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Abstract

Tuberous sclerosis complex (TSC) is a neurocutaneous syndrome characterized by systemic hamartomas, including skin and neural symptoms.
Many patients exhibit epilepsy, intellectual disability, autism, and other behavioral and neuropsychiatric symptoms, referred to as TSC-
associated neuropsychiatric disorders (TAND). TSC involves the overactivation of the mechanistic target of rapamycin (mTOR), specifically
mTOR complex 1 (mTORC1). Therefore, mTORC1 inhibitors effectively treat brain, kidney, lung, and skin hamartomas in TSC. However, the
effect of mMTORC1 inhibitors on neurological symptoms in patients with TSC remains unclear, despite reports of mTORC1 inhibitors improving
epilepsy, behavioral disorders, and learning disabilities in animal models.

In our study, we revealed that MITF-specific TSC2 conditional knockout mice (TSC2 cKO) exhibit epilepsy and TAND phenotypes. Furthermore,
mTORCT1 inhibitor sirolimus treatment ameliorated epilepsy and some TAND symptoms in TSC2 cKO mice. Neurodegeneration was observed
in the brain regions responsible for these symptoms. Neuroinflammation caused by the M1 phenotype of microglia is one of the factors
contributing to neurodegeneration. In our study, microglia shifted to the anti-inflammatory M2 phenotype when TSC2 cKO mice were treated
with sirolimus. Hyperactivity of mTORC1 inhibits autophagy, and increased autophagy activity polarizes microglia to the M2 phenotype. One
of the possible mechanisms by which sirolimus can change microglial polarity is by inhibiting mTORC1 activity, which increases autophagy
activity. In addition, sirolimus, which shifts microglial polarity to anti-inflammatory, may effectively treat TSC and other neurodegenerative
diseases.

Keywords: mTORC1 inhibitor, Sirolimus, Tuberous sclerosis complex, Microglia polarity, TSC-associated neuropsychiatric disorders, Epilepsy,
Neuroinflammation

autism, anxiety, attention-deficit hyperactivity disorder
(ADHD), and aggressive or disruptive behaviors, which are

Introduction

Tuberous sclerosis complex (TSC) and mechanistic target
of rapamycin complex 1 (mMTORC1) inhibitors

TSC is a neurocutaneous syndrome characterized by
hamartomas in the brain, skin, and many other organs [1].
In addition to physical symptoms, epilepsy affects 80% of
patients with TSC, and seizures are usually severe and difficult
to treat. In addition, many patients with TSC have severe
neurodevelopmental disorders, such as intellectual disability,

referred to as TSC-associated neuropsychiatric disorder
(TAND) [2-4].

The TuberOus SClerosis registry to increase disease
Awareness (TOSCA) reported that the common behavioral
problems among patients with TAND include hyperactivity,
impulsivity, sleep disturbances, anxiety, mood swings,
aggression, depressed mood, self-injurious behavior, and
obsessions. Additionally, these mental disorders included
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21.1% of autistic spectrum disorder (ASD), 19.1% of ADHD,
9.7% of anxiety disorders, and 6.1% of depressive disorders
[5]. In addition, several types of memory deficits have been
observed in patients with TSC [6]. These neurological and
neuropsychiatric manifestations of TSC are treatment burdens
for patients and their families. These manifestations of TSC
involve the mechanistic target of rapamycin complex (mTOR)
pathway. mTOR functions in two distinct protein complexes
called mTORC1 and mTORC2. TSC is triggered by mutations in
the TSCT or TSC2 genes, which encode hamartin or tuberin,
respectively; these proteins work together to suppress
mTORC1 function. The overactivation of mTORC1 in TSC by
mutations in TSCT or TSC2 promotes cell growth and tumor
formation because mTORC1 regulates physiological functions,
including cell growth and proliferation, metabolism, and
protein synthesis [7]. Therefore, mTORC1 inhibitors, such as
sirolimus and everolimus, are effective treatments for brain,
kidney, lung, and skin hamartomas in TSC [8,9].

Effects of mTORC1 inhibitors on epilepsy and TAND
phenotypes

Animal experiments:Inanimalmodels, suchasknockoutand
conditional knockout mice targeting TSCT or TSC2, epilepsy,
neurocognitive defects, learning disability, and autism-
like behavioral abnormalities were observed. Furthermore,
mTORC1 inhibitors such as sirolimus and everolimus have
been reported to improve these symptoms [10-12].

Clinical trials: Compared with the efficacy of mTORC1
inhibitors for brain, kidney, lung, and skin hamartomas in
TSC, their efficacy for TSC neuropsychiatric symptoms is
minimal. Adjunctive treatment with everolimus is effective for
refractory epilepsy in patients with TSC [13]. However, recent
trials with everolimus discovered no significant effect on
TAND, including cognitive function, ASD, and neuropsychiatric
deficits (memory and attention) [14,15]. Moreover, the efficacy
of mTORCT1 inhibitors in TAND has not been fully evaluated.

Epilepsy, TAND, and Neurodegeneration in TSC Model
Mice

Our group generated TSC2M¥fx  Mitf-Cre conditional
knockout (TSC2 cKO) mice and performed a detailed
behavioral analysis of the cKO mice [16]. These TSC2 cKO mice
have been previously reported in our studies to significantly
reduce skin pigmentation and exhibit spontaneous epilepsy
[17,18]. Furthermore, this detailed behavioral analysis
suggested that TSC2 cKO mice may be a useful model for
TAND, as they exhibit epilepsy and multiple neuropsychiatric
phenotypes: ADHD-like behavior, anxiety-like symptoms,
ASD-like behavior, and significant impairment of spatial
working memory [16]. Cre expression analysis also revealed
that the olfactory bulb, piriform cortex, and hippocampus
were the sites responsible for epilepsy and TAND in TSC2 cKO
mice, and neurodegeneration occurred in these regions [16].

Intraperitoneal administration of sirolimus to TSC2 cKO mice
alleviated epilepsy, DHD-like behavior, anxiety-like symptoms,
and spatial working memory deficits, indicating that sirolimus
is effective in treating epilepsy and neuropsychiatric symptoms
in Tsc2 cKO mice. Furthermore, sirolimus treatment reduced
neurodegeneration in the olfactory bulb, piriform cortex, and
hippocampus.

InAlzheimer'sdisease (AD)and Parkinson'sdisease (PD), typical
neurodegenerative diseases, persistent neuroinflammation
by microglia is involved in the onset and worsening of
these conditions. Furthermore, inflammation is involved in
neurological diseases such as epilepsy and Guillain-Barré
syndrome [20,21]. Therefore, suppressing neuroinflammation
might ameliorate symptoms of neurodegenerative diseases
[19].

Introduction of Neuroinflammation

Neurodegeneration is primarily observed in
neurodegenerative diseases, such as AD and PD, that adversely
affect mental and physical functions. Neuroinflammation
is involved in central nervous system (CNS) degeneration.
Neuroinflammation is a defense mechanism that maintains
tissue homeostasis, but it can cause tissue damage and
disease if it is severe or prolonged [22]. Activation of receptors
involved in innate immunity also induces inflammation in
neuroinflammation.

Induction of inflammation

Pattern recognition receptors (PRRs) that bind to pathogen-
associated molecular patterns initiate inflammatory responses
to infectious pathogens. PRRs include toll-like receptors,
receptors for advanced glycation end products, and C-type
lectin receptors. The binding of damage-associated molecular
patterns, such as ribonucleic acid released by damaged cells,
mitochondrial deoxyribonucleic acid, heat shock proteins,
alpha-synuclein, and amyloid-3 (Ap) peptides derived from
AR protein, to PRRs causes inflammation in the brain, inducing
inflammation signals [23]. PRRs are highly expressed in
macrophages and microglia. In addition to PRRs, purinergic
receptors are expressed in microglia and play an important
role in regulating microglial activity in response to adenosine
triphosphate (ATP) released from damaged cells.

Inflammation by Microglia

Microglia are nerve-specific immune cells, and their main
functions as resident macrophages in the brain are pathogen
defense and phagocytosis by constantly investigating the
surrounding microenvironment, tissue repair, and neuronal
supportto maintain CNS homeostasis [24]. Under physiological
conditions, microglia exhibit an inactivated phenotype.
However, when a change in brain homeostasis is detected,
specifically pathogen invasion or tissue damage, microglia
switch to an activated phenotype, extending processes toward
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the injury site and initiating repair by eliminating (clearance)
pathogens, dead cells and debris, and abnormal cells [25].

Cell damage due to persistent inflammation

Some inflammatory stimuli have beneficial effects, such as
the phagocytosis of cellular debris and apoptotic cells. In most
cases, this response resolved as an infection is eradicated,
or tissue damage is repaired. However, the inflammatory
stimulus may persist when inflammation persists, or the
normal mechanisms toward inflammatory convergence may
fail, resulting in an uncontrolled inflammatory response that
may exacerbate the underlying disease [26]. For example, in
the early stages of AD, microglial activation clears Ap. However,
abnormal microglial activation during AD progression
produces inflammatory cytokines and triggers inducible nitric
oxide synthase expression, which can kill neurons [27]. Thus,
the blockade of these responses may ameliorate symptoms of
neurodegenerative diseases.

Activated microglial phenotype and its expression
markers

Activated microgliaarepolarizedintotwodistinctphenotypes:
M1 and M2. M1-phenotype microglia exhibit inflammation-
inducing properties, whereas the M2 phenotype repairs tissue
by clearing cellular debris and releasing numerous protective
factors, such as anti-inflammatory cytokines and nerve growth
factors [28]. Macrophages and microglia can recognize each
functional state using specific markers and morphology. M1
phenotypic markers include CD16, CD32, CD86, and inducible
nitric oxide synthase. The M2 phenotype has subtypes: M2a,
M2b, and M2c. M2 phenotypic markers include arginase-1,
Ym1, Fizz, IL-10, MHC I, CD163, and CD206 TGF-B [28].
However, microglia are not strictly polarized into M1 and M2-
only phenotypes but are influenced by the environment and
shift into a continuous intermediate phenotype between M1
and M2 to maintain tissue homeostasis [29].

Expression of microglial markers in TSC2 cKO mice

In TSC2 cKO olfactory bulb treated with sirolimus, microglial
morphology was predominantly larger, and microglial process
branching increased [16] (Figures 1A and 1B). Sirolimus
treatment resulted in predominantly higher expressions
of IL-10, Arg1, and CD206, which are expressed in the M2
phenotype (Figure 1C). In contrast, TSC2 cKO mice without
sirolimus treatment had lower IL-10, Argl, and CD206
expressions, but not predominantly higher expressions of
IL-6 and IL-1B (markers of M1 phenotype) and were polarized
toward M1 state rather than a complete M1 state, suggesting
that sirolimus treatment shifted microglia toward the M2
phenotype.

Purinergic Receptors

Purinergic receptors are expressed in microglia and regulate

microglial activity in response to ATP released from damaged
cells. Purinergic receptors are classified as P1 and P2 receptors
[30]. The P1 receptor is an adenosine-sensitive receptor with
four subtypes: A, A, , A, , and A,. P2 receptors, on the other
hand, include P2X (P2X1-P2X7) and P2Y (P2Y1'2’ 461112 13’14)
receptors that are activated by the nucleosides adenosine
diphosphate (ADP) and ATP and uridine diphosphate and
triphosphate, respectively. Purinergic metabolites in the
brain constitute important signals that promote microglial
activation and chemotaxis [31].

Subsequently, we described P2Y,, and A, receptors that
are markedly altered in the microglia of TSC2 cKO mice after
sirolimus treatment.

P2Y , receptors are highly expressed in microglia and are
primarily activated by ADP [32]. P2Y receptorsare essential for
microglial chemotaxis and participate in microglial response
[33], neuronal protection [34], and maintenance of the blood-
brain barrier [35]. The P2Y , receptor is involved in expanding
microglial processes by being stimulated by ADP, and these
processes extend their projections toward the injury site.
P2Y , expression is microglial phenotype-dependent because
it is highly expressed in anti-inflammatory M2 microglia but
less in activated M1 microglia [36], suggesting that the P2Y |
receptor plays an essential role in microglial polarization.

Stimulating A, receptors increases extracellular toxic
glutamate release from their respective nerve terminals,
activating microglial cells. A, receptor activation also
upregulates M1 microglial markers, but A, receptor
antagonists considerably reduce inflammatory cytokine
gene expression [37]. A, receptors are also involved in
microglial morphological changes. P2Y , receptor expression,
which functions in microglial process expansion, is rapidly
downregulated upon microglial activation, whereas
concomitant A, receptor upregulation mediates process
regression in activated microglial cells [38]. Furthermore,
subsequent changes in the expressed receptors cause
a transition to the amoeboid microglial morphology
characteristic during CNS inflammation (Figure 2).

The alteration of purinergic receptor expression in TSC2
cKO mice by sirolimus treatment

We investigated the expression of P1 and P2 receptors on
microglia because the microglia morphology in TSC2 cKO
mice was significantly altered by sirolimus treatment (Figures
1A and 1B) [16]. In Figure 1C, color intensity depicts the
expression levels of receptors and markers, with darker red
and blue indicating higher and lower expression, respectively.
TSC2 cKO mice had low expression of the P2Y , receptor and
high expression of the A, receptor. The expression of M1
microglial markers, IL-6 and IL-1[3, was insignificantly high in
TSC2 cKO mice (Figure 1C); however, A, receptor expression,
which activates microglial cells, was significantly increased.
This indicates that microglia in TSC2 cKO mice are in an
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Figure 1. Changes in microglial morphology and gene expression after sirolimus treatment in TSC2 cKO mice. A. Microglial
morphology in each treatment group. B. Morphology of microglial processes in each treatment group. C. Comparison of the expression of
microglial markers (M2: Arg,1, IL-10, and CD206; M1: IL-6, IL-B, and FcyRllb), purinergic receptors, and adenosine receptors; and comparison
of adenosine receptors and ectonucleotidase expression. The value of vehicle-treated control mice (Ct/Veh) was set at 1.000, and the average
of each treatment was color-coded. A darker red indicates a higher expression, and a darker blue indicates a lower expression. Scale bars
indicate 10 um in Band 5 um in B. A and B were modified from those used in [16].
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Figure 2. Activated states of microglia and expression of purinergic receptors. A. Ectonucleotidase ATP dephosphorylation. ATP is
hydrolyzed to AMP by NPDases and NPPs; AMP is degraded to adenine (ADO) by 5'-NT and ALP. Arrows indicate the receptors for each
nucleotide and nucleoside. B. Activated states of microglia and expression of purinergic receptors. ATP released extracellularly from damaged
neurons first upregulates microglial P2Y , and A, receptors [39], and P2Y,, receptor stimulation extends the process toward the injured site.
These processes are retracted by downregulating the P2Y_ receptor and upregulating the A,_receptor, altering the amoeboid phenotype.
In amoeboid microglia, the expression of P2X7, P2Y4, and P2Y, receptors is upregulated. P2X7 receptor is a major driver of inflammation
and releases pro-inflammatory cytokines, chemokines, reactive oxygen or nitrogen species, growth factors, and excitotoxic glutamate [40].
P2X4 receptor may also be involved in neuronal excitotoxic damage [41]. The highest agonist at the P2Y, receptor is UDP. UDP binding to the
P2Y, receptor induces microglial phagocytosis [42]. Ameboid microglia exhibit the inflammatory M1 phenotype, while microglia expressing
the P2Y , receptor exhibit the anti-inflammatory M2 phenotype [36], and express markers associated with each activation phenotype. This

figure is drawn by Bio Render.com.

incomplete M1 phenotypic state but may be intermediates
between the M1 and M2 states (Figures 2 and 3). Furthermore,
sirolimus treatment of TSC2 cKO mice increased the expression
of the ADP-sensitive P2Y , receptor (Figure1C). Expression
of the P2Y  receptor in microglia is highly expressed in
anti-inflammatory M2 microglia but poorly expressed in
activated M1 microglia [37]. M2 phenotypic markers were also
upregulated in the microglia of sirolimus-treated TSC2 cKO
mice (Figure 1C), suggesting that sirolimus treatment can
shift microglia toward the M2 phenotype.

Ectonucleotidases

Ectonucleotidases are enzymes that hydrolyze extracellular
ATP released from damaged cells and regulate various
tissue functions. For example, nucleoside triphosphate
diphosphohydrolase (NTPDase), an enzyme that hydrolyzes

extracellular ATP and ADP, plays a major role in the hydrolysis
of cell surface-located nucleotides (Figure 2A). Other
enzymes that function in nucleotide hydrolysis include
ectonucleotide pyrophosphatase phosphodiesterase and
alkaline phosphatase [40]. Ectonucleotidase NTPDasel
hydrolyzes ATP and ADP to adenosine monophosphate, and
5'-nucleotidase degrades adenosine monophosphate to
adenosine. In contrast, NTPDase2 degrades ATP but little ADP.
Among the purinergic receptors, the P2X receptor binds to ATP
while the P2Y , receptor binds to ADP; thus, ectonucleotidase
expression affects the response of these receptors (Figure 2A).

Ectonucleotidases expression in TSC2 cKO mice

Sirolimus treatment of TSC2 cKO mice increased NTPDase2
expression, promoting ATP hydrolysis to ADP (Figure 1C). This
is consistent with the fact that sirolimus treatment increased
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Figure 3. Microglial changes in sirolimus-treated TSC2 cKO mice. NTPDase2 is upregulated in the microglia of sirolimus-treated TSC2 cKO
mice, which increases ADP. Furthermore, stimulating ADP via P2Y , receptors extends the process. The microglia of TSC2 cKO mice without
sirolimus treatment have upregulated A,_receptors. However, their microglia are between the M1 and M2 phenotypes rather than a strict M1
phenotype. Sirolimus treatment increases the expression of M2 phenotypic markers, suggesting that sirolimus-induced microglia shifted to

the M2 phenotype.

the expression of ADP-sensitive P2Y, receptors. Applying
these results to previous findings (Figure 2), the microglia
of TSC2 cKO mice did not have the morphology of ameboid-
type microglia. However, the expression of A, receptors that
activate microglial cells increased. However, the M1 marker
IL-6 was insignificantly elevated, nor were P2X4 and P2X7,
which are involved in the expression of pro-inflammatory
cytokines, suggesting that microglia are in an intermediate
state between M1 and M2, rather than strictly M1 (Figure
3). On the other hand, sirolimus treatment increased the
expression of NTPDase2 and P2Y , receptors, suggesting that
sirolimus polarizes microglia to the M2 phenotype.

Conclusion

TSC2 cKO mice exhibited epilepsy and TAND symptoms,

which were treated with sirolimus. Furthermore, sirolimus
treatment in TSC2 cKO mice shifted microglia to an M2
phenotype.

What factors contribute to the shift of microglia to the M2
phenotype by sirolimus treatment?

In TSC, mTORC1 hyperactivity is one of the etiological
factors; however, activating mTORC1 inhibits autophagy. In
mammalian cells, rapamycin (sirolimus) treatment alone has
been shown to induce autophagy sufficiently [43]. In addition,
autophagy upregulation promotes the polarization of
microglia towards the M2 phenotype [44,45]. The polarization
of microglia to the M2 phenotype in TSC2 cKO mice by
sirolimus treatment suggests the possibility of increased
autophagy due to mTORC1 inhibition.

Microglial inflammation due to M1 polarization is a common
exacerbating factor in neurodegenerative diseases. Moreover,
shifting microglial polarization to an M2 phenotype may be
an effective strategy in treating neuroinflammatory diseases.
For example, the natural carotenoid Astaxanthin promoted
M2 polarization and suppressed neuroinflammation [46].
Furthermore, sirolimus, which shifts microglia to anti-
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inflammatory properties, may be a potential treatment for
epilepsy and TAND in TSC and other neurodegenerative
diseases.
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