

anism of this anxiety-like behavior is not clear. In this study, we

found that Rptor CKO mice reversed the anxiety-like behavior

induced by KA-induced status epilepticus. As knockout of Rptor

gene in neural progenitor cells inhibits the mTOR signaling, this

finding raises the possibility that overactivated mTOR signaling

may be a reasonable mechanism in anxiety-like behavior. Anxi-

ety-like behavior may also result from KA-induced spikes proved

by EEG, although very less spontaneous seizures is found in con-

trol and Rptor CKOmice. Further experiments are needed to eluci-

date the mechanism of decrease in anxiety-like behavior in Rptor

CKOmice.

The relationship of the mTOR signaling and synaptic formation

has been investigated extensively [37,38]. Synaptic plasticity is

the alteration of the strength of connections which changes with

the synaptic activity. Long-term potentiation and long-term

depression of synaptic transmission, the two main formations of

long-term synaptic activity, are widely recognized as the molecu-

lar mechanism of learning and memory [39,40]. Protein synthesis

is important for synaptic plasticity. In the present study, we found

that knockout of Rptor gene in neuron protected the mice from

the damage of cognitive deficits after KA-induced status epilepti-

cus. As LTP and seizures both involve highly synchronized, exces-

sive electrical activity, it is perhaps not surprising that knockout of

the Rptor gene and thus the block of the mTORC1 signaling could

protect the mice from the damage in cognitive function.

In conclusion, our data show that knockout of the Rptor gene in

mice neural progenitor cells mildly affects the development in

young age; however, it protects the mice from the KA seizure-

induced damages including the seizure-like spike, cognitive-deficit

and anxiety-like behavior. Together with our previous study, our

present data show that mTORC1 plays a key role in the regulation

of epileptogenesis and associated comorbidities.
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