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NEURAL REGENERATION RESEARCH 

PERSPECTIVE

Beneficial effects of 
AAV1-Rheb(S16H) administration in 
the adult hippocampus

Neurotrophic factors against neurodegenerative diseases such as 
Alzheimer’s disease (AD) and Parkinson’s disease (PD): A clear 
understanding of the etiology of neurodegenerative diseases, such 
as AD and PD remains elusive. Although there is still no therapy 
to prevent or block neurodegeneration, in vivo and in vitro experi-
mental results have shown that the direct administration of neuro-
trophic factors, such as brain-derived neurotrophic factor (BDNF) 
and ciliary neurotrophic factor (CNTF), and the induction of these 
neurotrophic factors via specific gene delivery may protect neurons 
against neurotoxicity in neurodegenerative disease models (Kim 
et al., 2012; Jeong et al., 2013, 2015). However, the application of 
neurotrophic factors to treat brain diseases is limited by the blood-
brain barrier preventing macromolecular therapeutic agents from 
entering the central nervous system. Additionally, intra-cerebro-
ventricular injection and intra-putaminal infusion of neurotrophic 
factors have led to limited penetration and distribution to the target 
brain areas (Peterson and Nutt, 2008; Nam et al., 2015). Neuro-
trophic factors that induce the sustained delivery of the appropriate 
amount to the target areas can be considered a potential therapeutic 
strategy for neurodegenerative diseases, such as AD and PD.

BDNF and CNTF in AD: BDNF, which is decreased in brains 
affected by AD, is a neurotrophin that mediates neuronal survival 
and differentiation, and its delivery has neuroprotective effects in 
animal models of AD (Arancibia et al., 2008; Nagahara et al., 2009; 
Jeon et al., 2015). CNTF, a neurotrophic cytokine belonging to the 
interleukin-6 family, is an important regulator of neuronal survival, 
neurogenesis, and neuronal plasticity in the central nervous system 
(Jeong et al., 2013; Jeon et al., 2019), and its delivery also alleviates 
cognitive impairments in models of AD in vivo and in vitro (Garcia 
et al., 2010; Wang et al., 2015).

The effects of these neurotrophic factors are mediated by spe-
cific receptors, such as tropomyosin receptor kinase B (TrkB) for 
BDNF (Jeon et al., 2015, 2019; Nam et al., 2015) and CNTF recep-
tor (CNTFR), which is composed of its ligand-specific α subunit 
(CNTFRα); leukemia inhibitory factor receptor β; and gp130 for 
CNTF (Jeong et al., 2013; Jeon et al., 2019). Additionally, TrkB and 
CNTFRα for BDNF and CNTF binding, respectively, are well-ex-
pressed in hippocampal neurons (Jeon et al., 2019), and the stimu-
lation of these receptors by treatment with neurotrophic factors ac-
tivates the protein kinase B (Akt)/mammalian target of rapamycin 
(mTOR) signaling pathway, resulting in the downstream activation 
of pro-survival pathways in neurons (Jeong et al., 2013; Jeon et al., 
2015, 2019; Nam et al., 2015). Interestingly, we have observed the 
presence of a neuroprotective system involving increases in reac-
tive astrocytes and neurotrophic signaling receptors, such as TrkB 
and CNTFRα, in the lesioned hippocampi of AD patients, which 
may contribute to the protection of hippocampal neurons against 
neurodegeneration (Jeon et al., 2019). However, the endogenous 
construction of a neuroprotective system may be insufficient for 
controlling neurodegeneration in AD because of insufficient bind-
ing of neurotrophic factors to stimulate hippocampal receptors.

Importance of ras homolog enriched in brain (Rheb)/mTOR 
complex 1 (mTORC1) signaling activation in hippocampi af-
fected by AD: Many investigators have reported that the activa-
tion of the Akt/mTOR signaling pathway enhances the activity of 
intracellular cell survival pathways under a variety of conditions, 
such as ischemic shock, oxidative stress, and the withdrawal of tro-
phic factors (Jeong et al., 2013; Jeon et al., 2015; Nam et al., 2015). 
mTOR kinase, which can play central roles in the integration of 
cell growth in response to various environmental conditions, ex-
ists in two complexes, mTORC1 and mTORC2 (Kim et al., 2012, 
2014). Among these two complexes, mTORC1 is well known as an 

important mediator of many effects of Akt, which can be activated 
by mTORC2 and act as an activator of mTORC1, on the increased 
activities of intracellular cell survival pathways that are induced by 
neurotrophic factors (Kim, 2014; Nam et al., 2015). 

The upstream regulator of the activation of mTORC1 is Rheb, 
which is a member of the small GTPase superfamily and encodes 
a lipid-anchored cell membrane protein with five repeats of the 
RAS-related GTP-binding region. Rheb can be activated by Akt and 
is involved in various cellular processes, such as protein synthesis, 
cell growth, proliferation, survival, and synaptic plasticity (Kim 
et al., 2012; Jeon et al., 2015; Nam et al., 2015). Rheb synthesis is 
upregulated, similarly to immediate early genes, after toxic insults 
or due to growth factors, such as epithelial growth factor or basic 
fibroblast growth factor (Kim, 2014; Nam et al., 2015). The effects 
of Rheb are mediated by tuberous sclerosis complex (TSC)1/TSC2, 
and GTP-bound active Rheb can stimulate mTORC1 activation, 
which enhances the activity of intracellular cell survival pathways 
(Kim et al., 2012; Jeon et al., 2015; Nam et al., 2015). Furthermore, 
the serine at position 16 of Rheb is sensitive to TSC GTPase activa-
tion, and Rheb(S16H), the constitutively active form of Rheb con-
taining a serine to histidine mutation at position 16, results in the 
persistence of GTP-bound Rheb in an activated state because of re-
sistance to TSC activation (Kim et al., 2012; Jeon et al., 2015; Nam 
et al., 2015), suggesting that Rheb(S16H) expression can strongly 
induce mTORC1 activation.

Although Rheb mRNA has been shown to be rapidly and tran-
siently induced in hippocampal granule cells by seizures and by 
N-methyl-aspartate-dependent synaptic activity in a long-term 
potentiation paradigm, recent findings have demonstrated that 
Rheb could be dysregulated in the brains of patients with AD (Jeon 
et al., 2015, 2019). Moreover, there was a report showing that Rheb 
upregulation could promote the degradation of β-site amyloid 
precursor protein-cleaving enzyme 1 in a model of AD; however, 
the effects of Rheb on the level of β-site amyloid precursor pro-
tein-cleaving enzyme 1 were mTORC1-independent (Shahani et al., 
2014). Recently, I and my colleagues reported that the activation of 
Rheb/mTORC1 signaling pathways by a delivery of Rheb(S16H) 
using adeno-associated virus 1 (AAV1), which could sustainably 
deliver the target protein to the specific brain areas through the 
stereotaxic brain surgery (Kim et al., 2012; Jeon et al., 2015; Nam 
et al., 2015), induced neurotrophic effects in the hippocampus, and 
protected hippocampal neurons against thrombin-induced neuro-
toxicity (Jeon et al., 2015, 2019). These observations suggest that the 
upregulation of active Rheb, which can induce mTORC1 activation, 
may be an important mechanism for the survival of hippocampal 
neurons in the adult brain.

Neuroprotective interactions between neurons and astrocytes 
in the AAV1-Rheb(S16H)-transduced hippocampus in vivo: 
Astrocytes, which are the most abundant cells in the brain, play an 
important role in homeostatic maintenance. Although excessive 
astrocyte activation may be involved in neurodegeneration through 
inflammatory responses in the adult brain, reactive astrocytes can 
also induce beneficial effects, such as increasing neuronal survival, 
growth, and activity through barrier function to restrict tissue dam-
age and neuroinflammation, as well as by producing neurotrophic 
factors, as demonstrated in animal models of neurodegenerative 
diseases (Jeon et al., 2019). Recently, in AAV1-Rheb(S16H)-treated 
rat hippocampi, we observed morphological changes in astrocytes 
with no significant change in the levels of pro-inflammatory cy-
tokines, which could induce neurodegeneration in the adult brain 
(Jeon et al., 2019), suggesting that astroglial activation following 
Rheb(S16H) transduction of hippocampal neurons might contrib-
ute to AAV1-Rheb(S16H)-induced neuroprotection.

The sustained activation of the Rheb/mTORC1 signaling path-
way in adult neurons can produce neurotrophic factors in the adult 
brain in vivo (Jeon et al., 2015; Nam et al., 2015). In a recent study, 
the induction of Rheb(S16H) in hippocampal neurons by AAV1 
transduction was shown to activate the mTORC1 signaling path-
way, resulting in the production of neuronal BDNF and astrocytic 
TrkB and CNTF as neuroprotective biomolecules against throm-
bin-induced neurotoxicity in the rat hippocampus, though the 
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transduction of Rheb(S16H) by AAV1 administration was limited 
within hippocampal neurons (Jeon et al., 2015, 2019). Moreover, 
we observed that the upregulation of astrocytic CNTF contributed 
to neuroprotection against thrombin-induced neurotoxicity in the 
hippocampus in vivo (Jeon et al., 2019), suggesting that the upreg-
ulation of BDNF induced by neuronal transduction with AAV1-
Rheb(S16H) could stimulate astroglial activation, supporting the 
neuroprotective effects through the production of astrocytic CNTF 
in the adult hippocampus. Additionally, neuronal BDNF pro-
duced by Rheb(S16H) transduction protects hippocampal neurons 
through the autocrine signaling pathway, indicating activation of 
neuronal TrkB in the hippocampus in vivo (Jeon et al., 2015, 2019).

In conclusion, our recent results suggest that viral transduc-
tion of hippocampal neurons, through methods such as AAV1-
Rheb(S16H) administration, can intensify the construction of a 
potential neuroprotective system, which was demonstrated in the 
hippocampus of a rat AD model, through functional interactions 
between neurons and astrocytes triggered by an increase in neuro-
nal BDNF. We also demonstrated that the intensified neuroprotec-
tive system following AAV1-Rheb(S16H) administration contrib-
utes to neuroprotection by both autocrine and paracrine signaling 
activation in the hippocampus (Figure 1). Additionally, the induc-
tion of Rheb might have contributed to a reduction of amyloid beta 
peptide generation (Shahani et al., 2014). Thus, although further 
studies are needed to identify the clinical relevance of the AAV-
Rheb(S16H) transduction approach for neurodegenerative diseases, 
the AAV1-Rheb(S16H) transduction approach may be considered a 
useful strategy for protecting hippocampal neurons in the lesioned 
brain, and its effects may be relevant to patients with AD.
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Figure 1 Schematic representation of the 
construction of a neuroprotective system 
following AAV-Rheb(S16H) administration. 
Rheb(S16H) transduction of hippocampal neurons 
using AAV1 can intensify the construction of a 
potential neuroprotective system, demonstrated in 
the hippocampus of a rat AD model, through func-
tional interactions between neurons and astrocytes 
triggered by an increase in neuronal BDNF, and 
that the intensified system contributes to neuropro-
tection by both autocrine and paracrine signaling 
activation in the hippocampus in vivo (Jeon et al., 
2019). AAV1: Adeno-associated virus 1; AD: Alz-
heimer’s disease; BDNF: brain-derived neurotroph-
ic factor; CNTF: ciliary neurotrophic factor; CNT-
FR: ciliary neurotrophic factor receptor; mTORC1: 
mammalian target of rapamycin complex 1; Rheb: 
ras homolog enriched in brain; TrkB: tropomyosin 
receptor kinase B. 


