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Spine morphogenesis and
synapse formation in tubular
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Tuberous sclerosis complex (TSC) is caused by mutations in the Tsc1 or Tsc2

genes, whose products form a complex and inactivate the small G-protein

Rheb1. The activation of Rheb1 may cause refractory epilepsy, intellectual

disability, and autism, which are the major neuropsychiatric manifestations

of TSC. Abnormalities in dendritic spines and altered synaptic structure are

hallmarks of epilepsy, intellectual disability, and autism. In addition, spine

dysmorphology and aberrant synapse formation are observed in TSC animal

models. Therefore, it is important to investigate the molecular mechanism

underlying the regulation of spine morphology and synapse formation in

neurons to identify therapeutic targets for TSC. In this review, we focus on

the representative proteins regulated by Rheb1 activity, mTORC1 and syntenin,

which are pivotal downstream factors of Rheb1 in the alteration of spine

formation and synapse function in TSC neurons.

KEYWORDS
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1 Introduction

Tuberous sclerosis complex (TSC) is a genetically inherited disorder. The estimated
incidence of TSC at birth is 1:6,000-10,000. TSC is characterized by the formation of a
benign tumor, called a hamartoma, in a wide range of tissues, including the brain, eyes,
skin, kidneys, heart, and lungs, resulting in a variety of symptoms and complications
(Gómez, 1995). Hamartoma in the brain correlates with the onset of refractory epilepsy
(Cusmai et al., 1990; Weiner et al., 2006), intellectual disability (Goodman et al., 1997),
and autism spectrum disorders (ASDs) (Doherty et al., 2005; Numis et al., 2011).
Heterozygous mutation in either the Tsc1 or Tsc2 gene induces these phenotypes;
therefore, these two genes are responsible for TSC (Consortium, 1993), and TSC is an
autosomal-dominant disorder.

The Tsc1 gene encodes hamartin. Mutations in Tsc1 are associated with an usually
milder clinical phenotype in patients (Cheadle et al., 2000; Henske et al., 2016); on the
other hand, Tsc2 mutation accounts for the majority of cases (∼70%) and is associated
with greater disease severity, such as earlier seizure onset, more cases of subependymal
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nodules, and a lower cognition index than Tsc1 mutation
(Cheadle et al., 2000; Henske et al., 2016). The Hamartin protein
contains a Tsc2 protein-binding coiled-coil domain, and the
Tsc2 protein, called tuberin, includes a hamartin interaction
domain and a GTPase-activating domain (Henske et al., 2016;
Peron et al., 2018). The interaction between hamartin/Tsc1
protein and tuberin/Tsc2 protein may stabilize the protein
complex (Benvenuto et al., 2000), and GTPase-activating activity
is the fundamental function of the Tsc1/Tsc2 complex. The loss
of its function causes severe defects in downstream signaling,
resulting in severe phenotypes.

Dendritic spines are the main sites of excitatory synapse
formation and exhibit a wide variety of shapes. Altered
dendritic spines can be observed in neurodevelopmental and
psychiatric disorders. The pathological alteration in spines
can be classified into two categories: abnormalities in spine
density and abnormalities in spine morphology. Pathologies
of the density include remarkable increases and decreases in
spine density, and pathologies of morphology include changes
in spine size and distorted spine shape. Human postmortem
and model animal studies have reported that a change in
spine density and aberrant thin spine shape were observed in
the neurons of genetic disorders associated with intellectual
disability, ASD, and refractory epilepsy, such as Fragile-X
syndrome (Irwin et al., 2001; Bagni and Greenough, 2005),
Angelman syndrome (Dindot et al., 2008; Kim et al., 2016),
and Rett syndrome (Zhou et al., 2006; Xu et al., 2014). In
addition, a pharmacological animal model of ASD and epilepsy
exhibited abnormal spine density and morphology (Wong
and Guo, 2013; Takuma et al., 2014). Pathological changes in
spines may result in abnormal synaptic plasticity and lead to
the symptoms of these disorders; however, signs of abnormal
synaptic plasticity in these diseases are highly variable, and
often opposite trends of spine alteration are observed. Although
the type of abnormalities in dendritic spines greatly differs in
various disorders, changes in spine number or morphology may
be the original insult that initiates symptoms, which are also
observed in TSC. Understanding the mechanism underlying
spine alteration may allow the identification of new foci for
therapeutic strategies. Here, we review the properties of Tsc1
and Tsc2 proteins in regulating dendritic spine morphogenesis
and synapse formation by summarizing the signaling pathways
that are altered in TSC.

2 Signaling pathways of the Tsc1/2
complex, proteins regulating
Tsc1/2 and proteins regulated by
Tsc1/2

As mentioned above, the Tsc1/2 complex acts as a GTPase-
activating protein (GAP). The target protein of Tsc1/2 GAP

activity is a small G-protein Rheb1 (Inoki et al., 2003),
and normal Tsc1/2 increases the GDP-bound form of Rheb1
(Figure 1A). A loss of function of Tsc1 or Tsc2 results in the
activation of Rheb1 (Pan et al., 2004). Rheb1 was originally
isolated as a protein upregulated by neuronal activity and named
as the Ras homolog enriched in the brain (Yamagata et al., 1994).
Further analyses have shown that Rheb1 protein is ubiquitously
expressed in a variety of tissues, despite its name. Before Rheb1
was isolated as a target protein of Tsc1/2, it was shown that the
Tsc1/2 protein inhibited the phosphorylation of ribosomal S6
kinase (S6K) and eukaryotic initiation factor 4E-binding protein
(4EBP1) (Goncharova et al., 2002; Inoki et al., 2002), suggesting
that Tsc1/2 mutation induces mammalian target of rapamycin
complex 1 (mTORC1) activation through the activation of
Rheb1 (Gao et al., 2002; Tee et al., 2002). As expected, mTORC1
is now accepted as a downstream target of Rheb1, and the
GTP-bound form of Rheb1 can activate mTORC1 (Figure 1B).
Because active mTORC1 causes cell proliferation and cell
growth, it is consistent that Tsc1/2 mutation results in the
formation of benign tumors in various organs.

Although active Rheb1 binds mTORC1 directly in living
cells (Heard et al., 2014), the mechanism whereby Rheb1
activates mTORC1 has not been fully determined. Possible
mechanisms underlying the Rheb1-mediated activation of
mTORC1 have been demonstrated in several studies. One of
the candidate mechanisms is the Rheb1-mediated inhibition of
FK506 binding protein 38 (FKBP38), an endogenous mTOR
inhibitor. Rheb1 directly interacts with FKBP38 in a GTP-
dependent manner. The Rheb1-FKBP38 interaction sequesters
FKBP38 and prevents the association between FKBP38 and
mTOR, activating mTORC1 (Bai et al., 2007). Another candidate
mechanism is phospholipase D 1 (PLD1)-mediated mTORC1
activation. PLD1 interacts with Rheb1, and the interaction
increases the activity of PLD1 to produce phosphatidic acid (PA)
(Heard et al., 2014). Because PA stabilizes mTOR and activates
mTORC1, Rheb1-mediated PLD1 activation accounts for the
mechanism of mTORC1 activation by Rheb1 (Figure 1B).

Recent studies have indicated that syntenin is another
target protein regulated by Rheb1 activity. Syntenin protein can
preferably interact with the GDP-bound form of Rheb1 (Sugiura
et al., 2015). The Rheb1-syntenin complex is rapidly degraded by
the proteasome. With normal Tsc1/2 activity, sufficient GTPase
activity of Rheb1 supports the syntenin-mediated degradation
of Rheb1, contributing to the downregulation of Rheb1 activity
by decreasing the amount of Rheb1 protein. In addition, when
Rheb1 is in a GTP-bound form, syntenin is easily dissociated
from Rheb1 and is unlikely to be degraded by the proteasome.
Therefore, the mutation of Tsc1/2 promotes an increase in
syntenin protein levels through the dissociation of syntenin and
active Rheb1 (Figure 1B; Sugiura et al., 2015). Syntenin is an
adaptor protein containing two PDZ domains and has been
shown to interact with a wide variety of proteins (Beekman and
Coffer, 2008; Shimada et al., 2019). In addition, a loss of function
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FIGURE 1

Signaling pathways regulated by Tsc1/2. (A) Growth factor signaling activates Akt through PI3K. Active Akt phosphorylates Tsc2, leading to the
inhibition of TSC1/2 GAP activity. Tsc1/2 act as GAP proteins of Rheb1. The GDP-bound form Rheb1 binds to syntenin and is degraded by
proteosomes. (B) Tsc1/2 loss of function results in an increase in GTP-form Rheb1 (active Rheb1). Active Rheb1 induces the activation of the
mTORC1 complex by sequestering FKBP38 and PLD1-mediated PA production. Active mTORC1 promotes protein synthesis and cell proliferation
(left). Reduction of GDP-form Rheb1 resulted in a dissociation of syntenin from Rheb1 and an increase in free syntenin. Syntenin interacts with
various types of PDZ domain-binding proteins, leading to cell proliferation and spine malformation (right).

of syntenin resulted in the impairment of cell division and cell
growth in a variety of cancer cell lines (Kashyap et al., 2015),
indicating that an increase in syntenin promotes cell division
and proliferation. These results are consistent with hamartoma
formation by Tsc1/2 mutation. Taken together, these results
indicated that the Tsc1/2 complex regulates the cell proliferation
signaling pathway governed by mTORC1 and syntenin through
the regulation of Rheb1 activity (Figure 1B).

As Tsc1/2 regulates cell proliferation and cell growth, it
is plausible that the activity of Tsc1/2 is regulated by growth
factor signaling. One of the representative factors that is
activated by growth factors, the PI3K (phosphatidylinositol-3
kinase)/Akt pathway, is involved in Tsc1/2 regulatory signaling.
Tsc2 protein is phosphorylated by Akt (Inoki et al., 2002;
Manning et al., 2002), and phosphorylation impairs the GAP
activity of the Tsc1/2 complex (Huang and Manning, 2008).
In addition, the overexpression of Tsc2 harboring alanine-
substitution mutations at putative phosphorylation sites by Akt
can predominantly block Akt-mediated activation of mTORC1
(Inoki et al., 2002; Cai et al., 2006). These results indicate that
Tsc2 phosphorylation by Akt causes a loss of GAP activity and an
increase in GTP-bound form of Rheb1 (Figure 1A), leading to
mTORC1 activation and the induction of cell proliferation and
cell growth.

Taken together, these results indicate that PI3K/Akt
signaling negatively regulates Tsc1/2 by phosphorylation, and
the Tsc1/2 complex inactivates Rheb1 protein. A loss of function
of Tsc1/2 causes mTORC1 activation and an increase in syntenin

through Rheb1 activation, promoting the cell proliferation
observed in hamartoma cells with TSC pathology.

3 mTORC1-mediated regulation of
spines and synapses in TSC
neurons

It is well known that mTORC1 is a pivotal protein complex
in the process of protein synthesis and cell proliferation
(Hara et al., 1998; Schmelzle and Hall, 2000; Battaglioni
et al., 2022). In brief, S6K and 4EBP1 are phosphorylated by
mTORC1. Phosphorylated S6K induces the transcription of
rDNA and promotes ribosome biosynthesis. Phosphorylation
of 4EBP1 releases its binding from eukaryotic translation
initiation factor 4E (eIF4E), enabling incorporation of eIF4E
into the transcription initiation complex to start cap-dependent
translation. Protein synthesis is highly involved in the regulation
of synaptic efficacy, such as long-term potentiation (LTP). In
particular, the long-lasting late phase of synaptic alteration
is a protein synthesis-dependent event (Bramham and Wells,
2007; Bramham, 2008). Therefore, the regulation of mTORC1
is believed to be a key regulator of spine and synapse function.

Several studies have investigated the effect of mTORC1
activity on spine density and morphology in TSC models.
The regulation of mTORC1 activity is believed to alter spine
morphogenesis, but controversial results have been shown.
Activating mTORC1 through the expression of constitutively
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active Akt (probably through Tsc1/2 inactivation) elongated
the dendritic spines and decreased the density of spines,
and inhibiting mTORC1 by rapamycin further reduced the
spine density in cultured hippocampal neurons (Kumar et al.,
2005). Other research indicated that activating mTORC1 by
Tsc1 knockout resulted in long and thick dendritic spines
and decreased the density of spines; however, pharmacological
inhibition of mTORC1 by rapamycin treatment led to long and
thin spines in mouse hippocampal organotypic slice culture
(Tavazoie et al., 2005). In addition, rapamycin treatment of
Tsc2 knockdown neurons further elongated the spines (Tavazoie
et al., 2005). Yasuda et al. showed that a Tsc2 heterozygous
mutation (Tsc2±) reduced the spine width and increased the
length of dendritic spines in cultured hippocampal neurons
(Yasuda et al., 2014). Rapamycin treatment further elongated
the spines in Tsc2± neurons, but surprisingly, rapamycin did
not change the spine morphology in control wild-type (WT)
neurons. The authors also showed that the knockdown of mTOR
further elongated the Tsc2± dendritic spines and slightly altered
WT spines (Yasuda et al., 2014). However, one paper showed
different results regarding the effect of Tsc2 loss. Nie et al.
(2015) indicated that the knockdown of Tsc2 by short hairpin
RNA (shRNA) resulted in shorter dendritic spines and reduced
spine density in cultured hippocampal neurons. Rapamycin
treatment normalized the spine length but did not change the
spine density. In this case, overnight treatment with rapamycin
was effective in normalizing spine morphology (Nie et al.,
2015), whereas prolonged rapamycin treatment (6 to 9 days)
was used in other papers (Kumar et al., 2005; Tavazoie et al.,
2005; Yasuda et al., 2014). Only the short duration of rapamycin
treatment may be helpful for normalizing mTORC1-mediated
spine dysmorphogenesis.

Taken together, these results, although controversial, show
various ways that the loss of function of the Tsc1/2 complex
causes elongated dendritic spine formation and decreased spine
density. Rapamycin treatment did not normalize the altered
spine morphogenesis, further elongated the spines, and reduced
the spine density (Figure 2A). Therefore, the loss of function
of Tsc1/2 surely alters dendritic spine morphology; however, it
is difficult to say that mTORC1 is a main regulatory protein
that alters spine formation in TSC neurons. Research on fragile
X syndrome model mice could explain the reason mTORC1
is not a pivotal regulator of spine morphogenesis. Fragile X
mental retardation protein (FMRP) and cytoplasmic FMRP
interacting protein 1 (CYFIP1) are involved in dendritic spine
maturation, and the function of FMRP and the CYFIP complex
can explain why rapamycin treatment did not normalize spine
dysmorphogenesis. CYFIP1 and FMRP form a complex and
interact with eIF4E protein (Napoli et al., 2008). The interaction
of these proteins results in an inhibition of protein translation
(Napoli et al., 2008). Synapse activation, such as brain-
derived neurotrophic factor (BDNF) stimulation, induces a
dissociation of CYFIP1 from eIF4E to promote protein synthesis

(Napoli et al., 2008), and dissociated CYFIP1 is incorporated
into a protein complex named the WAVE regulatory complex
(WRC) to facilitate F-actin remodeling (De Rubeis et al., 2013).
The interaction between CYFIP1 and WRC induces the mature
form of spine morphogenesis (De Rubeis et al., 2013; Figure 2C).
Knockdown of CYFIP1 impaired spine maturation and resulted
in elongated spines in cultured neuron dendrites (De Rubeis
et al., 2013). Interestingly, overexpression of CYFIP1 induced
the activation of mTORC1 and increased the number of mature
dendritic spines (Oguro-Ando et al., 2015) and rapamycin
treatment normalized the “overmaturation” of dendritic spines
(Oguro-Ando et al., 2015). These results suggest that spine
maturation requires both adequate F-actin remodeling and
sufficient protein synthesis (Figure 2C). CYFIP1 release from
eIF4E can fulfill both conditions, whereas mTORC1-mediated
4EBP1 release from eIF4E regulates only protein synthesis.
Rapamycin treatment could fail to cure the abnormal spine
morphology.

Synaptic functions of mTORC1 are also well studied in TSC
model neurons. In cultured mouse hippocampal neurons, Tsc1
knockout induced high frequency and spontaneous network
activity, and rapamycin treatment ameliorated the elevated
spike frequency (Figure 2B), indicating that hyperactivity in
TSC neurons is an mTORC1-dependent event (Bateup et al.,
2013). An acute slice study using excitatory neuron-specific
Tsc1 knockout mice showed reduced intrinsic excitability
but normal synaptically-driven excitability, and decreased
inhibitory synaptic currents in Tsc1 knockout mouse neurons.
As a result, an excitatory/inhibitory synaptic imbalance was
observed in Tsc1 knockout neurons, and rapamycin treatment
normalized the imbalance in mouse brain slices (Bateup
et al., 2013). Neurons differentiated from TSC patient-derived
induced pluripotent stem cells (iPSCs) exhibited altered
neuronal excitability. Both Tsc1- and Tsc2-deficient iPSC-
derived neurons showed increased firing rates compared with
Tsc1+/+ and Tsc2+/+ neurons (Nadadhur et al., 2019; Winden
et al., 2019; Alsaqati et al., 2020). Different iPSC cell line-
derived neurons showed similar results, indicating that a higher
rate of neuronal firing is the representative phenotype of the
cultured TSC neurons. In addition, some studies showed highly
synchronized bursts in TSC neurons (Nadadhur et al., 2019;
Winden et al., 2019), whereas one study showed that TSC
neurons exhibited lower synchronization of neuronal active
bursts (Alsaqati et al., 2020). Rapamycin treatment normalized
the higher firing rate and promoted greater synchrony of the
active burst (Nadadhur et al., 2019; Winden et al., 2019).
On the other hand, in one study, rapamycin treatment did
not have any effect on neuronal network behavior in TSC
neurons, but mTORC1 inactivation through pharmacological
activation of Unc-51-like autophagy activating kinase 1 (ULK1)
led to the recovery of neuronal synchronization (Alsaqati et al.,
2020). The differences in iPSC cell lines and differentiation
protocols may be due to the variety of phenotypes in active
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FIGURE 2

mTORC1-mediated spine and synapse regulation in TSC models. (A) Active mTORC1 may elongate dendritic spines and decrease spine density,
probably through the increased protein synthesis. In addition, rapamycin treatment could aggravate the spine dysmorphogenesis. (B) Active
mTORC1 alters synapse function and neural circuit excitability. Inhibition of mTORC1 by rapamycin and its derivative normalizes abnormal
neural excitability, indicating mTORC1-mediated protein synthesis is involved in adequate synapse formation and function. (C) Schematic model
of protein synthesis and spine morphogenesis. Active mTORC1 dissociates eIF4E from 4EBP1, and dissociated eIF4E promotes protein synthesis.
Dysregulation of protein synthesis may cause elongated spine formation. However, rapamycin experiments suggest that modulation of protein
synthesis alone does not provide the correct control of spine morphogenesis. CYFIP1 is another binding partner of eIF4E. Dissociation of eIF4E
from CYFIP1 also promotes protein synthesis. Furthermore, dissociated CYFIP1 is incorporated into WRC protein complex and regulates F-actin
remodeling, suggesting that CYFIP1-mediated protein synthesis control is associated with the F-actin remodeling changes. Therefore,
regulation of both protein synthesis and F-actin remodeling could be required for the normal spine formation and maturation. Because excess
amount of CYFIP1 activate mTORC1 signaling, CYFIP1 may be another regulator of mTORC1 activity.

burst synchrony and rapamycin sensitivity (Winden et al.,
2019; Alsaqati et al., 2020), or a relatively high concentration
of rapamycin is required for normalization of neuronal
activities. In addition, RT–qPCR analysis showed abnormal
gene expression of excitatory/inhibitory synapse formation
and function in TSC neurons. For example, glutamic acid
decarboxylases (GAD), postsynaptic gamma-amino butyric acid
(GABA) receptor subunits, the glutamate receptor (GluR)
genes, and the presynaptic vesicular glutamate transporter
(vGlut) were upregulated in TSC neurons, indicating that
excitatory/inhibitory synapse function is dysregulated (Alsaqati
et al., 2020). Furthermore, CD44 and sushi repeat protein
X-linked 2 (SRPX2) showed increased expression (Winden
et al., 2019). Because these gene products are involved in the
promotion of synapse formation (Sia et al., 2013; Roszkowska
et al., 2016), it is suggested that loss of Tsc2 function could

promote synaptogenesis and induce hyperexcitability. Another
study using human iPSC-derived neurons suggested that an
increase in ion channel protein leads to neuronal excitability
and synchrony. CRISPR/Cas9-mediated homogenous Tsc2
knockout in neurons (Tsc2−/−) resulted in highly synchronized
Ca2+ spikes and rapamycin treatment changed Ca2+ dynamics
from synchronous to sporadic patterns (Hisatsune et al., 2021).
The altered Ca2+ dynamics in Tsc2 knockout neurons are
caused by an increase in one of the L-type voltage-gated
calcium channel proteins, Cav 1.3, and the increase in Cav 1.3
is an active-Rheb1-dependent event in iPSC-derived neurons,
indicating that mTORC1 is involved in changes in Ca2+

dynamics in TSC neurons (Hisatsune et al., 2021).
A further additional clue explaining how mTORC1 regulates

synaptic function in vivo was found in a study in rats. A recent
study revealed that synapse input induced an accumulation of
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eIF4E in the spine head. After the tone-shock fear conditioning
test, accumulation of eIF4E protein was observed in the spine
heads of the rat brain (Gindina et al., 2021). There were
more eIF4E-accumulated spines in the brains of trained rats
at both the smaller (0.05–0.1 µm2) and larger (> 0.2 µm2)
spine head areas of the range (Gindina et al., 2021). Other
translation initiation factors (eIF4G1 and eIF2α) were also
observed in spine heads of trained rat brains, suggesting that
protein translation initiation can occur in dendritic spines
after synapse inputs. Because eIF4E protein levels were not
altered in TSC patient-derived neural progenitor cells (Martin
et al., 2020), mTORC1 activation might increase free eIF4E.
Therefore, synapse inputs may induce the translocation of
active-mTORC1-dependent free eIF4E into spine heads and
increase protein synthesis there, leading to a change in synapse
excitability. In summary, mTORC1 activation seems to be
involved in the alteration of synapse function in TSC neurons,
probably through the increase in the synthesis of synaptic
proteins, such as transporters, receptors of neurotransmitters,
and ion channels. Rapamycin treatment normalized the
impaired synapse functions by balancing the amount of synapse
proteins (Figure 2B).

4 Syntenin-mediated regulation of
spines and synapses in TSC
neurons

Syntenin was originally isolated as a binding protein of
syndecan-2, a postsynaptic protein (Grootjans et al., 1997).
Because syntenin contains two PDZ domains and PDZ domains
bind to the C-terminus of the partner protein, syntenin works
as an adaptor protein. Subsequent studies have shown that
syntenin has a variety of interacting partner proteins (Beekman
and Coffer, 2008; Shimada et al., 2019). In its role as a
multifunctional adaptor protein, syntenin has been implicated
in neural cellular events, including developmental regulation
of neuronal membrane architecture (Hirbec et al., 2005; Ro
et al., 2010), synapse formation (Sugiura et al., 2015), and axonal
elongation (Tomoda et al., 2004).

Because syntenin is degraded by interacting with GDP-
form Rheb1, Rheb1 activation through the loss of function
of Tsc1/2 resulted in an increase in syntenin (Sugiura et al.,
2015). Consistent with the elongated dendritic spines in
cultured Tsc2± neurons, the overexpression of syntenin in
cultured neurons resulted in the formation of longer spines,
whereas syntenin knockdown and syntenin knockout in Tsc2±

neurons normalized the alterations in spine morphology. In
addition, the overexpression of the Rheb1 mutant, which
preferably has a GDP-bound form and strongly interacts with
syntenin, also restored the abnormal spine formation in Tsc2±

neurons (Sugiura et al., 2015). Interestingly, syntenin-mediated
elongated spines were normalized by the overexpression of

calcium/calmodulin-dependent serine protein kinase (CASK),
another syndecan-2 interacting protein. This result indicates
that syntenin competes with CASK for syndecan-2. In another
experiment, syntenin knockdown in WT neurons also resulted
in the formation of elongated spines, suggesting that the balance
of the protein amount between syntenin and CASK is important
for normal spine morphogenesis (Sugiura et al., 2015). As
CASK is known to associate with F-actin via its binding
protein to protein 4.1 to promote F-actin remodeling (Biederer
and Sudhof, 2001) and may mediate spine morphogenesis
through syndecan-2, an increase in syntenin could dissociate
CASK from syndecan-2, resulting in elongated spine formation
(Figure 3). Furthermore, CASK is the gene responsible for
Ohtahara syndrome, one of the most severe and earliest
forms of epilepsy (Saitsu et al., 2012), and mutation in CASK
resulted in a synapse dysfunction and induced epileptic episodes
(Hsueh, 2009; Giacomini et al., 2021). The findings from
another study indicated that the interaction between syntenin
and syndecan-2 is necessary for the return of syndecan-2 to
the plasma membrane from intracellular membrane structures
(Zimmermann et al., 2005), and the overexpression of mutant
syndecan-2, which cannot interact with syntenin, induces
elongated spines (Ethell and Yamaguchi, 1999), indicating
that postsynaptic localization of syndecan-2 via syntenin is
important for the maturation of dendritic spines.

Syntenin regulates synapse formation by interacting with
ephrin-B family proteins. The overexpression of syntenin and

FIGURE 3

Syntenin-mediated spine and synapse regulation in TSC models.
Loss of function of Tsc1/2 results in an increase in syntenin.
Increased syntenin interacts with ephrin-B proteins, altering
synapse function and synapse location. Syntenin binds to the
CAR protein and regulates the mGluR compartment in the
postsynaptic membrane, which may control synapse function.
Syntenin competes with CASK for binding to Syndecan-2,
indicating that increased syntenin dissociate CASK from
Syndecan-2. Free CASK associate with F-actin and promote
F-actin remodeling, resulted in a spine malformation. Therefore,
the syntenin-Syndecan-2 interaction leads to elongated
dendritic spines.
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ephrin-B3 increased the number of spines and synapses formed
on spines (Xu et al., 2011). The deletion of the syntenin
PDZ domain abolished these changes, indicating that the
interaction between ephrin-B3 and syntenin is required for
spine formation. The knockdown of ephrin-B3 inTsc2± neurons
normalized spine shape and synapse formation (Sugiura et al.,
2015). In addition, the overexpression of syntenin and ephrin-
B1 or ephrin-B2 also increased the number of synapses
(McClelland et al., 2009). This synapse number regulation
is dependent on ephrin-B/Eph-B signal transduction. The
interaction between syntenin and ephrin-Bs induces reverse
signal transduction to presynaptic EphBs and promotes synapse
formation (McClelland et al., 2009).

Because syntenin interacts with a variety of glutamate
receptors (Hirbec et al., 2002, 2003; Enz and Croci, 2003), it
is plausible that syntenin regulates synaptic function through
the glutamate permeability of the postsynaptic membrane.
Although the precise function of syntenin in regulating the
activity and location of glutamate receptors is still to be
elucidated, the identified syntenin functions support the idea
that syntenin can target the interacting partners to subcellular
locations, such as synapses, and regulate synaptic integrity by
changing membrane architecture. A recent study showed the
possible mechanism of syntenin-mediated glutamate receptor
control. A cell adhesion protein, Coxsackievirus and adenovirus
receptor (CAR), interacts with syntenin, and this interaction
may induce the compartmentalization of the synapse by
restricting the mobility of postsynaptic proteins such as
glutamate receptors (Wrackmeyer et al., 2019). The increase in
syntenin may cause an imbalance in CAR/syntenin interactions,
resulting in changes in postsynaptic compartment and the
permeability of glutamate to postsynaptic membranes.

5 Behavioral effects caused by
mTORC1 or syntenin activation in
TSC model animals

The representative neuropsychiatric disorders in TSC are
refractory epilepsy, ASD, and intellectual disability. In addition,
various symptoms are observed in TSC patients, including
anxiety, depression, hyperactivity, aggression, sleep problems,
etc., which are called “TSC-associated neuropsychiatric
disorders (TANDs)” with meaningful criteria (Curatolo et al.,
2015; Vanclooster et al., 2022). The precise mechanisms
underlying the pathogenesis of these disorders are still elusive,
but animal model studies have focused on the signaling
cascade causing behavioral abnormalities that mimic TANDs
and investigate possible pharmacological targets to improve
symptoms. Heterozygous knockout of Tsc1 or Tsc2 (Tsc1±

or Tsc2±) in mice induced cognitive deficits and impaired
memory, as shown by the results of the Morris water maze test
and contextual fear discrimination test (Goorden et al., 2007;
Ehninger et al., 2008). These learning deficits may well mimic

the intellectual disability observed in many patients with TSC.
For a model study of ASD, social behaviors were investigated
in Tsc1± and Tsc2± mice, and mutant mice showed less social
interaction with the other mice (Goorden et al., 2007; Sato et al.,
2012). In addition, transgenic mice expressing the dominant-
negative form of Tsc2 also showed less interaction time with the
other mice (Chévere-Torres et al., 2012), indicating that the loss
of function of Tsc1/2 imitates ASD symptoms in TSC patients.
Other TAND symptoms were observed in TSC model mice.
Elevated plus maze test and open field test results indicated
that Tsc2 dominant-negative mice showed high anxiety and
depressive mood (Ehninger and Silva, 2011). Several studies
have shown that rapamycin treatment reversed learning deficits
(Ehninger et al., 2008; Sato et al., 2012), indicating that the
mTORC1 activation induced by a loss of Tsc1/2 function can
be involved in model mouse TANDs. Based on the results of
cellular analysis, synaptic excitability alteration by mTORC1
activation could cause abnormal neural function, leading to
abnormal behavior. Rapamycin treatment alleviated cognitive
deficits in Alzheimer’s disease model mice (Lin et al., 2017;
Wang et al., 2021) and in autophagy-hyperactivated mice (Liu
et al., 2017; Wang et al., 2019). Therefore, it is suggested that
rapamycin ameliorates symptoms in TSC mice by regulating
synapse function than by regulating spine morphogenesis.
However, recent studies indicated controversial effects of
rapamycin on behavioral abnormalities observed in mice.
In fragile-X syndrome model mice, mTORC1 activation
was observed and rapamycin was expected to normalize the
abnormal behavioral phenotype of the mice. Nevertheless,
rapamycin treatment had negative effects on behaviors,
increasing hyperactivity and anxiety-like mood and impairing
social interactions, and did not lead to the recovery of cognitive
defects (Saré et al., 2017). Therefore, further analysis will be
required to understand the relationships between mTORC1
activation and behavioral abnormalities in mouse models.
Controversial results were also reported in rapamycin treatment
on TANDs in TSC patients. Clinical trial reports showed
that everolimus, a derivative of rapamycin, did not improve
cognitive functioning, autism, or neuropsychological deficits in
children with TSC (Krueger et al., 2017; Overwater et al., 2019),
indicating that the effects of rapamycin observed in mice model
were not quite reproduced in TSC patients. Taken together,
more elucidation of the mTORC1-mediated development
of neuropsychiatric symptoms in TSC is needed, and the
detailed downstream factors or precise molecular and cellular
mechanisms remain to be revealed.

Pharmacological inhibitors of syntenin have recently been
reported (Leblanc et al., 2020; Haugaard-Kedström et al., 2021;
Pradhan et al., 2021), but they are not widely used for functional
analyses of syntenin. Therefore, knockdown or knockout
animals have been used to analyze the effects of syntenin
on learning deficits. The knockdown of syntenin through
intracerebroventricular injection of siRNA against syntenin
recovered learning deficits in the contextual fear discrimination
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test in Tsc2± rats (Eker rats) (Shimada et al., 2019), whereas
control scrambled siRNA injection did not ameliorate impaired
memory. Interestingly, the knockdown of syntenin in WT rats
induced learning disability. This finding is consistent with
previous findings that the balance of the protein levels of
syntenin and CASK is important in spine morphogenesis and
synapse formation. In another study, syntenin knockout mice
failed to exhibit fear extinction in the cued fear conditioning
test and showed abnormal c-Fos expression in amygdalae after
the fear experience (Talukdar et al., 2018). These results are
consistent with previous findings that an adequate decrease
in syntenin protein can reverse the effect of Tsc1/2 loss on
spine morphogenesis and synapse formation and that an excess
decrease in syntenin induces spine dysmorphogenesis and
synaptic abnormalities. After many repetitive studies are carried
out on pharmacological syntenin inhibition, the effects of
pharmacological syntenin regulation on TSC neurons and TSC
animals should be carefully examined in terms of behavioral and
histological abnormalities.

Epilepsy is one of the major neuropsychiatric disorders
of TSC. Originally, heterozygous Tsc1 or Tsc2 knockout
(Tsc1± or Tsc2±) mice showed no seizure episodes (Onda
et al., 1999; Kobayashi et al., 2001), and only one report
showed that approximately half of Tsc1± mice showed
spontaneously transient characteristics of epilepsy (Gataullina
et al., 2016). On the other hand, in various cell-specific models,
such as Nestin-Cre-mediated neural progenitors, Dlx5/6-
Cre-mediated GABAergic neurons, and Emx1-Cre-mediated
embryonic neuroepithelial cells, Tsc1 homozygous knockout
induced severe and chronic seizures in mice (Goto et al.,
2011; Magri et al., 2011; Fu et al., 2012), and rapamycin
treatment extended the survival of the mice and abolished
epileptic episodes (Goto et al., 2011; Magri et al., 2011).
Moreover, inducible CamkII-Cre/ERT2-mediated excitatory
neuron-specific Tsc1 knockout in adult mice resulted in
seizures, and rapamycin acted as an antiepileptic drug (Koene
et al., 2019). In addition, the results of clinical trials using
everolimus support the idea that rapamycin-mediated mTORC1
inhibition could be effective for the treatment of refractory
epilepsy in TSC patients (Saffari et al., 2019; Stockinger
et al., 2021). In conclusion, mTORC1 signaling may well be
involved in a mechanism inducing epilepsy, whereas syntenin-
mediated signaling may be involved in a mechanism for ASD
and intellectual disability. Further analysis will reveal the
detailed molecular signaling involved in these neuropsychiatric
disorders.

6 Effect of glia-neuron crosstalk

The different types of glial cells support the function of
neurons through their individual roles. Astrocytes provide
nutrition to neurons; supply neurons with glutamine, the

precursor required for glutamate synthesis; and regulate the
homeostasis of Na+, K+, etc. (Felix et al., 2020; Kruyer et al.,
2022). Microglia participate in synaptic pruning (Paolicelli et al.,
2011; Zhan et al., 2014) and synapse formation (Parkhurst
et al., 2013) in brain development and regulate synapse
dynamics during postnatal stages (Weinhard et al., 2018).
Oligodendrocytes accelerate the neural transduction rate and
may regulate dendritic spine number and dynamics (Zemmar
et al., 2018). In TSC patients, subependymal nodules (SENs) and
subependymal giant-cell astrocytomas (SEGAs) are observed
as histopathological abnormalities (Kingswood et al., 2017;
Hasbani and Crino, 2018). SEGAs contain variable amounts
of glial fibrillary acidic protein (GFAP) (Lopes et al., 1996)
and GFAP-positive cells (Phi et al., 2008), so-called giant cells.
Cortical tubers are also neuropathological hallmarks of TSC
patients. Cortical tubers include increased expression of GFAP,
vimentin, and S100β, marker proteins of astrocyte, as well as
higher numbers of astrocytes. The astrocytes in cortical tubers
often present reactive phenotypes compared to the perituberal
area and control brain tissue (Richardson, 1991; Talos et al.,
2008). Therefore, it is likely that the glial cells harboring Tsc1/2
mutations aggravate synaptic dysfunction and impede normal
dendritic spine formation.

There has been no evidence that astrocyte-specific Tsc1/2
mutations directly regulate synaptic function. However, a
variety of studies using GFAP-Cre-mediated astrocyte-specific
Tsc1 or Tsc2 knockout mice have indicated that the loss of
function of Tsc1/2 indirectly regulates synaptic function through
the regulation of the extracellular concentration of glutamate
and potassium (Wong et al., 2003; Jansen et al., 2005; Zeng et al.,
2007). Extracellular glutamate and potassium control the firing
potentiation of postsynaptic neurons. Interestingly, GFAP-Cre-
mediated astrocyte-specific Tsc1 homogenous knockout mice
exhibited epileptic seizures (Uhlmann et al., 2002; Wong et al.,
2003), suggesting that the dysregulation of glutamate and
potassium transporters in Tsc1 knockout astrocytes increased
the excitability of the neurons and decreased the seizure
threshold to induce epilepsy. In addition, behavioral analysis
showed that astrocyte-specific Tsc1 knockout mice exhibited
cognitive deficits in spatial learning (Zeng et al., 2007). Taken
together, these results show that Tsc1/2 function in astrocytes to
control the neuronal excitability by regulating the environment
of synapses. Neuronal excitability alteration results in the
induction of epilepsy and cognitive deficits. These inferences
further suggest that impaired astrocyte function is well involved
in neuropsychiatric symptoms in TSC patients.

Pathological studies have shown that active microglia are
observed within tubers from TSC patients (Boer et al., 2008a,b).
Active microglia are one of the hallmarks of brain inflammation.
Thus, microglial activation may be a secondary effect of epileptic
seizures. However, it is difficult to determine whether microglial
activation is a primary pathophysiological mechanism inducing
epilepsy or is simply a secondary effect to seizures. Recent
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studies using CX3CR1-Cre-mediated microglia-specific Tsc1
knockout mice investigated the function of Tsc1/2 in microglia.
Knockout mice demonstrated evidence of microglial activation,
observed as increased cell size and an increased number of
microglia in Iba1 immunohistochemical analyses (Zhang et al.,
2018; Zhao et al., 2018). The mice had severe epilepsy and
decreased survival. All the mice died by 13 weeks in one report
(Zhang et al., 2018) and by 5 weeks in another report (Zhao et al.,
2018). Rapamycin treatment almost completely suppressed the
development of seizures and prolonged the survival of the
mice, but once rapamycin administration was stopped, seizures
subsequently recurred, and all mice died (Zhang et al., 2018).
These results suggest that Tsc1/2 loss of function in microglia
regulates neuronal excitability through microglial mTORC1
activation. In addition, the number of excitatory and inhibitory
synapse marker spots in the hippocampus was decreased in
knockout mice, indicating that synapse formation was affected
by the function of Tsc1/2-mutated microglia (Zhao et al., 2018).
Although a neurocognitive or behavioral phenotype has not
been reported, the epileptic phenotype supports that Tsc1/2 in
microglia can regulate synapse functions.

White matter abnormalities have emerged as an important
and distinctive mechanism for brain dysfunction in TSC
patients, indicating that the loss of function of Tsc1/2 in
oligodendrocytes is involved in the histological pathogenesis
of TSC. Hypomyelination and a decrease in oligodendrocyte
number were observed in and around cortical tuber specimens
(Scholl et al., 2017). In addition, animal studies using
Olig2-Cre-mediated oligodendrocyte-specific Tsc2 knockout
mice showed hypomyelination and decreased oligodendrocyte
numbers in the cortex and white matter tract (Carson et al.,
2015). Conditional knockout mice did not exhibit an anxiety
phenotype or communication deficits, but cognitive deficits
were not investigated (Carson et al., 2015). Several studies on
schizophrenia, brain injuries, and hypoxia have suggested that
hypomyelination may be involved in learning disability (Xiao
et al., 2016; Min et al., 2017; Maas et al., 2021). It is still unknown
whether the loss of function of Tsc1/2 in oligodendrocytes is
involved in synaptic regulation and spine morphogenesis.

Overall, the glial dysfunction induced by Tsc1/2 loss
led mainly to synaptic abnormalities, especially increased
excitability. Glial cells have important roles in neuropsychiatric
symptoms in TSC. However, the precise mechanism regulating
synapse function has not been fully revealed, and the effect
of Tsc1/2-mutated glia on spine morphogenesis is not known.
Further analyses are required to understand the function of
Tsc1/2 in glial cells to regulate neuronal function, synapse
control and spine morphogenesis.

7 Conclusion and future direction

The various studies on TSC have revealed precise molecular
mechanisms of Tsc1 and Tsc2 proteins. Mainly signaling

pathways regulating Tsc1/2 and those regulated by Tsc1/2
were well clarified. Additionally, the cellular mechanisms of
benign tumor formation have been well elucidated. Mutations
in Tsc1 and Tsc2 resulted in a loss of function of the
Tsc1/2 complex and the activation of Rheb1, enhancing the
activity of the mTORC1 complex. mTORC1 activity highly
promoted cell proliferation and affected synapse function and
neural excitability. Rapamycin normalized these abnormalities
by inhibiting mTORC1. Therefore, the rapamycin derivative
everolimus has been used as a therapeutic drug for SEGA
formation, renal angiomyolipoma, and refractory seizures
(Ruiz-Falcó Rojas et al., 2022).

The cellular mechanisms related to neuropsychiatric
disorders and other TANDs in TSC patients are not well
understood and remain to be elucidated. Rheb1-mediated
increased syntenin level altered spine morphogenesis and
synapse formation. Behavioral tests using syntenin knockout
mice indicated that an excess increase in syntenin protein may
lead to intellectual disability in animals. Therefore, syntenin is
a promising therapeutic target for treating TSC symptoms. For
a better understanding of syntenin in the neural function of
TSC, further analysis is needed to determine whether increased
syntenin is involved in inducing other TANDs in model animals,
and thereafter, pharmacological inhibition of syntenin could
normalize the cellular and behavioral defects of the animals.

Recently, a new perspective was proposed to regulate Rheb1
activity for the pharmacological treatment of TSC. Because
Rheb1 is modified with farnesyl residues during activation and
farnesylation is a necessary step for Rheb1 activity, inhibiting
farnesylation by farnesyl transferase inhibitors (FTIs) could
suppress active Rheb1-mediated neuropsychiatric disorders in
TSC. The administration of lonafarnib, one of the FTIs,
normalized spine dysmorphogenesis and abnormal synapse
formation in Tsc2± neurons and ameliorated learning deficits
in Tsc2± mice (Sugiura et al., 2022). Because Rheb1 signaling
governs both the mTORC1 and syntenin signaling pathways,
direct regulation of Rheb1 activity will be a way to develop
therapeutic methods based on approaches other than the
regulation of mTORC1 and syntenin. The combination of
these therapeutic approaches will help clinical studies establish
treatment plans.

In addition, research on glia-neural crosstalk in TSCs
has just begun. Astrocyte-specific Tsc1 knockout mice showed
severe seizures, but the phenotype of the other glia-specific
Tsc1/2 knockout mice has rarely been investigated. To elucidate
how glia-neuron crosstalk is involved in TSC symptoms, it
is necessary to analyze the effect of Tsc1/2 gene-deleted glia
on neurons, especially spine formation, synapse function, and
neural excitability. Furthermore, in vivo analysis should be
carried out to clarify how glial defects caused by Tsc1/2 mutation
induce behavioral defects in model mice.

One of the large mysteries of the relationship between
TSC model animals and TSC patients is the use of different
gene dosages to promote pathogenesis. It is believed that
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heterozygous mutation of Tsc1 or Tsc2 results in the onset
of TSC in humans; however, heterozygous knockout of Tsc1
or Tsc2 did not cause hamartoma formation or epilepsy in
a mouse model. In Tsc2± mice, spine dysmorphogenesis and
synapse abnormalities were observed, and the mice showed
cognitive deficits (Ehninger et al., 2008; Sugiura et al., 2015).
Although spine morphology is not reported in postmortem
analyses of TSC patients, spine dysmorphology is one of
the hallmarks of neuropsychiatric symptoms. To explain the
difference, one possibility is that the mechanisms connecting
cellular abnormalities and pathological conditions may be
different between mice and humans. Another possibility is
the so-called “Knudson’s two-hit hypothesis” (Knudson, 1971).
Spontaneous somatic mutation results in a loss of heterozygosity
(homozygous knockout) and promotes tumor formation. Renal
carcinomas can be induced by chemical mutation in Tsc2± rats
(Kobayashi et al., 1997). Hopefully, studies using mouse and
human iPSC-derived organoids will help to clarify the detailed
difference between mice and humans for a better understanding
of TSC pathogenesis.

Another mystery is that the efficacy of rapamycin in
humans is different from that in mice. Most pathogenic
behavioral phenotypes observed in Tsc1/2 mutant mice were
normalized by rapamycin administration, but the effect
of rapamycin on TSC patients was limited. Everolimus
is still applied in the treatment of only a few symptoms
of TSC, even benign tumor formations. Although it has
often occurred that therapeutic drugs that are effective
in animal models of disease fail to achieve the goals of
clinical trials, the gene dosage anomaly may be one of
the reasons for rapamycin ineffectiveness in human TSC
patients. To establish better therapeutic methods, further
analysis, such as detailed molecular signaling covering
neuronal dysfunctions, the mechanisms connecting cellular and
histological abnormalities to behavioral defects, and intercellular
communications related to physiological pathogenesis,
are needed.

Many studies have already found a wide variety of
molecular functions of Tsc1/2; however, these findings are
just the beginning in understanding the pathogenesis of the
neuropsychiatric symptoms of TSC. Future elucidation of the
histological and physiological function of Tsc1/2 will help to
establish better pharmacological therapy for TSC patients.

Author contributions

TS and KY developed the concept and designed the initial
manuscript. TS wrote the manuscript and produced the figures.
KY supervised the manuscript writing and editing. Both authors
contributed to the article and approved the submitted version.

Funding

This work was supported in part by JSPS KAKENHI
Grants-in-Aid for Scientific Research JP25293239, JP18H02536,
and 22K07949 (KY), and 22K06493 (TS). AMED grant no.
JP18ek0109311/19ek0109311h0002/20ek0109311h0003 (KY),
the SENSHIN Medical Research Foundation, the Japan Epilepsy
Research Foundation, and the Tokumori Yasumoto Memorial
Trust for Research on Tuberous Sclerosis Complex and Related
Rare Neurological Diseases (KY).

Acknowledgments

We would like to thank the institutions and funding
agencies for their support. In addition, we would also
like to thank Hiroshi Sakuma for advice about manuscript
writing and editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

Alsaqati, M., Heine, V., and Harwood, A. (2020). Pharmacological intervention
to restore connectivity deficits of neuronal networks derived from ASD patient
iPSC with a TSC2 mutation. Mol. Autism 11:80. doi: 10.1186/s13229-020-
00391-w

Bagni, C., and Greenough, W. (2005). From mRNP trafficking to spine
dysmorphogenesis: The roots of fragile X syndrome. Nat. Rev. Neurosci. 6, 376–
387. doi: 10.1038/nrn1667

Bai, X., Ma, D., Liu, A., Shen, X., Wang, Q. J., Liu, Y., et al. (2007). Rheb activates
mTOR by antagonizing its endogenous inhibitor, FKBP38. Science 318, 977–980.
doi: 10.1126/science.1147379

Bateup, H., Johnson, C., Denefrio, C., Saulnier, J. L., Kornacker, K., and Sabatini,
B. L. (2013). Excitatory/inhibitory synaptic imbalance leads to hippocampal
hyperexcitability in mouse models of tuberous sclerosis. Neuron 78, 510–522.
doi: 10.1016/j.neuron.2013.03.017

Frontiers in Molecular Neuroscience 10 frontiersin.org

https://doi.org/10.3389/fnmol.2022.1019343
https://doi.org/10.1186/s13229-020-00391-w
https://doi.org/10.1186/s13229-020-00391-w
https://doi.org/10.1038/nrn1667
https://doi.org/10.1126/science.1147379
https://doi.org/10.1016/j.neuron.2013.03.017
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-15-1019343 December 14, 2022 Time: 15:24 # 11

Shimada and Yamagata 10.3389/fnmol.2022.1019343

Battaglioni, S., Benjamin, D., Wälchli, M., Maier, T., and Hall, M. N. (2022).
mTOR substrate phosphorylation in growth control. Cell 185, 1814–1836. doi:
10.1016/j.cell.2022.04.013

Beekman, J., and Coffer, P. (2008). The ins and outs of syntenin, a
multifunctional intracellular adaptor protein. J. Cell Sci. 121(Pt 9), 1349–1355.
doi: 10.1242/jcs.026401

Benvenuto, G., Li, S., Brown, S., Vass, W. C., Cheadle, J. P., Halley, D. J., et al.
(2000). The tuberous sclerosis-1 (TSC1) gene product hamartin suppresses cell
growth and augments the expression of the TSC2 product tuberin by inhibiting its
ubiquitination. Oncogene 19, 6306–6316. doi: 10.1038/sj.onc.1204009

Biederer, T., and Sudhof, T. C. (2001). CASK and protein 4.1 support F-actin
nucleation on neurexins. J. Biol. Chem. 276, 47869–47876. doi: 10.1074/jbc.
M105287200

Boer, K., Jansen, F., Nellist, M., Redeker, S., van den Ouweland, A. M., Spliet,
W. G., et al. (2008a). Inflammatory processes in cortical tubers and subependymal
giant cell tumors of tuberous sclerosis complex. Epilepsy Res. 78, 7–21. doi:
10.1016/j.eplepsyres.2007.10.002

Boer, K., Troost, D., Jansen, F., Nellist, M., van den Ouweland, A. M., Geurts,
J. J., et al. (2008b). Clinicopathological and immunohistochemical findings in an
autopsy case of tuberous sclerosis complex. Neuropathology 28, 577–590. doi:
10.1111/j.1440-1789.2008.00920.x

Bramham, C. (2008). Local protein synthesis, actin dynamics, and LTP
consolidation. Curr. Opin. Neurobiol. 18, 524–531. doi: 10.1016/j.conb.2008.09.
013

Bramham, C., and Wells, D. (2007). Dendritic mRNA: Transport, translation
and function. Nat. Rev. Neurosci. 8, 776–789. doi: 10.1038/nrn2150

Cai, S., Tee, A., Short, J., Bergeron, J. M., Kim, J., Shen, J., et al. (2006). Activity of
TSC2 is inhibited by AKT-mediated phosphorylation and membrane partitioning.
J. Cell Biol. 173, 279–289. doi: 10.1083/jcb.200507119

Carson, R., Kelm, N., West, K., Does, M. D., Fu, C., Weaver, G., et al. (2015).
Hypomyelination following deletion of Tsc2 in oligodendrocyte precursors. Ann.
Clin. Transl. Neurol. 2, 1041–1054. doi: 10.1002/acn3.254

Cheadle, J., Reeve, M., Sampson, J., and Kwiatkowski, D. J. (2000). Molecular
genetic advances in tuberous sclerosis. Hum. Genet. 107, 97–114. doi: 10.1007/
s004390000348

Chévere-Torres, I., Maki, J., Santini, E., Klann, E., and Klann, E. (2012).
Impaired social interactions and motor learning skills in tuberous sclerosis
complex model mice expressing a dominant/negative form of tuberin. Neurobiol.
Dis. 45, 156–164. doi: 10.1016/j.nbd.2011.07.018

Consortium, E. (1993). Identification and characterization of the tuberous
sclerosis gene on chromosome 16. Cell 75, 1305–1315. doi: 10.1016/0092-8674(93)
90618-Z

Curatolo, P., Moavero, R., and de Vries, P. (2015). Neurological and
neuropsychiatric aspects of tuberous sclerosis complex. Lancet Neurol. 14, 733–
745. doi: 10.1016/S1474-4422(15)00069-1

Cusmai, R., Chiron, C., Curatolo, P., Dulac, O., and Tran-Dinh, S.
(1990). Topographic comparative study of magnetic resonance imaging and
electroencephalography in 34 children with tuberous sclerosis. Epilepsia 31, 747–
755. doi: 10.1111/j.1528-1157.1990.tb05516.x

De Rubeis, S., Pasciuto, E., Li, K., Fernández, E., Di Marino, D., Buzzi, A., et al.
(2013). CYFIP1 coordinates mRNA translation and cytoskeleton remodeling to
ensure proper dendritic spine formation. Neuron 79, 1169–1182. doi: 10.1016/j.
neuron.2013.06.039

Dindot, S., Antalffy, B., Bhattacharjee, M., and Beaudet, A. L. (2008). The
Angelman syndrome ubiquitin ligase localizes to the synapse and nucleus, and
maternal deficiency results in abnormal dendritic spine morphology. Hum. Mol.
Genet. 17, 111–118. doi: 10.1093/hmg/ddm288

Doherty, C., Goh, S., Young Poussaint, T., Erdag, N., and Thiele, E. A. (2005).
Prognostic significance of tuber count and location in tuberous sclerosis complex.
J. Child Neurol. 20, 837–841. doi: 10.1177/08830738050200101301

Ehninger, D., Han, S., Shilyansky, C., Zhou, Y., Li, W., Kwiatkowski, D. J., et al.
(2008). Reversal of learning deficits in a Tsc2±mouse model of tuberous sclerosis.
Nat. Med. 14, 843–848. doi: 10.1038/nm1788

Ehninger, D., and Silva, A. (2011). Increased levels of anxiety-related behaviors
in a Tsc2 dominant negative transgenic mouse model of tuberous sclerosis. Behav.
Genet. 41, 357–363. doi: 10.1007/s10519-010-9398-1

Enz, R., and Croci, C. (2003). Different binding motifs in metabotropic
glutamate receptor type 7b for filamin A, protein phosphatase 1C, protein
interacting with protein kinase C (PICK) 1 and syntenin allow the formation
of multimeric protein complexes. Biochem. J. 372(Pt 1), 183–191. doi: 10.1042/
bj20021750

Ethell, I., and Yamaguchi, Y. (1999). Cell surface heparan sulfate proteoglycan
syndecan-2 induces the maturation of dendritic spines in rat hippocampal
neurons. J. Cell Biol. 144, 575–586. doi: 10.1083/jcb.144.3.575

Felix, L., Delekate, A., Petzold, G., and Rose, C. R. (2020). Sodium fluctuations
in astroglia and their potential impact on astrocyte function. Front. Physiol. 11:871.
doi: 10.3389/fphys.2020.00871

Fu, C., Cawthon, B., Clinkscales, W., Bruce, A., Winzenburger, P., and Ess, K. C.
(2012). GABAergic interneuron development and function is modulated by the
Tsc1 gene. Cereb. Cortex 22, 2111–2119. doi: 10.1093/cercor/bhr300

Gao, X., Zhang, Y., Arrazola, P., Hino, O., Kobayashi, T., Yeung, R. S., et al.
(2002). Tsc tumour suppressor proteins antagonize amino-acid-TOR signalling.
Nat. Cell Biol. 4, 699–704. doi: 10.1038/ncb847

Gataullina, S., Lemaire, E., Wendling, F., Kaminska, A., Watrin, F., Riquet, A.,
et al. (2016). Epilepsy in young Tsc1(±) mice exhibits age-dependent expression
that mimics that of human tuberous sclerosis complex. Epilepsia 57, 648–659.
doi: 10.1111/epi.13325

Giacomini, T., Nuovo, S., Zanni, G., Mancardi, M. M., Cusmai, R., Pepi, C.,
et al. (2021). CASK related disorder: Epilepsy and developmental outcome. Eur.
J. Paediatr. Neurol. 31, 61–69. doi: 10.1016/j.ejpn.2021.02.006

Gindina, S., Botsford, B., Cowansage, K., LeDoux, J., Klann, E., Hoeffer, C.,
et al. (2021). Upregulation of eIF4E, but not other translation initiation factors,
in dendritic spines during memory formation. J. Comp. Neurol. 529, 3112–3126.
doi: 10.1002/cne.25158

Gómez, M. (1995). History of the tuberous sclerosis complex. Brain Dev.
17(Suppl.), 55–57. doi: 10.1016/0387-7604(94)00130-8

Goncharova, E., Goncharov, D., Eszterhas, A., Hunter, D. S., Glassberg, M. K.,
Yeung, R. S., et al. (2002). Tuberin regulates p70 S6 kinase activation and
ribosomal protein S6 phosphorylation. A role for the TSC2 tumor suppressor
gene in pulmonary lymphangioleiomyomatosis (LAM). J. Biol. Chem. 277, 30958–
30967. doi: 10.1074/jbc.M202678200

Goodman, M., Lamm, S., Engel, A., Shepherd, C. W., Houser, O. W.,
et al. (1997). Cortical tuber count: A biomarker indicating neurologic severity
of tuberous sclerosis complex. J. Child Neurol. 12, 85–90. doi: 10.1177/
088307389701200203

Goorden, S., van Woerden, G., van der Weerd, L., Cheadle, J. P., and Elgersma,
Y. (2007). Cognitive deficits in Tsc1± mice in the absence of cerebral lesions and
seizures. Ann. Neurol. 62, 648–655. doi: 10.1002/ana.21317

Goto, J., Talos, D., Klein, P., Qin, W., Chekaluk, Y. I., Anderl, S., et al. (2011).
Regulable neural progenitor-specific Tsc1 loss yields giant cells with organellar
dysfunction in a model of tuberous sclerosis complex. Proc. Natl. Acad. Sci. U.S.A.
108, E1070–E1079. doi: 10.1073/pnas.1106454108

Grootjans, J., Zimmermann, P., Reekmans, G., Smets, A., Degeest, G., Dürr, J.,
et al. (1997). Syntenin, a PDZ protein that binds syndecan cytoplasmic domains.
Proc. Natl. Acad. Sci. U.S.A. 94, 13683–13688. doi: 10.1073/pnas.94.25.13683

Hara, K., Yonezawa, K., Weng, Q., Kozlowski, M. T., Belham, C., and Avruch,
J. (1998). Amino acid sufficiency and mTOR regulate p70 S6 kinase and eIF-4E
BP1 through a common effector mechanism. J. Biol. Chem. 273, 14484–14494.
doi: 10.1074/jbc.273.23.14484

Hasbani, D., and Crino, P. (2018). Tuberous sclerosis complex. Handb. Clin.
Neurol. 148, 813–822. doi: 10.1016/B978-0-444-64076-5.00052-1

Haugaard-Kedström, L., Clemmensen, L., Sereikaite, V., Jin, Z., Fernandes,
E. F. A., Wind, B., et al. (2021). A high-affinity peptide ligand targeting syntenin
inhibits glioblastoma. J. Med. Chem. 64, 1423–1434. doi: 10.1021/acs.jmedchem.
0c00382

Heard, J., Fong, V., Bathaie, S., and Tamanoi, F. (2014). Recent progress in the
study of the Rheb family GTPases. Cell. Signal. 26, 1950–1957. doi: 10.1016/j.
cellsig.2014.05.011

Henske, E., Jóźwiak, S., Kingswood, J., Sampson, J. R., and Thiele, E. A. (2016).
Tuberous sclerosis complex. Nat. Rev. Dis. Primers 2:16035. doi: 10.1038/nrdp.
2016.35

Hirbec, H., Francis, J., Lauri, S., Braithwaite, S. P., Coussen, F., Mulle, C.,
et al. (2003). Rapid and differential regulation of AMPA and kainate receptors
at hippocampal mossy fibre synapses by PICK1 and GRIP. Neuron 37, 625–638.
doi: 10.1016/S0896-6273(02)01191-1

Hirbec, H., Martin, S., and Henley, J. (2005). Syntenin is involved in the
developmental regulation of neuronal membrane architecture. Mol. Cell. Neurosci.
28, 737–746. doi: 10.1016/j.mcn.2004.12.005

Hirbec, H., Perestenko, O., Nishimune, A., Meyer, G., Nakanishi, S., Henley,
J. M., et al. (2002). The PDZ proteins PICK1, GRIP, and syntenin bind multiple
glutamate receptor subtypes. Analysis of PDZ binding motifs. J. Biol. Chem. 277,
15221–15224. doi: 10.1074/jbc.C200112200

Frontiers in Molecular Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fnmol.2022.1019343
https://doi.org/10.1016/j.cell.2022.04.013
https://doi.org/10.1016/j.cell.2022.04.013
https://doi.org/10.1242/jcs.026401
https://doi.org/10.1038/sj.onc.1204009
https://doi.org/10.1074/jbc.M105287200
https://doi.org/10.1074/jbc.M105287200
https://doi.org/10.1016/j.eplepsyres.2007.10.002
https://doi.org/10.1016/j.eplepsyres.2007.10.002
https://doi.org/10.1111/j.1440-1789.2008.00920.x
https://doi.org/10.1111/j.1440-1789.2008.00920.x
https://doi.org/10.1016/j.conb.2008.09.013
https://doi.org/10.1016/j.conb.2008.09.013
https://doi.org/10.1038/nrn2150
https://doi.org/10.1083/jcb.200507119
https://doi.org/10.1002/acn3.254
https://doi.org/10.1007/s004390000348
https://doi.org/10.1007/s004390000348
https://doi.org/10.1016/j.nbd.2011.07.018
https://doi.org/10.1016/0092-8674(93)90618-Z
https://doi.org/10.1016/0092-8674(93)90618-Z
https://doi.org/10.1016/S1474-4422(15)00069-1
https://doi.org/10.1111/j.1528-1157.1990.tb05516.x
https://doi.org/10.1016/j.neuron.2013.06.039
https://doi.org/10.1016/j.neuron.2013.06.039
https://doi.org/10.1093/hmg/ddm288
https://doi.org/10.1177/08830738050200101301
https://doi.org/10.1038/nm1788
https://doi.org/10.1007/s10519-010-9398-1
https://doi.org/10.1042/bj20021750
https://doi.org/10.1042/bj20021750
https://doi.org/10.1083/jcb.144.3.575
https://doi.org/10.3389/fphys.2020.00871
https://doi.org/10.1093/cercor/bhr300
https://doi.org/10.1038/ncb847
https://doi.org/10.1111/epi.13325
https://doi.org/10.1016/j.ejpn.2021.02.006
https://doi.org/10.1002/cne.25158
https://doi.org/10.1016/0387-7604(94)00130-8
https://doi.org/10.1074/jbc.M202678200
https://doi.org/10.1177/088307389701200203
https://doi.org/10.1177/088307389701200203
https://doi.org/10.1002/ana.21317
https://doi.org/10.1073/pnas.1106454108
https://doi.org/10.1073/pnas.94.25.13683
https://doi.org/10.1074/jbc.273.23.14484
https://doi.org/10.1016/B978-0-444-64076-5.00052-1
https://doi.org/10.1021/acs.jmedchem.0c00382
https://doi.org/10.1021/acs.jmedchem.0c00382
https://doi.org/10.1016/j.cellsig.2014.05.011
https://doi.org/10.1016/j.cellsig.2014.05.011
https://doi.org/10.1038/nrdp.2016.35
https://doi.org/10.1038/nrdp.2016.35
https://doi.org/10.1016/S0896-6273(02)01191-1
https://doi.org/10.1016/j.mcn.2004.12.005
https://doi.org/10.1074/jbc.C200112200
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-15-1019343 December 14, 2022 Time: 15:24 # 12

Shimada and Yamagata 10.3389/fnmol.2022.1019343

Hisatsune, C., Shimada, T., Miyamoto, A., Lee, A., and Yamagata, K. (2021).
Tuberous Sclerosis Complex (TSC) Inactivation Increases Neuronal Network
Activity by Enhancing Ca(2+) Influx via L-Type Ca(2+) Channels. J. Neurosci. 41,
8134–8149. doi: 10.1523/JNEUROSCI.1930-20.2021

Hsueh, Y. (2009). Calcium/calmodulin-dependent serine protein kinase and
mental retardation. Ann. Neurol. 66, 438–443. doi: 10.1002/ana.21755

Huang, J., and Manning, B. (2008). The TSC1-TSC2 complex: A molecular
switchboard controlling cell growth. Biochem. J. 412, 179–190. doi: 10.1042/
BJ20080281

Inoki, K., Li, Y., Xu, T., et al. (2003). Rheb GTPase is a direct target of TSC2
GAP activity and regulates mTOR signaling. Genes Dev. 17, 1829–1834. doi: 10.
1101/gad.1110003

Inoki, K., Li, Y., Zhu, T., Wu, J., and Guan, K. L. (2002). TSC2 is phosphorylated
and inhibited by Akt and suppresses mTOR signalling. Nat. Cell Biol. 4, 648–657.
doi: 10.1038/ncb839

Irwin, S., Patel, B., Idupulapati, M., Harris, J. B., Crisostomo, R. A., Larsen,
B. P., et al. (2001). Abnormal dendritic spine characteristics in the temporal and
visual cortices of patients with fragile-X syndrome: A quantitative examination.
Am. J. Med. Genet. 98, 161–167. doi: 10.1002/1096-8628(20010115)98:2<161::
AID-AJMG1025>3.0.CO;2-B

Jansen, L., Uhlmann, E., Crino, P., Gutmann, D. H., and Wong, M. (2005).
Epileptogenesis and reduced inward rectifier potassium current in tuberous
sclerosis complex-1-deficient astrocytes. Epilepsia 46, 1871–1880. doi: 10.1111/
j.1528-1167.2005.00289.x

Kashyap, R., Roucourt, B., Lembo, F., Fares, J., Carcavilla, A. M., Restouin, A.,
et al. (2015). Syntenin controls migration, growth, proliferation, and cell cycle
progression in cancer cells. Front. Pharmacol. 6:241. doi: 10.3389/fphar.2015.
00241

Kim, H., Kunz, P., Mooney, R., Philpot, B. D., and Smith, S. L. (2016). Maternal
loss of Ube3a impairs experience-driven dendritic spine maintenance in the
developing visual cortex. J. Neurosci. 36, 4888–4894. doi: 10.1523/JNEUROSCI.
4204-15.2016

Kingswood, J., d’Augères, G., Belousova, E., Ferreira, J. C., Carter, T., Castellana,
R., et al. (2017). TuberOus SClerosis registry to increase disease Awareness
(TOSCA) - baseline data on 2093 patients. Orphanet J. Rare Dis. 12:2. doi:
10.1186/s13023-016-0553-5

Knudson, A. Jr. (1971). Mutation and cancer: Statistical study of retinoblastoma.
Proc. Natl. Acad. Sci. U.S.A. 68, 820–823. doi: 10.1073/pnas.68.4.820

Kobayashi, T., Minowa, O., Sugitani, Y., Takai, S., Mitani, H., Kobayashi, E., et al.
(2001). A germ-line Tsc1 mutation causes tumor development and embryonic
lethality that are similar, but not identical to, those caused by Tsc2 mutation
in mice. Proc. Natl. Acad. Sci. U.S.A. 98, 8762–8767. doi: 10.1073/pnas.15103
3798

Kobayashi, T., Urakami, S., Hirayama, Y., Yamamoto, T., Nishizawa, M.,
Takahara, T., et al. (1997). Intragenic Tsc2 somatic mutations as Knudson’s
second hit in spontaneous and chemically induced renal carcinomas in the Eker
rat model. Jpn. J. Cancer Res. 88, 254–261. doi: 10.1111/j.1349-7006.1997.tb00
375.x

Koene, L., van Grondelle, S., Proietti Onori, M., Wallaard, I., Kooijman,
N. H. R. M., van Oort, A., et al. (2019). Effects of antiepileptic drugs in a
new TSC/mTOR-dependent epilepsy mouse model. Ann. Clin. Transl. Neurol. 6,
1273–1291. doi: 10.1002/acn3.50829

Krueger, D., Sadhwani, A., Byars, A., de Vries, P. J., Franz, D. N., Whittemore,
V. H., et al. (2017). Everolimus for treatment of tuberous sclerosis complex-
associated neuropsychiatric disorders. Ann. Clin. Transl. Neurol. 4, 877–887. doi:
10.1002/acn3.494

Kruyer, A., Kalivas, P., and Scofield, M. (2022). Astrocyte regulation of synaptic
signaling in psychiatric disorders. Neuropsychopharmacology 48, 21–36. doi: 10.
1038/s41386-022-01338-w

Kumar, V., Zhang, M., Swank, M., Kunz, J., and Wu, G.-Y. (2005). Regulation
of dendritic morphogenesis by Ras–PI3K–Akt–mTOR and Ras–MAPK signaling
pathways. J. Neurosci. 25, 11288–11299. doi: 10.1523/JNEUROSCI.2284-05.2005

Leblanc, R., Kashyap, R., Barral, K., Egea-Jimenez, A. L., Kovalskyy, D., Feracci,
M., et al. (2020). Pharmacological inhibition of syntenin PDZ2 domain impairs
breast cancer cell activities and exosome loading with syndecan and EpCAM
cargo. J. Extracell. Vesicles 10:e12039. doi: 10.1002/jev2.12039

Lin, A., Jahrling, J., Zhang, W., DeRosa, N., Bakshi, V., Romero, P., et al. (2017).
Rapamycin rescues vascular, metabolic and learning deficits in apolipoprotein E4
transgenic mice with pre-symptomatic Alzheimer’s disease. J. Cereb. Blood Flow
Metab. 37, 217–226. doi: 10.1177/0271678X15621575

Liu, W., Guo, J., Mu, J., Tian, L., and Zhou, D. (2017). Rapamycin protects
sepsis-induced cognitive impairment in mouse hippocampus by enhancing
autophagy. Cell. Mol. Neurobiol. 37, 1195–1205. doi: 10.1007/s10571-016-0449-x

Lopes, M., Altermatt, H., Scheithauer, B., Shepherd, C. W., and VandenBerg,
S. R. (1996). Immunohistochemical characterization of subependymal giant cell
astrocytomas. Acta Neuropathol. 91, 368–375. doi: 10.1007/s004010050438

Maas, D., Eijsink, V., van Hulten, J., Panic, R., De Weerd, P., Homberg, J. R.,
et al. (2021). Antioxidant treatment ameliorates prefrontal hypomyelination and
cognitive deficits in a rat model of schizophrenia. Neuropsychopharmacology 46,
1161–1171. doi: 10.1038/s41386-021-00964-0

Magri, L., Cambiaghi, M., Cominelli, M., Alfaro-Cervello, C., Cursi, M., Pala,
M., et al. (2011). Sustained activation of mTOR pathway in embryonic neural stem
cells leads to development of tuberous sclerosis complex-associated lesions. Cell
Stem Cell 9, 447–462. doi: 10.1016/j.stem.2011.09.008

Manning, B., Tee, A., Logsdon, M., Blenis, J., and Cantley, L. C. (2002).
Identification of the tuberous sclerosis complex-2 tumor suppressor gene product
tuberin as a target of the phosphoinositide 3-kinase/akt pathway. Mol. Cell 10,
151–162. doi: 10.1016/S1097-2765(02)00568-3

Martin, P., Wagh, V., Reis, S., Erdin, S., Beauchamp, R. L., Shaikh, G., et al.
(2020). TSC patient-derived isogenic neural progenitor cells reveal altered early
neurodevelopmental phenotypes and rapamycin-induced MNK-eIF4E signaling.
Mol. Autism 11:2. doi: 10.1186/s13229-019-0311-3

McClelland, A., Sheffler-Collins, S., Kayser, M., and Dalva, M. B. (2009).
Ephrin-B1 and ephrin-B2 mediate EphB-dependent presynaptic development via
syntenin-1. Proc. Natl. Acad. Sci. U.S.A. 106, 20487–20492. doi: 10.1073/pnas.
0811862106

Min, Y., Li, H., Xu, K., Huang, Y., Xiao, J., Wang, W., et al. (2017). Minocycline-
suppression of early peripheral inflammation reduces hypoxia-induced neonatal
brain injury. Front. Neurosci. 11:511. doi: 10.3389/fnins.2017.00511

Nadadhur, A., Alsaqati, M., Gasparotto, L., Cornelissen-Steijger, P., van Hugte,
E., Dooves, S., et al. (2019). Neuron-glia interactions increase neuronal phenotypes
in tuberous sclerosis complex patient iPSC-Derived Models. Stem Cell Rep. 12,
42–56. doi: 10.1016/j.stemcr.2018.11.019

Napoli, I., Mercaldo, V., Boyl, P., Eleuteri, B., Zalfa, F., De Rubeis, S., et al.
(2008). The fragile X syndrome protein represses activity-dependent translation
through CYFIP1, a new 4E-BP. Cell 134, 1042–1054. doi: 10.1016/j.cell.2008.07.
031

Nie, D., Chen, Z., Ebrahimi-Fakhari, D., Di Nardo, A., Julich, K., Robson,
V. K., et al. (2015). The Stress-Induced Atf3-Gelsolin cascade underlies dendritic
spine deficits in neuronal models of tuberous sclerosis complex. J. Neurosci. 35,
10762–10772. doi: 10.1523/JNEUROSCI.4796-14.2015

Numis, A., Major, P., Montenegro, M., Muzykewicz, D. A., Pulsifer, M. B.,
and Thiele, E. A. (2011). Identification of risk factors for autism spectrum
disorders in tuberous sclerosis complex. Neurology 76, 981–987. doi: 10.1212/
WNL.0b013e3182104347

Oguro-Ando, A., Rosensweig, C., Herman, E., Nishimura, Y., Werling, D.,
Bill, B. R., et al. (2015). Increased CYFIP1 dosage alters cellular and dendritic
morphology and dysregulates mTOR. Mol. Psychiatry 20, 1069–1078. doi: 10.
1038/mp.2014.124

Onda, H., Lueck, A., Marks, P., and Kwiatkowski, D. J. (1999). Tsc2(±) mice
develop tumors in multiple sites that express gelsolin and are influenced by genetic
background. J. Clin. Invest. 104, 687–695. doi: 10.1172/JCI7319

Overwater, I., Rietman, A., Mous, S., Bindels-de Heus, K., Rizopoulos, D., Ten
Hoopen, L. W., et al. (2019). A randomized controlled trial with everolimus for
IQ and autism in tuberous sclerosis complex. Neurology 93, e200–e209. doi:
10.1212/WNL.0000000000007749

Pan, D., Dong, J., Zhang, Y., and Gao, X. (2004). Tuberous sclerosis complex:
From Drosophila to human disease. Trends Cell Biol. 14, 78–85. doi: 10.1016/j.tcb.
2003.12.006

Paolicelli, R., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., et al.
(2011). Synaptic pruning by microglia is necessary for normal brain development.
Science 333, 1456–1458. doi: 10.1126/science.1202529

Parkhurst, C., Yang, G., Ninan, I., Yates, J. R. III, Lafaille, J. J., Hempstead, B. L.,
et al. (2013). Microglia promote learning-dependent synapse formation through
brain-derived neurotrophic factor. Cell 155, 1596–1609. doi: 10.1016/j.cell.2013.
11.030

Peron, A., Au, K., and Northrup, H. (2018). Genetics, genomics, and genotype-
phenotype correlations of TSC: Insights for clinical practice. Am. J. Med. Genet. C
Semin. Med. Genet. 178, 281–290. doi: 10.1002/ajmg.c.31651

Phi, J., Park, S., Chae, J., Shepherd, C. W., and VandenBerg, S. R. (2008).
Congenital subependymal giant cell astrocytoma: Clinical considerations and
expression of radial glial cell markers in giant cells. Childs Nerv. Syst. 24, 1499–
1503. doi: 10.1007/s00381-008-0681-x

Pradhan, A., Maji, S., Bhoopathi, P., Talukdar, S., Mannangatti, P., Guo,
C., et al. (2021). Pharmacological inhibition of MDA-9/Syntenin blocks breast
cancer metastasis through suppression of IL-1β. Proc. Natl. Acad. Sci. U.S.A.
118:e2103180118. doi: 10.1073/pnas.2103180118

Frontiers in Molecular Neuroscience 12 frontiersin.org

https://doi.org/10.3389/fnmol.2022.1019343
https://doi.org/10.1523/JNEUROSCI.1930-20.2021
https://doi.org/10.1002/ana.21755
https://doi.org/10.1042/BJ20080281
https://doi.org/10.1042/BJ20080281
https://doi.org/10.1101/gad.1110003
https://doi.org/10.1101/gad.1110003
https://doi.org/10.1038/ncb839
https://doi.org/10.1002/1096-8628(20010115)98:2<161::AID-AJMG1025>3.0.CO;2-B
https://doi.org/10.1002/1096-8628(20010115)98:2<161::AID-AJMG1025>3.0.CO;2-B
https://doi.org/10.1111/j.1528-1167.2005.00289.x
https://doi.org/10.1111/j.1528-1167.2005.00289.x
https://doi.org/10.3389/fphar.2015.00241
https://doi.org/10.3389/fphar.2015.00241
https://doi.org/10.1523/JNEUROSCI.4204-15.2016
https://doi.org/10.1523/JNEUROSCI.4204-15.2016
https://doi.org/10.1186/s13023-016-0553-5
https://doi.org/10.1186/s13023-016-0553-5
https://doi.org/10.1073/pnas.68.4.820
https://doi.org/10.1073/pnas.151033798
https://doi.org/10.1073/pnas.151033798
https://doi.org/10.1111/j.1349-7006.1997.tb00375.x
https://doi.org/10.1111/j.1349-7006.1997.tb00375.x
https://doi.org/10.1002/acn3.50829
https://doi.org/10.1002/acn3.494
https://doi.org/10.1002/acn3.494
https://doi.org/10.1038/s41386-022-01338-w
https://doi.org/10.1038/s41386-022-01338-w
https://doi.org/10.1523/JNEUROSCI.2284-05.2005
https://doi.org/10.1002/jev2.12039
https://doi.org/10.1177/0271678X15621575
https://doi.org/10.1007/s10571-016-0449-x
https://doi.org/10.1007/s004010050438
https://doi.org/10.1038/s41386-021-00964-0
https://doi.org/10.1016/j.stem.2011.09.008
https://doi.org/10.1016/S1097-2765(02)00568-3
https://doi.org/10.1186/s13229-019-0311-3
https://doi.org/10.1073/pnas.0811862106
https://doi.org/10.1073/pnas.0811862106
https://doi.org/10.3389/fnins.2017.00511
https://doi.org/10.1016/j.stemcr.2018.11.019
https://doi.org/10.1016/j.cell.2008.07.031
https://doi.org/10.1016/j.cell.2008.07.031
https://doi.org/10.1523/JNEUROSCI.4796-14.2015
https://doi.org/10.1212/WNL.0b013e3182104347
https://doi.org/10.1212/WNL.0b013e3182104347
https://doi.org/10.1038/mp.2014.124
https://doi.org/10.1038/mp.2014.124
https://doi.org/10.1172/JCI7319
https://doi.org/10.1212/WNL.0000000000007749
https://doi.org/10.1212/WNL.0000000000007749
https://doi.org/10.1016/j.tcb.2003.12.006
https://doi.org/10.1016/j.tcb.2003.12.006
https://doi.org/10.1126/science.1202529
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1002/ajmg.c.31651
https://doi.org/10.1007/s00381-008-0681-x
https://doi.org/10.1073/pnas.2103180118
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-15-1019343 December 14, 2022 Time: 15:24 # 13

Shimada and Yamagata 10.3389/fnmol.2022.1019343

Richardson, E. Jr. (1991). Pathology of tuberous sclerosis. Neuropathologic
aspects. Ann. N. Y. Acad. Sci. 615, 128–139. doi: 10.1111/j.1749-6632.1991.
tb37755.x

Ro, Y., Jang, B., Shin, C., Park, E. U., Kim, C. G., Yang, S. I., et al. (2010). Akt
regulates the expression of MafK, synaptotagmin I, and syntenin-1, which play
roles in neuronal function. J. Biomed. Sci. 17:18. doi: 10.1186/1423-0127-17-18

Roszkowska, M., Skupien, A., Wójtowicz, T., Konopka, A., Gorlewicz, A., Kisiel,
M., et al. (2016). CD44: A novel synaptic cell adhesion molecule regulating
structural and functional plasticity of dendritic spines. Mol. Biol. Cell 27, 4055–
4066. doi: 10.1091/mbc.E16-06-0423

Ruiz-Falcó Rojas, M., Feucht, M., Macaya, A., Wilken, B., Hahn, A., Maamari, R.,
et al. (2022). Real-world evidence study on the long-term safety of everolimus in
patients with tuberous sclerosis complex: Final analysis results. Front. Pharmacol.
13, 802334. doi: 10.3389/fphar.2022.802334

Saffari, A., Brösse, I., Wiemer-Kruel, A., Wilken, B., Kreuzaler, P., Hahn, A.,
et al. (2019). Safety and efficacy of mTOR inhibitor treatment in patients with
tuberous sclerosis complex under 2 years of age - a multicenter retrospective study.
Orphanet J. Rare Dis. 14:96. doi: 10.1186/s13023-019-1077-6

Saitsu, H., Kato, M., Osaka, H., Moriyama, N., Horita, H., Nishiyama, K., et al.
(2012). CASK aberrations in male patients with Ohtahara syndrome and cerebellar
hypoplasia. Epilepsia. 53, 1441–1449. doi: 10.1111/j.1528-1167.2012.03548.x

Saré, R., Song, A., Loutaev, I., Cook, A., Maita, I., Lemons, A., et al. (2017).
Negative effects of chronic rapamycin treatment on behavior in a mouse model of
Fragile X Syndrome. Front. Mol. Neurosci. 10:452. doi: 10.3389/fnmol.2017.00452

Sato, A., Kasai, S., Kobayashi, T., Takamatsu, Y., Hino, O., Ikeda, K., et al. (2012).
Rapamycin reverses impaired social interaction in mouse models of tuberous
sclerosis complex. Nat. Commun. 3:1292. doi: 10.1038/ncomms2295

Schmelzle, T., and Hall, M. N. (2000). TOR, a central controller of cell growth.
Cell 103, 253–262. doi: 10.1016/S0092-8674(00)00117-3

Scholl, T., Mühlebner, A., Ricken, G., Gruber, V., Fabing, A., Samueli, S., et al.
(2017). Impaired oligodendroglial turnover is associated with myelin pathology in
focal cortical dysplasia and tuberous sclerosis complex. Brain Pathol. 27, 770–780.
doi: 10.1111/bpa.12452

Shimada, T., Yasuda, S., Sugiura, H., and Yamagata, K. (2019). Syntenin: PDZ
protein regulating signaling pathways and cellular functions. Int. J. Mol. Sci.
20:4171. doi: 10.3390/ijms20174171

Sia, G., Clem, R., and Huganir, R. (2013). The human language-associated
gene SRPX2 regulates synapse formation and vocalization in mice. Science 342,
987–991. doi: 10.1126/science.1245079

Stockinger, J., Strzelczyk, A., Nemecek, A., Cicanic, M., Bösebeck, F., Brandt,
C., et al. (2021). Everolimus in adult tuberous sclerosis complex patients with
epilepsy: Too late for success? A retrospective study. Epilepsia 62, 785–794. doi:
10.1111/epi.16829

Sugiura, H., Shimada, T., Moriya-Ito, K., Goto, J. I., Fujiwara, H., Ishii, R.,
et al. (2022). A Farnesyltransferase inhibitor restores cognitive deficits in Tsc2
(±) Mice through Inhibition of Rheb1. J. Neurosci. 42, 2598–2612. doi: 10.1523/
JNEUROSCI.0449-21.2022

Sugiura, H., Yasuda, S., Katsurabayashi, S., Kawano, H., Endo, K., Takasaki,
K., et al. (2015). Rheb activation disrupts spine synapse formation through
accumulation of syntenin in tuberous sclerosis complex. Nat. Commun. 6:6842.
doi: 10.1038/ncomms7842

Takuma, K., Hara, Y., Kataoka, S., Kawanai, T., Maeda, Y., Watanabe, R., et al.
(2014). Chronic treatment with valproic acid or sodium butyrate attenuates novel
object recognition deficits and hippocampal dendritic spine loss in a mouse model
of autism. Pharmacol. Biochem. Behav. 126, 43–49. doi: 10.1016/j.pbb.2014.08.013

Talos, D., Kwiatkowski, D., Cordero, K., Black, P. M., and Jensen, F. E. (2008).
Cell-specific alterations of glutamate receptor expression in tuberous sclerosis
complex cortical tubers. Ann. Neurol. 63, 454–465. doi: 10.1002/ana.21342

Talukdar, G., Inoue, R., Yoshida, T., and Mori, H. (2018). Impairment in
extinction of cued fear memory in syntenin-1 knockout mice. Neurobiol. Learn.
Mem. 149, 58–67. doi: 10.1016/j.nlm.2018.01.006

Tavazoie, S., Alvarez, V., Ridenour, D., Kwiatkowski, D. J., and Sabatini,
B. L. (2005). Regulation of neuronal morphology and function by the tumor
suppressors Tsc1 and Tsc2. Nat. Neurosci. 8, 1727–1734. doi: 10.1038/nn1566

Tee, A., Fingar, D., Manning, B., Kwiatkowski, D. J., Cantley, L. C., and Blenis,
J. (2002). Tuberous sclerosis complex-1 and -2 gene products function together to
inhibit mammalian target of rapamycin (mTOR)-mediated downstream signaling.
Proc. Natl. Acad. Sci. U.S.A. 99, 13571–13576. doi: 10.1073/pnas.202476899

Tomoda, T., Kim, J., Zhan, C., and Hatten, M. E. (2004). Role of Unc51.1
and its binding partners in CNS axon outgrowth. Genes Dev. 18, 541–558. doi:
10.1101/gad.1151204

Uhlmann, E., Wong, M., Baldwin, R., Bajenaru, M. L., Onda, H., Kwiatkowski,
D. J., et al. (2002). Astrocyte-specific TSC1 conditional knockout mice exhibit

abnormal neuronal organization and seizures. Ann. Neurol. 52, 285–296. doi:
10.1002/ana.10283

Vanclooster, S., Bissell, S., van Eeghen, A., Chambers, N., De Waele, L., Byars,
A. W., et al. (2022). The research landscape of tuberous sclerosis complex-
associated neuropsychiatric disorders (TAND)-a comprehensive scoping review.
J. Neurodev. Disord. 14:13. doi: 10.1186/s11689-022-09423-3

Wang, B., Wu, Q., Lei, L., Sun, H., Michael, N., Zhang, X., et al. (2019).
Long-term social isolation inhibits autophagy activation, induces postsynaptic
dysfunctions and impairs spatial memory. Exp. Neurol. 311, 213–224. doi: 10.
1016/j.expneurol.2018.09.009

Wang, H., Fu, J., Xu, X., Yang, Z., and Zhang, T. (2021). Rapamycin activates
mitophagy and alleviates cognitive and synaptic plasticity deficits in a mouse
model of Alzheimer’s disease. J. Gerontol. A Biol. Sci. Med. Sci. 76, 1707–1713.
doi: 10.1093/gerona/glab142

Weiner, H., Carlson, C., Ridgway, E., Zaroff, C. M., Miles, D., LaJoie, J., et al.
(2006). Epilepsy surgery in young children with tuberous sclerosis: Results of a
novel approach. Pediatrics 117, 1494–1502. doi: 10.1542/peds.2005-1206

Weinhard, L., di Bartolomei, G., Bolasco, G., Machado, P., Schieber, N. L.,
Neniskyte, U., et al. (2018). Microglia remodel synapses by presynaptic
trogocytosis and spine head filopodia induction. Nat. Commun. 9:1228. doi:
10.1038/s41467-018-03566-5

Winden, K., Sundberg, M., Yang, C., Wafa, S. M. A., Dwyer, S., Chen, P. F.,
et al. (2019). Biallelic mutations in TSC2 lead to abnormalities associated with
cortical tubers in human iPSC-Derived Neurons. J. Neurosci. 39, 9294–9305. doi:
10.1523/JNEUROSCI.0642-19.2019

Wong, M., Ess, K., Uhlmann, E., Jansen, L. A., Li, W., Crino, P. B., et al. (2003).
Impaired glial glutamate transport in a mouse tuberous sclerosis epilepsy model.
Ann. Neurol. 54, 251–256. doi: 10.1002/ana.10648

Wong, M., and Guo, D. (2013). Dendritic spine pathology in epilepsy: Cause or
consequence? Neuroscience 251, 141–150. doi: 10.1016/j.neuroscience.2012.03.048

Wrackmeyer, U., Kaldrack, J., Jüttner, R., Pannasch, U., Gimber, N., Freiberg,
F., et al. (2019). The cell adhesion protein CAR is a negative regulator of synaptic
transmission. Sci. Rep. 9:6768. doi: 10.1038/s41598-019-43150-5

Xiao, J., Huang, Y., Li, X., Li, L., Yang, T., Huang, L., et al. (2016). TNP-
ATP is beneficial for treatment of neonatal hypoxia-induced hypomyelination and
cognitive decline. Neurosci. Bull. 32, 99–107. doi: 10.1007/s12264-015-0003-8

Xu, N., Sun, S., Gibson, J., and Henkemeyer, M. (2011). A dual shaping
mechanism for postsynaptic ephrin-B3 as a receptor that sculpts dendrites and
synapses. Nat. Neurosci. 14, 1421–1429. doi: 10.1038/nn.2931

Xu, X., Miller, E., and Pozzo-Miller, L. (2014). Dendritic spine dysgenesis in Rett
syndrome. Front. Neuroanat. 8:97. doi: 10.3389/fnana.2014.00097

Yamagata, K., Sanders, L., Kaufmann, W., Yee, W., Barnes, C. A., Nathans, D.,
et al. (1994). rheb, a growth factor- and synaptic activity-regulated gene, encodes
a novel Ras-related protein. J. Biol. Chem. 269, 16333–16339. doi: 10.1016/S0021-
9258(17)34012-7

Yasuda, S., Sugiura, H., Katsurabayashi, S., Shimada, T., Tanaka, H., Takasaki,
K., et al. (2014). Activation of Rheb, but not of mTORC1, impairs spine synapse
morphogenesis in tuberous sclerosis complex. Sci. Rep. 4:5155. doi: 10.1038/
srep05155

Zemmar, A., Chen, C., Weinmann, O., Kast, B., Vajda, F., Bozeman, J., et al.
(2018). Oligodendrocyte- and neuron-specific nogo-a restrict dendritic branching
and spine density in the adult mouse motor cortex. Cereb. Cortex 28, 2109–2117.
doi: 10.1093/cercor/bhx116

Zeng, L., Ouyang, Y., Gazit, V., Cirrito, J. R., Jansen, L. A., Ess, K. C., et al. (2007).
Abnormal glutamate homeostasis and impaired synaptic plasticity and learning
in a mouse model of tuberous sclerosis complex. Neurobiol. Dis. 28, 184–196.
doi: 10.1016/j.nbd.2007.07.015

Zhan, Y., Paolicelli, R., Sforazzini, F., Weinhard, L., Bolasco, G., Pagani, F., et al.
(2014). Deficient neuron-microglia signaling results in impaired functional brain
connectivity and social behavior. Nat. Neurosci. 17, 400–406. doi: 10.1038/nn.3641

Zhang, B., Zou, J., Han, L., Beeler, B., Friedman, J. L., Griffin, E., et al. (2018). The
specificity and role of microglia in epileptogenesis in mouse models of tuberous
sclerosis complex. Epilepsia 59, 1796–1806. doi: 10.1111/epi.14526

Zhao, X., Liao, Y., Morgan, S., Mathur, R., Feustel, P., Mazurkiewicz, J., et al.
(2018). Noninflammatory changes of microglia are sufficient to cause epilepsy. Cell
Rep. 22, 2080–2093. doi: 10.1016/j.celrep.2018.02.004

Zhou, Z., Hong, E., Cohen, S., Zhao, W. N., Ho, H. Y., Schmidt, L., et al.
(2006). Brain-specific phosphorylation of MeCP2 regulates activity-dependent
Bdnf transcription, dendritic growth, and spine maturation. Neuron 52, 255–269.
doi: 10.1016/j.neuron.2006.09.037

Zimmermann, P., Zhang, Z., Degeest, G., Mortier, E., Leenaerts, I., Coomans,
C., et al. (2005). Syndecan recycling [corrected] is controlled by syntenin-PIP2
interaction and Arf6. Dev. Cell 9, 377–388. doi: 10.1016/j.devcel.2005.07.011

Frontiers in Molecular Neuroscience 13 frontiersin.org

https://doi.org/10.3389/fnmol.2022.1019343
https://doi.org/10.1111/j.1749-6632.1991.tb37755.x
https://doi.org/10.1111/j.1749-6632.1991.tb37755.x
https://doi.org/10.1186/1423-0127-17-18
https://doi.org/10.1091/mbc.E16-06-0423
https://doi.org/10.3389/fphar.2022.802334
https://doi.org/10.1186/s13023-019-1077-6
https://doi.org/10.1111/j.1528-1167.2012.03548.x
https://doi.org/10.3389/fnmol.2017.00452
https://doi.org/10.1038/ncomms2295
https://doi.org/10.1016/S0092-8674(00)00117-3
https://doi.org/10.1111/bpa.12452
https://doi.org/10.3390/ijms20174171
https://doi.org/10.1126/science.1245079
https://doi.org/10.1111/epi.16829
https://doi.org/10.1111/epi.16829
https://doi.org/10.1523/JNEUROSCI.0449-21.2022
https://doi.org/10.1523/JNEUROSCI.0449-21.2022
https://doi.org/10.1038/ncomms7842
https://doi.org/10.1016/j.pbb.2014.08.013
https://doi.org/10.1002/ana.21342
https://doi.org/10.1016/j.nlm.2018.01.006
https://doi.org/10.1038/nn1566
https://doi.org/10.1073/pnas.202476899
https://doi.org/10.1101/gad.1151204
https://doi.org/10.1101/gad.1151204
https://doi.org/10.1002/ana.10283
https://doi.org/10.1002/ana.10283
https://doi.org/10.1186/s11689-022-09423-3
https://doi.org/10.1016/j.expneurol.2018.09.009
https://doi.org/10.1016/j.expneurol.2018.09.009
https://doi.org/10.1093/gerona/glab142
https://doi.org/10.1542/peds.2005-1206
https://doi.org/10.1038/s41467-018-03566-5
https://doi.org/10.1038/s41467-018-03566-5
https://doi.org/10.1523/JNEUROSCI.0642-19.2019
https://doi.org/10.1523/JNEUROSCI.0642-19.2019
https://doi.org/10.1002/ana.10648
https://doi.org/10.1016/j.neuroscience.2012.03.048
https://doi.org/10.1038/s41598-019-43150-5
https://doi.org/10.1007/s12264-015-0003-8
https://doi.org/10.1038/nn.2931
https://doi.org/10.3389/fnana.2014.00097
https://doi.org/10.1016/S0021-9258(17)34012-7
https://doi.org/10.1016/S0021-9258(17)34012-7
https://doi.org/10.1038/srep05155
https://doi.org/10.1038/srep05155
https://doi.org/10.1093/cercor/bhx116
https://doi.org/10.1016/j.nbd.2007.07.015
https://doi.org/10.1038/nn.3641
https://doi.org/10.1111/epi.14526
https://doi.org/10.1016/j.celrep.2018.02.004
https://doi.org/10.1016/j.neuron.2006.09.037
https://doi.org/10.1016/j.devcel.2005.07.011
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/

	Spine morphogenesis and synapse formation in tubular sclerosis complex models
	1 Introduction
	2 Signaling pathways of the Tsc1/2 complex, proteins regulating Tsc1/2 and proteins regulated by Tsc1/2
	3 mTORC1-mediated regulation of spines and synapses in TSC neurons
	4 Syntenin-mediated regulation of spines and synapses in TSC neurons
	5 Behavioral effects caused by mTORC1 or syntenin activation in TSC model animals
	6 Effect of glia-neuron crosstalk
	7 Conclusion and future direction
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


