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Recent evidence has shown that Ras homolog enriched 
in brain (Rheb) is dysregulated in Alzheimer’s disease 
(AD) brains. However, it is still unclear whether Rheb 
activation contributes to the survival and protection of 
hippocampal neurons in the adult brain. To assess the 
effects of active Rheb in hippocampal neurons in vivo, 
we transfected neurons in the cornu ammonis 1 (CA1) 
region in normal adult rats with an adeno-associated 
virus containing the constitutively active human Rheb 
(hRheb(S16H)) and evaluated the effects on thrombin-
induced neurotoxicity. Transduction with hRheb(S16H) 
significantly induced neurotrophic effects in hippo-
campal neurons through activation of mammalian tar-
get of rapamycin complex 1 (mTORC1) without side 
effects such as long-term potentiation impairment and 
seizures from the alteration of cytoarchitecture, and 
the expression of hRheb(S16H) prevented thrombin-
induced neurodegeneration in vivo, an effect that was 
diminished by treatment with specific neutralizing 
antibodies against brain-derived neurotrophic factor 
(BDNF). In addition, our results showed that the basal 
mTORC1 activity might be insufficient to mediate the 
level of BDNF expression, but hRheb(S16H)-activated 
mTORC1 stimulated BDNF production in hippocampal 
neurons. These results suggest that viral vector trans-
duction with hRheb(S16H) may have therapeutic value 
in the treatment of neurodegenerative diseases such 
as AD.

Received 29 April 2014; accepted 6 December 2014; advance online  
publication 13 January 2015. doi:10.1038/mt.2014.241

INTRODUCTION
Alzheimer’s disease (AD) is the most common neurodegenera-
tive disorder and is characterized by impaired cognitive func-
tion, particularly for memory.1 There is no cure for the disease, 
which worsens as it progresses, and eventually causes death. In 
contrast to known pathological hallmarks including neuronal 
degeneration, extracellular neuritic plaques, and intracellular 
neurofibrillary tangles, the pathogenetic mechanisms underlying 
neurodegeneration remain largely unknown, and treatments that 
are able to interfere with the progression of the disease are lim-
ited.2 However, despite the lack of complete understanding of the 
etiology of AD for guiding the development of knowledge-based 
targeted therapeutics, which includes increased levels of mamma-
lian target of rapamycin complex 1 (mTORC1) in the brains of 
patients with AD,2–4 a number of studies suggest that the control of 
mTORC1 signaling pathway could be a beneficial strategy for the 
protection and functional maintenance of hippocampal system in 
the brain.5–8

Ras homolog enriched in brain (Rheb) is a member of the 
Ras family of small GTP-binding proteins. It mediates the acti-
vation of mTORC1, which enhances the activity of intracellular 
cell survival pathways.9–13 The serine at position 16 of Rheb has 
sensitivity to tuberous sclerosis complex GTPase activation, and 
Rheb(S16H), a mutation of the serine to histidine, results in per-
sistence of the GTP-bound Rheb as an activated state owing to 
the resistance to tuberous sclerosis complex activation.12–14 In 
nigral dopaminergic neurons in vivo, adeno-associated virus 1 
(AAV1) transduction with a gene encoding human Rheb(S16H) 
(hRheb(S16H)) induces trophic effects resulting in the protection 
of the dopaminergic system in a neurotoxin model of Parkinson’s 
disease.12,13
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In the hippocampus, Rheb mRNA is rapidly and tran-
siently induced in hippocampal granule cells by seizures and 
by N-methyl-aspartate-dependent synaptic activity in a long-
term potentiation (LTP) paradigm.15 However, recent results 
have shown that Rheb is dysregulated in the brains of patients 
with AD, and its overexpression promotes the degradation of 
β-site amyloid precursor protein-cleaving enzyme 1 (BACE1) 
in a model of AD.16 These findings suggest that Rheb may be 
an important regulator of the survival of hippocampal neurons 
in the adult brain. Although the effects of Rheb on the level 
of BACE1 are mTORC1 independent,16 it is largely unknown 
whether the activation of Rheb/mTORC1 signaling pathways 
induces neurotrophic effects in the hippocampus and protects 
hippocampal neurons against neurotoxicity. In this study, we 
therefore investigated the effects of mTORC1 activation through 
the transduction of hippocampal neurons with hRheb(S16H) in 
the normal rat brain and the neuroprotective mechanisms of 
hRheb(S16H) against thrombin-induced neurodegeneration in 
the hippocampus.

RESULTS
Neurotrophic effects of hRheb(S16H) in hippocampal 
neurons in normal adult rat brains
AAV-hRheb(S16H) or AAV-green fluorescent protein (GFP) as a 
control vector was unilaterally injected into the hippocampus by 
targeting the cornu ammonis 1 (CA1) region of normal adult rats. 
Four weeks later, the brains were removed, and sections were pro-
cessed to determine the transduction of hippocampal neurons by 
the viral injection. The transduction of hippocampal neurons with 
GFP and hRheb(S16H) was demonstrated by the immediate obser-
vation of GFP expression and immunoperoxidase staining for the 
FLAG epitope (Figure 1a), respectively, and by triple immuno-
fluorescence labeling for 4’,6-diamidino-2-phenylindole, GFP, and 
neuronal nuclei (NeuN) or 4’,6-diamidino-2-phenylindole, FLAG, 
and NeuN (Figure 1b), respectively. Immunofluorescence label-
ing of microglia (OX-42 and ionized calcium-binding adapter 
molecule 1 (Iba1)-immunopositive cells) and astrocytes (glial 
fibrillary acidic protein (GFAP)-immunopositive cells) indicated 
no transduction in each cell type, indicating the specific transduc-
tion of AAV-hRheb(S16H) and AAV-GFP in the hippocampal 
neurons (Supplementary Figure S1).

We next examined whether the hRheb(S16H) transduction 
of hippocampal neurons induced an increase in phosphorylation 
of the mTORC1 substrates 4E-BP1 and p70S6K, which indicates 
mTORC1 activation, and assessed the neurotrophic effects in 
hippocampal neurons. Similar to our recent results on mTORC1 
activation by hRheb(S16H) in adult dopaminergic neurons,13 
the levels of phospho-4E-BP1 (p-4E-BP1) and phospho-p70S6K 
(p-p70S6K) were significantly increased in rats transduced with 
hRheb(S16H) compared to intact controls and GFP-treated rats, 
indicating mTORC1 activation in hippocampal neurons, as dem-
onstrated by immunohistochemical (Figure 2a) and western blot 
analysis (P < 0.01 versus controls; Figure 2b,c). GFP and FLAG 
were strongly detected in samples subjected to each viral injection, 
indicating the successful transduction of AAV-hRheb(S16H) and 
AAV-GFP, respectively (Figure 2b), and hRheb(S16H) expression 
increased the hippocampal levels of total choline with a modest 

alteration in level of acetylcholine, which are important for cogni-
tive function, learning, and memory performance17–19 (P = 0.005 
and P = 0.117, respectively, versus controls; Supplementary 
Figure S2).

In addition to the activation of mTORC1 and the increase 
in total choline, hRheb(S16H) induced morphological changes 
to hippocampal neurons, as demonstrated by Nissl staining 
(Figure 3a) and NeuN immunostaining (Figure 3c), indicat-
ing the increased area of neurons with hRheb(S16H) expression 
compared to the intact controls and GFP-expressed controls 
(P  < 0.01 versus controls; Figure 3b). The cytoarchitectural 
abnormalities of hippocampal neurons could be involved 
in neuronal circuitry impairment20 or abnormal behav-
ioral changes.21 To ascertain if there were side effects such as 
impaired LTP and abnormal behaviors from the morphologi-
cal changes in the hippocampal neurons, we additionally inves-
tigated the effects of hRheb(S16H) on changes in LTP in the 
hippocampus and on abnormal behavior, such as seizures. Our 
results showed that the hRheb(S16H)-induced morphologi-
cal changes of hippocampal neurons did not affect basal LTP 
in the hippocampus (Figure 3e) and did not cause behavioral 
disorders, such as seizures, compared to kainic acid-induced 
behavioral abnormalities (Supplementary Figure S3), suggest-
ing that the hRheb(S16H) transduction of hippocampal neu-
rons induces cellular morphologic changes without side effects 
such as neuronal circuitry impairment or seizures in the hip-
pocampus. Similar to the effects in the substantia nigra of adult 

Figure 1  Transduction of hippocampal neurons with AAV-GFP and 
AAV-hRheb(S16H) in normal adult SD rats. (a) Animals received a uni-
lateral injection of AAV-GFP or AAV-hRheb(S16) in the hippocampus and 
were sacrificed 4 weeks later. AAV-hRheb(S16H)-injected brain sections 
(30 μm) were processed for immunostaining with antibodies against 
FLAG. The expression of GFP and FLAG (brown reaction product) is 
observed in the hippocampus for each viral injection, but no expression 
of FLAG is seen in the noninjected control side (CON). Bar = 100 μm. 
(b) Immunofluorescence triple labeling for DAPI (blue), GFP (green), and 
NeuN (red), or DAPI, FLAG (green), and NeuN shows that transgene 
expression is identifiable within neurons in the CA1 of hippocampus. 
Bar = 20μm. All of the pictures show the representative coronal sections 
following each immunostaining (n = 3, each group).
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mice brains,13 the number of rat hippocampal neurons was not 
influenced by the viral injection (Figure 3d).

Induction of brain-derived neurotrophic factor by 
hRheb(S16H) in adult hippocampal neurons in vivo
A number of studies have shown a reduction in brain-derived 
neurotrophic factor (BDNF) expression in the brains of patients 
with AD.22–24 Moreover, BDNF delivery has neuroprotective 
effects in animal models of AD,25,26 suggesting that the sustained 
support of BDNF can be useful for the protection of hippocam-
pal neurons in the adult brain. The cellular effects of BDNF can 
be mediated by the Akt/mTOR signaling pathway in neurons.27,28 
However, it is largely unknown whether the increase in mTORC1 
activity by specific gene delivery can produce BDNF in hippocam-
pal neurons in the adult brain, suggesting the role of mTORC1 
as an activator of BDNF production, in addition to its role as a 
downstream molecule that is mediated by BDNF. We therefore 
examined whether the continual stimulation of mTORC1 by 
transduction with hRheb(S16H) induced BDNF expression in 
hippocampal neurons in vivo. As demonstrated by the immu-
nohistochemical analysis conducted 4 weeks postinjection, 
hRheb(S16H) induced an increase in the hippocampal expression 
of BDNF but not in GFP-expressed hippocampus compared to the 
intact controls (Figure 4a), and the increased BDNF expression 

was apparently observed in NeuN-positive neurons (Figure 4b), 
indicating BDNF induction by hRheb(S16H) in hippocampal 
neurons. Consistent with the BDNF staining, western blot analy-
sis showed that hRheb(S16H)-transduced hippocampal side had 
significantly increased levels of BDNF compared to the contralat-
eral controls (P = 0.002; Figure 4c,d).

To ascertain whether the induction of BDNF by hRheb(S16H) 
was mTORC1 dependent, we further examined the effects of rapamy-
cin, which is a specific inhibitor of mTORC1,21 on the levels of BDNF 
expression and mTORC1 activity. Rats received an intraperitoneal 
injection of rapamycin (5 mg/kg) 3 weeks after the viral injection, 
and the treatment was continued until 4 weeks postinjection. Our 
results showed that treatment with 5 mg/kg of rapamycin signifi-
cantly attenuated the expression of p-4E-BP1 and p-p70S6K in the 
hippocampus compared to that in intact controls (Supplementary 
Figure S4a,c), but its treatment did not alter the basal levels of 
BDNF in the hippocampus (P = 0.481 versus controls; Figure 4c,d). 
However, it significantly attenuated the hRheb(S16H)-induced 
increase in BDNF expression (P < 0.001 versus hRheb(S16H) alone; 
Figure 4c,d). To clarify the involvement of mTORC1 in the basal lev-
els of BDNF, we further investigated whether treatment with 10 mg/
kg of rapamycin attenuated the basal levels of BDNF in the hippo-
campus. Although 10 mg/kg of rapamycin also showed a significant 
reduction in mTORC1 activity compared to the intact controls, it 

Figure 2 hRheb(S16H) expression activates mTORC1 in the hippocampus. (a) Brain sections were stained with anti-phospho-4E-BP1, a mTORC1 
substrate, at 4 weeks postinjection of viral vectors. Immunoperoxidase staining for p-4E-BP1 (with thionin counterstain) shows that brown reaction 
products are clearly observed in the neurons of the hRheb(S16H)-treated group, compared to a modest level in the vehicle-treated group. Bar = 500 
μm. Insets show magnified photomicrographs of the area in the CA1 layer. An example of neuronal p-4E-BP1 staining (white arrows) is shown in the 
inset. All pictures show the representative coronal section of each group (n = 3, each group). (b) Western blot analysis of p-4E-BP1, 4E-BP1, p-p70S6K, 
and p70S6K expression at 4 weeks after intrahippocampal injection of AAV-GFP and AAV-hRheb(S16H). Successful transduction of the hippocampus 
was confirmed in each case by western blot analysis of GFP and FLAG expressions. (c) The histogram results show the results of a quantitative analysis 
based on the density of the p-4E-BP1, 4E-BP1, p-p70S6K, and p70S6K bands normalized with the β-actin band for each sample. All values represent 
the mean ± SEM of four pooled samples for each group. *P < 0.01, significantly different from contralateral control side (CON) and AAV-GFP (one-way 
analysis of variance and Student–Newman–Keuls analysis).
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did not show any significant reductions in basal BDNF expression 
(Supplementary Figure S4b,d). Taken together, these results sug-
gest that hRheb(S16H)-activated mTORC1 may induce the produc-
tion of BDNF in the hippocampal neurons, even though the basal 
levels of BDNF are not affected by mTORC1.

Neuroprotective effects of hRheb(S16H) against 
thrombin-induced neuronal cell death in the CA1 of 
rat hippocampus
Increased levels of thrombin, which result in the death of hippo-
campal neurons and AD-like cognitive impairment, have been 

Figure 3 hRheb(S16H) induces a hypertrophic effect without LTP impairment from the cytoarchitectural changes in the hippocampus. 
(a) Morphologic analysis of hippocampal neurons at 4 weeks after intrahippocampal injection of AAV-hRheb(S16H). The upper panel shows a repre-
sentative coronal section of the hippocampus following Nissl staining by cresyl violet. The experimental side (EXP) injected with AAV-hRheb(S16H) 
shows an increase in the area of Nissl-positive neurons, compared to the contralateral control side (CON), as shown in representative micrographs at 
higher power in the lower panels. All pictures show the representative coronal section of each group (n = 5, each group). Bar = 500 μm (upper panel) 
and 20 μm (lower panel). (b) The area of Nissl-positive neurons in the CA1 layer. The area of neurons was expressed quantitatively as a percentage rel-
ative to the contralateral control. *P < 0.01, significantly different from CON and AAV-GFP (one-way analysis of variance and Student–Newman–Keuls 
analysis; n = 5, each group). WT, wild-type. (c) NeuN-positive neurons also show morphologic changes in the hippocampus at 4 weeks after injection 
of hRheb(S16H). (d) The number of the NeuN-positive neurons in the CA1 layer injected with viral vectors. Note that there is no difference between 
groups (one-way analysis of variance and Student–Newman–Keuls analysis; n = 5, each group). (e) Effect of hRheb(S16H) on the induction of LTP in 
the hippocampus. Hippocampal slices were prepared from the rats 3 weeks (n = 6) after injection of hRheb(S16H), and noninjected slices were used 
as controls (n = 6). The slices were perfused with artificial cerebrospinal fluid (ACSF) for 60 minutes. For the induction of LTP, the slices were tetanized 
with a 100 Hz for 1 second stimulation at time 0 minute. Note that there is no difference between the groups. Each point and line represents the 
mean ± SEM. Representative field excitatory postsynaptic potential (fEPSP) recordings at time −5 and 30 minutes are shown as insets (upper side).
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observed in AD brains.29–32 This suggests that thrombin may 
be an important endogenous pathogen for AD. Given the pro-
nounced trophic effects of hRheb(S16H) in normal rats, we next 
investigated whether hRheb(S16H) had neuroprotective effects 
in a thrombin-treated rat model of AD.29 Thrombin (20 U) or 
phosphate-buffered saline (PBS), which was used as a control 
(data not shown), was unilaterally injected into the hippocam-
pus. Seven days later, the brains were removed, and the sec-
tions were processed for anti-NeuN immunostaining (Figure 
5a and Supplementary Figure S5). As previously reported,29 
there was a significant loss of NeuN-positive neurons in the 
thrombin-treated CA1, compared to the control CA1 (P < 0.001 
versus controls; Figure 5a,b and Supplementary Figure S5). 
However, the AAV transduction of hippocampal neurons with 

hRheb(S16H) 3 weeks before the intrahippocampal injection 
of thrombin provided significant neuroprotection as demon-
strated by the immunohistochemical analysis (Figure 5a,b and 
Supplementary Figure S5). When quantified and expressed as 
a percentage of the CA1 neurons in the counting area of the 
ipsilateral hippocampus relative to the contralateral control, 
only 42% of the hippocampal neurons were preserved in the 
hippocampal CA1 region of the thrombin-treated rats, whereas 
95% of the hippocampal neurons were preserved in the pres-
ence of hRheb(S16H) (P < 0.001 versus thrombin; Figure 5b). 
Moreover, the levels of total choline and acetylcholine 
increased by hRheb(S16H) transduction were preserved in the 
thrombin-treated hippocampus (Supplementary Figure  S6). 
Although thrombin alone shows no reduction in both levels 

Figure 4 hRheb(S16H) increases BDNF expression in hippocampal neurons. (a) Immunoperoxidase staining for BDNF was performed at 4 weeks 
postinjection of AAV-hRheb(S16H). Both the contralateral control side (CON) and the AAV-GFP-injected side (GFP) show similar levels of BDNF in the 
hippocampus. However, the AAV-hRheb(S16H)-injected side (hRheb(S16H)) shows an increase in the level of BDNF in the hippocampus. Bar = 500 
μm. (b) Immunofluorescence double staining for NeuN (green) and BDNF (red) shows that the hRheb(S16H)-increased expression of BDNF is iden-
tifiable within hippocampal neurons. Bar = 100 μm. Insets are higher magnifications of each CA1 layer. All pictures in a and b show representative 
coronal sections following each immunostaining (n = 3, each group). (c) Western blot analysis of BDNF in the hippocampus. Rats were intraperitone-
ally injected with rapamycin (5 mg/kg), starting 3 weeks after AAV-hRheb(S16H) injection and continued daily injection until 4 weeks postinjection, 
and then they were sacrificed for western blot analysis. The results show that treatment with 5 mg/kg rapamycin alone causes no alteration to the 
basic level of BDNF compared to the intact control (first band). However, its treatment attenuated the level of hRheb(S16H)-increased BDNF. (d) All 
values of the optical density of each band represent the mean ± SEM of six pooled samples in each group. *P = 0.002 and #P < 0.001, significantly 
different from CON and hRheb(S16H) alone, respectively (one-way analysis of variance and Student–Newman–Keuls analysis).
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of total choline and acetylcholine compared with intact con-
trols (Supplementary Figure S6), these results suggest that 
hRheb(S16H) is capable of inducing neuroprotection against 
the thrombin-induced death of hippocampal neurons.

However, it was still unclear whether the increased levels of 
thrombin substantially reduced the expression of p-4E-BP1 in the 
hippocampal neurons that may be involved in the neuroprotec-
tion from hRheb(S16H) transduction against thrombin-induced 

neurotoxicity in the hippocampus. As demonstrated by western 
blot analysis (Supplementary Figure S7a,b), our results unex-
pectedly showed that thrombin treatment significantly increased 
the levels of p-4E-BP1 compared to the intact controls. However, 
immunohistochemical staining for p-4E-BP1 showed that its 
increased expression by thrombin was localized within nonneu-
ronal cells, and, on the contrary, its expression was decreased 
in hippocampal neurons (Supplementary Figure S7c,d). These 
results suggest that neuronal mTORC1 activity mediated by 
hRheb(S16H) may be important for the neuronal survival in the 
thrombin-treated hippocampus.

BDNF contributed to the neuroprotection induced by 
hRheb(S16H) in the thrombin-treated hippocampus
To evaluate whether the induction of BDNF correlated with 
hRheb(S16H)-induced neuroprotection in the thrombin-
treated rat model of AD, rats received a unilateral injection of 
neutralizing antibodies against BDNF (100, 200, or 400 ng) with 
thrombin (20 U) into the hippocampal CA1 region 3 weeks after 
hRheb(S16H) treatment, and the brains were analyzed by immu-
nohistochemical staining 1 week after injection of neutralizing 
antibodies (Figure 6a,b). The results showed that the protection 
by hRheb(S16H) against thrombin-induced neurotoxicity that 
was described in Figure 5 was attenuated by treatment with neu-
tralizing antibodies against BDNF in a dose-dependent manner 
(Figure 6b). When quantified and expressed as a percentage of 
CA1 neurons in the counting area of the ipsilateral hippocam-
pus compared to the contralateral controls, the administration 
of 100 ng BDNF neutralizing antibodies preserved the number 
of NeuN-positive neurons by 83%, indicating a modest inhibi-
tory effect on the hRheb(S16H)-induced protection of hippo-
campal neurons (P = 0.059 versus hRheb(S16H)+thrombin). 
However, treatment with 200 and 400 ng of neutralizing anti-
bodies significantly attenuated the preservation of NeuN-
positive neurons by 67 and 61%, respectively (P < 0.01 versus 
hRheb(S16H)+thrombin). Rats treated with neutralizing anti-
bodies alone in the absence of hRheb(S16H) showed no altera-
tions in the number of NeuN-positive neurons (Supplementary 
Figure S8).

To ascertain the effects of BDNF neutralization on mTORC1 
activity, we further examined the changes in 4E-BP1, p70S6K, 
p-4E-BP1, and p-p70S6K expression induced by BDNF neutral-
izing antibodies in the absence or presence of hRheb(S16H). 
Rats received a unilateral injection of 300 ng neutralizing anti-
bodies against BDNF into the hippocampal CA1 region 3 weeks 
after hRheb(S16H), and the brains were analyzed by western 
blotting 2 days after the injection of neutralizing antibodies. 
Although the treatment with neutralizing antibodies resulted 
in no alterations in basic mTORC1 activity in the hippocampus, 
it significantly attenuated the levels of p-4E-BP1 and p-p70S6K 
that were increased by hRheb(S16H) compared to hRheb(S16H) 
alone (Supplementary Figure S9), suggesting that BDNF neu-
tralization inhibited the activation of mTORC1 induced by 
hRheb(S16H) transduction in the hippocampus. Thus, all of 
these results show that the activation of the hRheb(S16H)/
mTORC1 signaling pathway can protect hippocampal neurons 
through the production of BDNF.

Figure 5 hRheb(S16H) protects hippocampal neurons from throm-
bin-induced neurotoxicity in vivo. (a) Rats received an intrahippocam-
pal injection of thrombin (20 U) at 3 weeks postinjection of viral vectors, 
and NeuN immunostaining was assessed at 1 week following thrombin 
treatment. Bar = 500 μm. The right panels show higher magnifications 
of each CA1 layer. Bar = 20 μm. All pictures show the representative cor-
onal section of each group (n = 5, each group). (b) The histogram results 
show the number of hippocampal neurons in the target area of the CA1 
layer, which is expressed quantitatively as a percentage compared to 
the contralateral control. The results show that hRheb(S16H) has pro-
tective effects against thrombin-induced neurotoxicity. *P < 0.001 and 
#P < 0.001, significantly different compared to the contralateral control 
(CON) and thrombin alone, respectively (one-way analysis of variance 
and Student–Newman–Keuls analysis; n = 5, each group).
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DISCUSSION
It is controversial whether the activation of mTORC1 has neu-
roprotective effects in the hippocampus of adult brains because 
there is no evidence for the direct mTORC1-mediated protection 
of hippocampal neurons, the increased levels of mTORC1 in AD 
brains,3,4 and the correlation between mTORC1 activation and 
cognitive severity of AD patients.2 However, there are a number of 
studies describing the putative role of mTORC1 in protecting hip-
pocampal neurons and the functional maintenance of hippocam-
pal system.5–8 In addition to the previous results, Chen et al.28 have 

reported that amyloid-β, which plays a central role in AD, inter-
rupts the mTOR signaling pathway in rat cortical neurons in vitro. 
Furthermore, kainic acid treatment, which is a well-established 
model of hippocampal neuron death, induces the activation of 
Akt/mTOR signaling pathways, which correlates with the control 
of autophagic stress.33 Taken together, these results suggest that 
increased levels of mTORC1 in the brains of patients with AD may 
trigger a potential negative feedback loop to inhibit further neu-
rotoxicity, and the stimulation of the mTORC1 signaling pathway 
could be an important strategy for the control of neurodegenera-
tion in the hippocampus.

GTP-bound active Rheb stimulates the activation of 
mTORC1,14 and a constitutively active form of Rheb such as 
hRheb(S16H) apparently activates mTORC1 in adult neurons in 
vivo.12,13 Recently, Shahani et al.16 reported that Rheb is dysregu-
lated in AD brains, and Rheb overexpression promotes the deg-
radation of BACE1, which is involved in amyloid-β generation, 
through a mTORC1-independent pathway in a model of AD.16 
This indicates that Rheb may be an important regulator of the sur-
vival of hippocampal neurons in the adult brain. However, it is 
still unclear whether the induction of active Rheb in hippocampal 
neurons can contribute to neuroprotection in vivo and whether 
the Rheb-induced effects are mTORC1 dependent or independent.

In this study, we first investigated whether AAV1 transduc-
tion with a gene encoding hRheb(S16H) induced trophic effects 
through mTORC1 activation in the hippocampal neurons in vivo. 
4E-BP1, which is a representative substrate of mTORC1, has 
seven phosphorylation sites.34,35 Its phosphorylation proceeds in 
a sequential manner,34 and the Thr37/46 sites are directly phos-
phorylated by the activation of mTORC1.35 Here, we demon-
strated that hRheb(S16H) transduction significantly increased 
4E-BP1 phosphorylation at Thr37/46 in the hippocampus of nor-
mal adult rats compared to the intact controls and GFP controls 
(Figure 2). In addition to an increase in p-4E-BP1 level, phos-
phorylation of p70S6K, which is another substrate of mTORC1, 
was also increased by hRheb(S16H) transduction (Figure 2). 
These results suggest that the transduction of hippocampal neu-
rons with hRheb(S16H) can apparently increase mTORC1 activity 
in the hippocampus in vivo.

In normal adult rat brains, the levels of acetylcholine and total 
choline, which are important for cognitive function, learning, and 
memory performance,17–19 were increased in the hRheb(S16H)-
expressed hippocampus, even though acetylcholine level showed 
a modest alteration with no significant change compared to 
that in the intact hippocampus (Supplementary Figure S2). 
hRheb(S16H) expression led to increases in the area of neurons 
in the hippocampus (Figure 3) due to a hypertrophic effect in 
neurons13,36 and in the levels of neuronal BDNF, which is a well-
recognized neurotrophic factor against AD28,37,38 (Figure 4). The 
cytoarchitectural abnormalities in hippocampal neurons could 
be involved in neuronal circuitry impairments20 or abnormal 
behavioral changes.21 However, our investigations to clarify these 
side effects from the changes in cytoarchitecture showed that 
the hRheb(S16H) transduction of hippocampal neurons had no 
effect on changes in LTP (Figure 3) and abnormal behaviors, 
such as seizures (Supplementary Figure S3), suggesting that 
hRheb(S16H) expression was not involved in the alterations in the 

Figure 6 The induction of BDNF by hRheb(S16H) contributes to the 
protection of hippocampal neurons. (a) Rats received an intrahip-
pocampal injection of a mixture of BDNF neutralizing antibodies (100, 
200 or 400 ng) and thrombin (20 U) at 3 weeks after AAV-hRheb(S16H) 
injection. Brains were removed and processed for NeuN immunostain-
ing at 1 week following injection of the mixture. As described in Figure 
5, hRheb(S16H) protects hippocampal neurons from thrombin-induced 
neurotoxicity. However, treatment with BDNF neutralizing antibodies 
attenuates hRheb(S16H)-induced neuroprotection. All pictures show the 
representative coronal section of each group (n = 5, each group). Bars = 
500 and 20 μm, respectively. (b) The number of NeuN-positive hippo-
campal neurons in the target area of the CA1 layer was expressed quanti-
tatively as a percentage compared to the contralateral control. The results 
show that hRheb(S16H)-induced BDNF contributes to neuroprotection in 
the thrombin-treated hippocampus. *P < 0.001, #P < 0.001, **P < 0.05, 
and ##P < 0.01, significantly different compared with contralateral control 
side (CON), thrombin alone, CON, and hRheb(S16H)+thrombin, respec-
tively (one-way analysis of variance and Student–Newman–Keulsan anal-
ysis; n = 5, each group).
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synaptic structure in the hippocampus.39 We therefore conclude 
that transduction of hippocampal neurons with hRheb(S16H) can 
induce neurotrophic effects without side effects such as neuronal 
circuitry impairment and seizures in the hippocampus of normal 
adult rats, even though there were cellular morphologic changes 
in the hippocampal neurons.

In addition to the hRheb(S16H)-induced trophic effects 
in the hippocampus of normal rats, we evaluated the ability of 
hRheb(S16H) to protect hippocampal neurons from the throm-
bin-induced neurotoxicity.29 Thrombin, which is a serine protease 
of the trypsin family, is a key enzyme of the blood coagulation 
system and is generated from prothrombin by cleavage follow-
ing prothrombinase activation.31 Its expression is increased in the 
brains of patients with AD. It accumulates in senile plaques, reac-
tive microglial cells, and neurofibrillary tangles in AD brains and 
microvessels,31,32 whereas the activity of the thrombin inhibitor, 
protease nexin I, is sharply reduced in AD brains.40 Moreover, a 
number of studies have shown that thrombin can act as a neuro-
toxin, leading to the death of hippocampal neurons and AD-like 
cognitive impairment,29,30,32 suggesting that alterations in throm-
bin levels may be an important endogenous pathogen for AD. 
In the current study, our observations showed that thrombin 
treatment decreased the expression of p-4E-BP1 in hippocampal 
neurons (Supplementary Figure S7), suggesting that the mainte-
nance of mTORC1 activity in hippocampal neurons may be cru-
cial for neuronal survival against thrombin-induced neurotoxicity. 
Furthermore, our results showed that hRheb(S16H) had a robust 
ability to protect hippocampal neurons from thrombin-induced 
neurotoxicity (Figure 5) with an increase in the levels of total 
choline and acetylcholine in the hippocampus (Supplementary 
Figure S6).

BDNF is a neurotrophin that mediates neuronal survival and 
differentiation.41 A number of studies have shown that BDNF 
expression is decreased in AD brains22–24 and that BDNF deliv-
ery has neuroprotective effects in animal models of AD.25,26 The 
cellular effects of BDNF are initiated by its binding to the spe-
cific receptor, tropomyosin receptor kinase B,42 and BDNF treat-
ment activates the Akt/mTOR signaling pathways in neurons.27 
However, it is largely unknown whether the activation of Rheb/
mTORC1 signaling pathways gives hippocampal neurons the 
ability to produce BDNF, thereby contributing to neuroprotec-
tion in the hippocampus of adult brains. To ascertain whether 
the activation of mTORC1 by hRheb(S16H) mediated the induc-
tion of BDNF production, we examined the effects of rapamycin, 
which is a specific inhibitor of mTORC1 (ref. 21), on the levels 
of BDNF in the hippocampus. Although rapamycin did not alter 
the basic levels of BDNF in the hippocampus (P = 0.481 versus 
normal controls), it significantly inhibited an increase in BDNF 
in the hRheb(S16H)-treated hippocampus, suggesting that 
the increased BDNF expression may be mTORC1 dependent 
(Figure  4). Moreover, our observations regarding the effects of 
neutralizing antibodies against BDNF on hRheb(S16H)-induced 
neuroprotection indicated that BDNF neutralization could sig-
nificantly reduce the hRheb(S16H)-increased mTORC1 activ-
ity although treatment with neutralizing antibodies showed 
no alterations in basic mTORC1 activity in the hippocampus 
of normal rat brains (Supplementary Figure S9), suggesting 

that hRheb(S16H)-increased BDNF, at least in part, might be 
involved in the activation of mTORC1 with direct stimulation 
by hRheb(S16H) and that the induction of BDNF contributed to 
the protection of hippocampal neurons from thrombin-induced 
neurotoxicity (Figure 6). Taken together, these results suggest that 
the synergetic effects of hRheb(S16H) and hRheb(S16H)-induced 
BDNF on the activation of mTORC1 may contribute to neuropro-
tection in the thrombin-treated hippocampus (Figure 7).

In conclusion, we found that hRheb(S16H) expression 
had robust trophic and protective effects in adult hippocam-
pal neurons. Moreover, we demonstrated that the hRheb(S16H) 
transduction of hippocampal neurons induced the sustained 
production of BDNF via mTORC1-dependent pathway, contrib-
uting to neuroprotection in the adult brain (Figure 7). Although 
we cannot exclude the possibility that another mechanism may 
be involved in the production of BDNF by hRheb(S16H) due to 
the potential possibility of an interaction between hRheb(S16H) 
and rapamycin, the present observations suggest that mTORC1 
activation by specific gene delivery to hippocampal neurons may 
be a useful strategy for protecting neurons in the hippocampus of 
adult brains.

MATERIALS AND METHODS
Production of AAV viral vectors. All vectors used for these studies were 
AAV1 serotype as previously described.12,13 A plasmid carrying the hRheb 
was purchased from OriGene Technologies (Rockville, MD). hRheb DNA 
was amplified and modified to incorporate a FLAG-encoding sequence 
at the 3′-end by expanded long-template PCR (Roche, Indianapolis, IN). 
Constitutively active hRheb (hRheb(S16H)) was generated by use of the 
Phusion Site-directed Mutagenesis Kit of New England Biolabs  (Ipswich, 
MA) in the pGEM-T vector (Promega, San Luis Obispo, CA) and then 
cloned into an AAV packaging construct that utilizes the chicken β-actin 
promoter and contains a 3′ WPRE (pBL). AAVs were produced by 

Figure 7 Schematic representation of hRheb(S16H)-induced neuro-
protection in the hippocampus. The serine at position 16 of hRheb 
has sensitivity to tuberous sclerosis complex (TSC) GTPase activation, 
and hRheb(S16H) mutation of the serine to histidine results in resistance 
of hRheb to this activation and consequently a persistence of the GTP-
bound, activated state.13 The accumulation of hRheb(S16H) stimulates 
mTORC1, and the activation of mTORC1 induces BDNF production in 
hippocampal neurons. Moreover, hRheb(S16H)-induced BDNF contrib-
utes to the activation of mTORC1, even though it is unclear whether 
the induction of BDNF activates its specific receptor, tropomyosin recep-
tor kinase B (TrkB), which is expressed in hippocampal neurons.48 Taken 
together, the synergetic effects of hRheb(S16H) and hRheb(S16H)-
induced BDNF on the activation of mTORC1 may contribute to neuro-
protection in the hippocampus.
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the University of North Carolina Vector Core, and the genomic titer of 
hRheb(WT) and hRheb(S16H) were 3 × 1012 and 2 × 1012 viral genomes/ml, 
respectively. Enhanced green fluorescent protein (GFP), used as a control, 
was subcloned into the same viral backbone, and viral stocks were pro-
duced at a titers of 1 × 1012 viral genomes/ml.

Institutional review of animal protocols. Sprague Dawley (SD) rats 
(10-week-old, 220–240 g) were obtained from Daehan Biolink (Eumseong, 
Korea). All surgical experiments were performed in accordance with 
approved animal protocols and guidelines established by the Animal Care 
Committee of Kyungpook National University (no. KNU 2012–37).

Intrahippocampal AAV injection. SD rats were anesthetized by intraperi-
toneal injection of chloral hydrate (360 mg/kg; Sigma, St Louis, MO) and 
placed in a stereotaxic frame (David Kopf Instrument, Tujunga, CA). Each 
rat received a unilateral injection of AAV- GFP as a control vector or AAV-
hRheb using a 10 μl Hamilton syringe (30 S needle) attached to a syringe 
pump (KD Scientific, New Hope, PA) into the right CA1 of the hippocam-
pus (anteroposterior (AP): −3.8 mm; mediolateral (ML): −2.4 mm; dorso-
ventral (DV): −3.0 mm, relative to the bregma), according to the atlas of 
Paxinos and Watson.43 After the injection, the needle was left in place for 
an additional 5 minutes before being slowly retracted. A viral vector sus-
pension in a volume of 2.0 μl was injected at 0.1 μl/minute over 20 minutes.

Intrahippocampal BDNF neutralizing antibody injection and throm-
bin injection. BDNF neutralizing antibodies (100, 200, or 400 ng in 4 μl 
PBS as modified doses of murine BDNF neutralizing antibodies44; Santa 
Cruz, Santa Cruz, CA), thrombin (20 U in 4 μl PBS; Sigma), and mixture 
of BDNF neutralizing antibodies and thrombin were injected at a rate 
of 0.5 μl/minute into the right CA1 of the hippocampus (AP: −3.8 mm; 
ML: −2.4 mm; DV: −3.0 mm). Rats injected with neutralizing antibodies 
alone were used as a control (Supplementary Figure S8). For western 
blot analysis, rats received a unilateral injection of 300 ng neutralizing 
antibodies against BDNF into the hippocampal CA1 region at 3 weeks 
after hRheb(S16H), and the brains were harvested 2 days after treatment 
(Supplementary Figure S9). All injections were made using a Hamilton 
syringe (30 S needle) attached to a syringe pump (KD Scientific).

Rapamycin administration. To investigate whether the production 
of BDNF after hRheb(S16H) transduction of hippocampal neurons is 
dependent on the activation of mTORC1, animals were posttreated with 
rapamycin (5 mg/kg, intraperitoneal injection; LC Laboratory, Woburn, 
MA), starting 3 weeks after hRheb(S16H) injection and continued daily 
until 4 weeks postinjection. The brain tissues treated with rapamycin or 
vehicle (4% ethanol, 5% Tween 80, and 5% PEG400)21 in the absence of 
hRheb(S16H) were used as controls. To clarify the effects of rapamycin on 
the basal level of BDNF expression and mTORC1 activity in the hippo-
campus, additional rats were treated with 10 mg/kg rapamycin for a week 
and then sacrificed for western blot analysis (Supplementary Figure S4).

Immunohistochemical staining procedures. Animals were transcardi-
ally perfused and fixed, and brain sections (30 μm thick) were processed 
for immunohistochemical staining as previously described29 with some 
modifications. Briefly, brain sections (30 μm thick) were rinsed in PBS 
and then incubated at 4 °C with primary antibody for 48 hours, and 
then brain sections were rinsed with PBS–0.5% bovine serum albumin, 
incubated at room temperature with the appropriate biotinylated second-
ary antibody, and processed with an avidin–biotin complex kit (Vector 
Laboratories, Burlingame, CA). The signal was detected by incubating sec-
tions in 0.5 mg/ml 3,3’-diaminobenzidine (Sigma) in 0.1 mol/l PB contain-
ing 0.003% H2O2. The stained samples were analyzed under a bright-field 
microscope (Axio Imager, Carl Zeiss, Germany). The primary antibod-
ies were rabbit anti-FLAG (1:3,000; Sigma), rabbit anti-phospho-4E-BP1 
(1:1,000; Cell Signaling, Beverly, MA), mouse anti-NeuN (1:500; Millipore, 
Temecula, CA), and rabbit anti-BDNF (1:200; Santa Cruz). For Nissl stain-
ing, brain sections were mounted on gelatin-coated slides and stained in 

0.5% cresyl violet (Sigma), and then analyzed with a bright-field micro-
scope (Axio Imager).

For immunofluorescence labeling, brain sections were rinsed and 
incubated for 48 hour with one of the following pairs: rabbit anti-FLAG 
(1:3,000; Sigma) and mouse anti-NeuN (1:500; Millipore) or mouse anti-
NeuN (1:500; Millipore) and rabbit anti-BDNF (1:200; Santa Cruz). Sections 
were then rinsed and incubated with Cy3-conjugated antimouse IgG or 
anti-rabbit IgG (1:200; Millipore), and FITC-conjugated anti-rabbit IgG or 
antimouse IgG (1:200; Millipore) for 1 hour, and then washed and mounted 
with Vectashield mounting medium (Vector Labs, Burlingame, CA). The 
stained sections were viewed using a confocal microscopy (LSM700, Carl 
Zeiss).

Immunofluorescence staining for glia and FLAG epitope. Brain tissues 
were prepared for immunohistochemical staining as previously described.29 
For immunofluorescence labeling, while AAV-GFP-treated tissues (30 μm 
thick) were incubated with mouse anti-OX-42 (1:400; Serotec, Oxford, 
UK) or mouse anti-GFAP (1:500; Sigma), AAV-hRheb(S16H)-treated sec-
tions were incubated with one of the following pairs for 48 hours: mouse 
anti-FLAG (1:2,000; Sigma) and rabbit anti-Iba1 (1:2,000; Wako Pure 
Chemical Industries, Osaka, Japan) or rabbit anti-FLAG (1:3,000; Sigma) 
and mouse anti-GFAP (1:500; Sigma). And then, sections were rinsed 
and incubated with Cy3-conjugated antimouse IgG (1:200; Millipore) 
and FITC-conjugated antirabbit IgG (1:200; Millipore), or with Cy3-
conjugated antirabbit IgG (1:200; Millipore) and FITC-conjugated anti-
mouse IgG (1:200; Millipore) for 1hour. The stained sections were viewed 
using a confocal microscopy (LSM700; Carl Zeiss).

Western blot analysis. Hippocampal tissues were prepared from the animals 
at 4 weeks after injection of viral vectors as previously described with some 
modifications.29 The tissues were homogenized and centrifuged at 4 °C for 
15 minutes at 14,000g. The supernatant was transferred to a fresh tube, and 
the concentration was determined using a BCA kit (Bio-Rad Laboratories, 
Hercules, CA). The samples were boiled at 100 °C for 5 minutes before gel 
loading, and equal amounts of protein (50 μg) were loaded into each lane 
with the loading buffer. Proteins analyzed by gel electrophoresis were trans-
ferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA) 
using an electrophoretic transfer system (Bio-Rad Laboratories), and then, 
the membranes were incubated overnight at 4 °C with specific primary anti-
bodies. The following primary antibodies were used: mouse anti-β-actin 
(1:5,000; Abcam, Cambridge, UK), rabbit anti-phospho-4E-BP1 (1:1,000; 
Cell Signaling), rabbit anti-4E-BP1 (1:1,000; cell Signaling), rabbit anti-
phospho-p70S6K (1:1,000; Cell Signaling), rabbit anti-p70S6K (1:1,000; Cell 
Signaling), rabbit anti-GFP (1:2,000; Millipore), mouse anti-FLAG (1:4,000; 
Sigma), and rabbit anti-BDNF (1:500; Santa Cruz). After washing, the mem-
branes were incubated with secondary antibodies (Amersham Biosciences, 
Piscataway, NJ) for 1 hour at room temperature, and the blots were finally 
developed with the ECL western-blotting detection reagents (Amersham 
Biosciences). For semi-quantitative analyses, the density of the immunoblot 
bands was measured with a Computer Imaging Device and accompanying 
software (Fuji Film, Tokyo, Japan).

Measurement of total choline and acetylcholine in the rat hippocampus. 
The quantitative levels for total choline and acetylcholine were measured by 
commercial colorimetric/fluorimetric kit according to the manufacturer’s 
instructions (Abcam, Cambridge, UK; Supplementary Figure S2 and S6). 
Briefly, the hippocampal tissues were prepared from the animals at 4 weeks 
after intrahippocampal injection of AAV-GFP or AAV-hRheb(S16H), and 
the tissues were homogenized and centrifuged. The supernatant was trans-
ferred to a fresh tube, and 50 μl of the each sample was mixed with 50 μl of 
reaction solution including choline assay buffer, choline probe, enzyme mix, 
and acetylcholinesterase. The standard curve, according to the colorimet-
ric procedure as indicated by manufacturer’s instructions, was obtained by 
diluting the choline standard. The measurement was obtained by SoftMax 
software (Molecular Devices, Sunnyvale, CA) at 570 nm.
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Counting of hippocampal CA1 neurons. As previously described,29 the 
number of CA1 neurons was counted in the rat hippocampus. Briefly, 
alternate sections were obtained at 3.3, 3.6, 4.16, and 4.3 mm posterior to 
the bregma, and two regions from each level (eight regions for each ani-
mal) were used to count cells in the CA1 region. The number of neurons 
within the CA1 layer was counted using a light microscope (Carl Zeiss) 
at a magnification of ×400 and expressed as the number of CA1 neurons 
per millimeter of linear length as described previously with some modi-
fications.45 To maintain consistency across animals, a rectangular box 
(1 × 0.05 mm) was centered over the CA1 cell layer beginning 1.5 mm 
lateral to the midline, and only neurons with normal visible nuclei were 
counted. For quantification of p-4E-BP1-positive neurons, cells with 
p-4E-BP1 immunoreactivity (brown color) in Nissl-positive cells, which 
have a size of over 10 μm, were counted. The number of neurons in the 
ipsilateral hippocampus was quantitatively expressed as a percentage com-
pared to the contralateral control.

Cell area analysis. The area of Nissl stained neurons in the CA1 of hip-
pocampus was determined by use of the DP2-BSW program (Olympus, 
Tokyo, Japan) on a computer attached to a light microscope (BX51; 
Olympus), interfaced with a charge-coupled device video camera (DP20-
5; Olympus). Alternate sections were obtained at 3.3, 3.6, 4.16, and 4.3 mm 
posterior to the bregma, and a rectangular box (0.2 × 0.2 mm) was centered 
over the CA1 cell layer in each section, and five neurons in each section 
were randomly selected to provide 20 neurons per rat brain. The mean area 
of neurons in the ipsilateral CA1 was expressed as a percentage compared 
to the contralateral control.

Hippocampal slice preparation. Rats were anesthetized with ether and 
decapitated. All animal experiments were performed according to the 
policies and guidelines of the Institutional University, Seoul, ROK, study 
protocol #KHUASP(SE)-13-002. The brains were removed at 4 weeks after 
the injection of AAV-hRheb(S16H) and placed in ice-cold artificial cere-
brospinal fluid (ACSF) that was composed of the following (in mmol/l): 
125 NaCl, 3 KCl, 1.2 KH2PO4, 1.2 MgSO4, 25 NaHCO3, 10 dextrose, and 2 
CaCl2 and bubbled with 95% O2–5% CO2. Transverse hippocampal slices 
(350 μm) were prepared with a vibrating microtome (VT-1000S; Leica 
Biosystems Nussloch, Nussloch, Germany) in ice-cold ACSF. Slices were 
then maintained in a recording chamber at room temperature for at least 
1 hour. All solutions were continuously bubbled with 95% O2 and 5% CO2.

LTP recording. Hippocampal slices were transferred to a recording cham-
ber and continuously perfused with ACSF (21–23 °C). The Schaffer col-
lateral/commissural-CA1 pyramidal neuron responses were induced 
by stimulation of the Schaffer collateral/commissural pathway with a 
concentric bipolar electrode (200 μm diameter; FHC, Bowdoin, ME). 
Extracellular recordings were obtained with a glass micropipette that was 
filled with 3 mol/l NaCl (2–3 MΩ). The recording electrode was placed 
along the trajectory of the Schaffer collateral/commissural pathway. The 
stimulus intensity was set to produce ~30% (150–200 μV) of the maximum 
field excitatory postsynaptic potential (fEPSP). CA1 LTP was induced by 
tetanic stimuli at 100 Hz for 1 second. Field EPSP amplitudes were aver-
aged over 10-second intervals and expressed as percentages of the mean 
fEPSP amplitude that was measured during the 30-minute baseline period 
perfused with ACSF, which was expressed as 100%.

Behavioral test for seizures. To examine whether the cellular morpho-
logic changes induced by hRheb(S16H) in the dentate granular neurons 
caused behavioral changes, such as seizures, the animals were recorded 
by video monitoring as previously described46 with some modifications. 
Rats were anesthetized with chloral hydrate (360 mg/kg; Sigma), and they 
received a unilateral intrahippocampal injection of kainic acid (0.2 μg in 4 
μl PBS; Sigma) using a 10 μl Hamilton syringe (30 S needle) attached to a 
syringe pump (KD Scientific) into the right CA1 of the hippocampus (AP: 
−3.8 mm; ML: −2.4 mm; DV: −3.0 mm, relative to the bregma). After the 

injection, the needle was left in place for an additional 5 minutes before 
being slowly retracted. Recordings of spontaneous seizures were started 
3 weeks after hRheb(S16H) or kainic acid treatment, and continued for 
4 days. The rats were monitored daily for 8 hours in order to evaluate 
the behavioral seizures. The seizure stage was determined as previously 
described47: stage 1, facial movement; stage 2, wet dog shake; stage 3, fore-
limb clonus; stage 4, rearing; stage 5, rearing and falling; and stage 6, jump-
ing. The number of seizures was counted in the rats showing recurrent 
seizures.

Statistical analysis. Differences between the two groups were analyzed by 
the Student’s t-test. Multiple comparisons between groups were performed 
by one-way analysis of variance and Student–Newman–Keuls analysis. 
All statistical analyses were performed using Sigma Stat Software (Systat 
Software, San Leandro, CA).

SUPPLEMENTARY MATERIAL
Figure S1. Nontransduction of hippocampal microglia and astro-
cytes by AAV-GFP or AAV-hRheb(S16H) in normal adult SD rats.
Figure S2. The levels of total choline (tCh) and acetylcholine (ACh) 
in the rat hippocampus.
Figure S3. Cytoarchitectural changes in the granule cell layers by 
hRheb(S16H) transduction and behavioral tests for seizures.
Figure S4. Effects of rapamycin on the hRheb(S16H)-increased 
mTORC1 activity.
Figure S5. Thrombin causes neuronal cell death in the hippocampus.
Figure S6. hRheb(S16H)-increased tCh and ACh are preserved in the 
thrombin-treated hippocampus.
Figure S7. Thrombin reduces mTORC1 activity in the hippocampal 
neurons.
Figure S8. Treatment with BDNF neutralizing antibodies (BDNF NA) 
has no neurotoxicity.
Figure S9. BDNF neutralization attenuates the hRheb(S16H)-
increased mTORC1 activity in the hippocampus.
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