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ARTICLE INFO ABSTRACT

Keywords: Astrocytes serve many functions in the human brain, many of which focus on maintenance of homeostasis.
Aquaporin-4 Astrocyte dysfunction in Tuberous Sclerosis Complex (TSC) has long been appreciated with activation of the
Epilepsy mTORCI signaling pathway resulting in gliosis and possibly contributing to the very frequent phenotype of
;‘L‘L‘i’ms sclerosis complex epilepsy. We hypothesized that aberrant expression of the astrocyte protein aquaporin-4 (AQP4) may be present

in TSC and contribute to disease pathology. Characterization of AQP4 expression in epileptic cortex from TSC
patients demonstrated a diffuse increase in AQP4. To determine if this was due to exposure to seizures, we
examined Agp4 expression in mouse models of TSC in which Tsc1 or Tsc2 inactivation was targeted to astrocytes
or glial progenitors, respectively. Loss of either Tsc1 or Tsc2 from astrocytes resulted in a marked increase in
Agp4 expression which was sensitive to mTORC1 inhibition with rapamycin. Our findings in both TSC epi-
leptogenic cortex and in a variety of astrocyte culture models demonstrate for the first time that AQP4 expression
is dysregulated in TSC. The extent to which AQP4 contributes to epilepsy in TSC is not known, though the
similarities in AQP4 expression between TSC and temporal lobe epilepsy supports further studies targeting AQP4
in TSC.

marked abnormalities are seen within cortical tubers, more subtle ab-
normalities in myelination are appreciated diffusely (Simao et al.,

1. Introduction

Tuberous Sclerosis Complex (TSC) is a multisystem neurodevelop-
mental disorder characterized most frequently by epilepsy, autism,
psychiatric disorders, and varying degrees of developmental delay.
Additionally, patients can have renal, cardiac, pulmonary, and derma-
tologic manifestations (Randle, 2017). Epilepsy in TSC is often severe
and intractable, and when coupled with the challenges associated with
autism, can be particularly disruptive.

Brain pathology in TSC is widespread and affects multiple cell types,
including neurons, oligodendrocytes, and astrocytes. While the most

2010). A primary role for astrocytes has been suspected in TSC with
reactive astrocytes contributing to cortical tubers (Sosunov et al.,
2008). A functional role of astrocytes in epilepsy in TSC is supported by
the marked epilepsy phenotype seen in conditional mouse knockout
models in which the primary cell type targeted was astrocytes
(Uhlmann et al., 2002; Zhang et al., 2013).

Astrocytes serve multiple roles in the brain, including clearance of
neurotransmitters, potassium regulation, metabolism of glutamate and
ammonia to form glutamine, regulation of water homeostasis, and

Abbreviations: Aqp4, aquaporin-4; CaMKII, calmodulin-dependent protein kinase II; CKO, conditional knock-out; DIV, day in vitro; ERT, Cre fused to estrogen
receptor; F/F, floxed/floxed; F/Wt, floxed/wild-type; GFAP, glial fibrillary acidic protein; GLT-1, glutamate transporter-1; GLAST, glutamate aspartate transporter;
MGCM, mixed glia culture media; MRI, magnetic resonance imaging; mGluR5, metabotropic glutamate receptor 5; mTOR, mechanistic target of rapamycin; PBS,
phosphate buffered saline; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; pS6, phosphorylated-S6 ribosomal protein; SEGA, subependymal giant cell
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formation and maintenance of a component of the blood-brain barrier
(BBB). One protein which plays a key role in many of these astrocytic
functions is the water channel aquaporin-4 (AQP4). While there are
multiple aquaporins in the human body, AQP4 is the predominant as-
trocytic subtype. AQP4 has been shown to be expressed early in de-
velopment in neuronal precursors, though with subsequent differ-
entiation of neuronal progenitors, an astrocytic shift to AQP4
expression is seen (Cavazzin et al., 2006). Mouse studies have shown
that Aqp4 is not required for viability, though Aqp4 loss results in
impaired astrocyte migration to chemotactic stimuli, reduced glial scar
formation and an increased seizure threshold (Papadopoulos and
Verkman, 2008).

The contribution of astrocytes to epilepsy pathogenesis is increas-
ingly appreciated and has been well reviewed in the context of temporal
lobe epilepsy (de Lanerolle et al., 2010). Astrocytes in sclerotic lesions
have been postulated to increase neuronal excitability through a variety
of mechanisms including glutamate-dependent increases in extra-
cellular K* due in part to changes in astrocyte morphology and cell
swelling. Additionally, both AQP4 and blood-brain barrier dysfunction
have been demonstrated to contribute to epileptogenesis. Leakage
across the BBB has been shown to occur during acute epileptogenesis as
well as during the chronic epileptic phase (van Vliet et al., 2007).
Persistent leakage of serum IgG has been postulated to contribute to the
neuronal dysfunction in temporal lobe epilepsy (Rigau et al., 2007).
Additionally, AQP4-dependent mechanisms have been postulated to
contribute to neuronal cell death in the hippocampus in eclampsia (Han
et al., 2018) as well as altered water and K™ homeostasis (Eid et al.,
2005).

Given the marked abnormalities in astrocytes and evidence of BBB
disruption in TSC (Boer et al., 2008a), we hypothesized that AQP4 is
increased in brains of patients with TSC and may contribute to neuronal
dysfunction and epilepsy in TSC. Herein we demonstrate expression
changes in AQP4 in both TSC patient resected tissues as well as TSC
mouse models, both demonstrating a marked upregulation of AQP4 in
TSC.

2. Materials and methods
2.1. Human tissue

TSC patient (Table 1), age-matched cortical tissue from autopsy
specimens (Table 2) and resected tissue from epilepsy patients (Table 3)
were obtained with the assistance of the Vanderbilt University Medical
Center pathology department. TSC and non-TSC epilepsy cortical tissue
was obtained in the context of epilepsy surgery for the treatment of
medically refractory epilepsy under Vanderbilt University IRB
#130550. Tissue samples were paraffin embedded and cut into 5pum
sections. H&E sections were stained using established protocols by the

Table 1
TSC patient cohort.
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Table 2
Control, non-TSC patient cohort.
Age Cause of death
8 days Disseminated HSV-1 infection

2years Acute cardiac arrest

5 years Pulmonary hemorrhage
10 years Lymphocytic myocarditis
14 years Sepsis

48 years Cardiac sudden death

Table 3
Non-TSC epilepsy patient cohort.

Age at Resection ~ Resection location ~ Pathology

1year Right frontal
12 years Left temporal
17 years Left temporal

Focal cortical dysplasia, type IIB
Gliosis, hippocampal sclerosis
Neuronal heterotopia, hippocampal
sclerosis

Vanderbilt Translational Pathology core. Slides were deparaffinized
followed by incubation in DPBS. Antigen retrieval was perform using
10 mM sodium citrate with 0.05% Tween-20, pH 6.0. Sections were
subsequently blocked with 10% goat serum, 10% bovine serum al-
bumin and 0.5% Triton-X100 in PBS (super-block) for 1h at room
temperature. Primary antibodies were diluted in super-block and in-
cubated overnight at 4°C. After washing with PBS, sections were
probed with species appropriate secondary antibodies at 1:500 (anti-
mouse, anti-rabbit, or anti-rat Alexa 488, 555, 647 fluorochromes, In-
vitrogen, Watham, MA, USA) for one hour at room temperature. Pho-
tomicrographs were obtained with an AMG Evos epifluorescence mi-
croscope (ThermoFisher, Watham, MA, USA). Slides were processed in
parallel with all images obtained at 20 X with identical light settings.
Image analysis was performed with ImageJ (version 1.47, National
Institutes of Health, Bethesda, MA, USA) and Adobe Photoshop CS5
(Adobe Systems, San Jose, CA, USA). Semi-quantitative alalysis of
AQP4 expression from human samples was done through integration of
the intensity of the 647 channel representing AQP4 across the entirety
of the 20x photomicrograph. Primary antibody dilutions: GFAP
1:1000, phospho-S6 (Ser240-244) 1:200, (all Cell Signaling Tech-
nology, Danvers, MA, USA), and AQP4 1:500 (Alomone Labs 300-314,
Jerusalem, Israel).

2.2. Mouse models

A conditional knockout mouse strain lacking Tsc2 in glial progeni-
tors was generated by breeding mice harboring a floxed Tsc2 allele (Fu
and Ess, 2013) to Olig2-Cre + mice (Jackson Laboratory #011103,

Age at Resection  Gene mutation Resection location Pathology

8 days TSC2 point mutation ~ Right hemispherectomy
2.5 years TSC2 point mutation ~ Right temporo-occipital
2.5 years not done Right frontal

tuber
3 years none detected Left temporal lobe
3years not done Right frontal
4 years TSC2 frame shift Right frontal and temporal
6 years not done Left parietal
6 years TSC2 Right frontal
9years TSC1 frame shift Right frontal
13 years not done Left frontal
15 years not done Left frontal
15 years TSC2 deletion Right frontal

48 years TSC1 frame shift Left frontal

Balloon cells, microcalcifications
Giant cells, decreased numbers of neurons, reactive astrocytosis, consistent with tuber
Distorted neocortical architecture, balloon cells, loss of lamination, increased astrocytes, consistent with

Cytomegalic neurons, balloon cells, astrogliosis, calcification

Disrupted lamination, dysmorphic neurons, balloon cells, reactive gliosis

Hypomyelination and gliosis, large glassy GFAP+ and NeuN+ cells

Reactive astrocytes, balloon cells, disrupted cortical lamination

Deranged lamination, marked gliosis with focal calcification

Disrupted lamination, cytomegalic neurons, balloon cells, hypomyelination with gliosis and calcification
Reactive astrocytes, balloon cells, dysmorphic neurons, abnormal lamination

Disorganized cortex, dysmorphic neurons, balloon cells, consistent with tuber

Consistent with tuber

Balloon cells, reactive astrocytes, subcortical mineralization
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Fig. 1. Aquaporin-4 expression in TSC patient cortex. Representative 20 X H&E sections from a 15 year-old patient with TSC and an age matched control (A, F). 20 X
photomicrographs of AQP-4 and GFAP in parallel cortical sections to the H&E sections in the control (B-D) and TSC patient (G-I) cortex. Demonstration of pS6 (serine
240/244) positive giant cells in TSC (J) but not control (E) parallel sections. Panoramic view of TSC cortex demonstrating an area of gliosis with diffuse AQP-4
immunoreactivity (demarcated by white line) surrounded by cortex with a more typical perivascular AQP-4 expression pattern (K-M). Scale bar = 200 pm.

Sacramento, CA, USA) as previously described (Carson et al., 2013).
Subsequently, Tsc2™"'; Olig2-Cre-positive mice were bred with homo-
zygous Tsc2™" mice to create animals homozygous for the Tsc2 floxed
allele (Olig2-Tsc2 CKO). Similarly, mice transgenic for ERT2-Cre
(Jackson Laboratory #008463, Sacramento, CA, USA) were bred with
Tsc2FF mice to create Tsc2%; ERT-Cre (ERT-Tsc2) mice where Tsc2
inactivation may be controlled temporally through exposure to ta-
moxifen. As tamoxifen was used in vitro, a breeding scheme where ERT-
Cre(+)Tsc2"F mice were crossed to ERT-Cre( +)Tsc2"F mice was used
to maximize output of homozygous ERT-Cre(+)Tsc2"" pups. Geno-
typing was performed using PCR as previously described (Carson et al.,
2013) See Supplemental Fig. 1C for primers used. GFAP-Tsc1-CKO as-
trocytes and P28 cortical tissue samples were generated as previously
described (Uhlmann et al., 2002). All experiments were performed in
both male and female animals using littermate controls whenever
possible.

Mice were housed under normal environmental conditions with a
standard 12-h light-dark cycle and ad lib access to water and food.
Weekly weights were taken to ensure maintenance of normal food and
water intake. Mice were euthanized under anesthesia for tissue har-
vesting, methods in accordance with AVMA guidelines. All work was
conducted with the approval of the Institutional Animal Care and Use
Committee (IACUC) at Vanderbilt University, Nashville, Tennessee (M/
1600104) or at Washington University, St. Louis, Missouri (A-3381-01,
20160091).

2.3. Rapamycin treatment

Tsc2°182 mice were treated with 3 mg/kg rapamycin i.p. 5 days per
week from P30-P60 and sacrificed at P60 as described previously
(Carson et al., 2015). Rapamycin was stored at —20C as a 30 mg/ml
stock solution in 100% ethanol then diluted in vehicle (0.25% Tween-
20, 0.25% polyethylene glycol in PBS) prior to administration.

2.4. Immunofluorescence

Brain tissues were dissected from Tsc2 CKO and littermate controls
as previously described (Carson et al., 2013; Ess et al., 2005; Fu et al.,
2011). Briefly, animals were anesthetized with ketamine/xylazine and
perfused (P5 and older) with ice-cold phosphate buffered saline (PBS)
followed by ice-cold 4% paraformaldehyde (PFA) in PBS (pH7.4).
Brains were post-fixed in 4% PFA overnight and cryoprotected in 30%
sucrose prior to sectioning.

IF was performed with frozen sections as described above with
paraffin-embedded human cortical tissue though antigen retrieval was
not required in the frozen sections.

2.5. Immunoblotting

Mice were anesthetized with isoflurane and tissues rapidly dissected
on ice, flash frozen in liquid nitrogen and stored at —80 °C. Lysate
preparation, SDS-PAGE, and immunoblotting were performed as pre-
viously described (Grier et al., 2017). Primary antibodies: pS6 (Ser240/
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Fig. 2. Aquaporin-4 expression in TSC and non-TSC epilepsy patient cortex. 20 X photomicrographs of AQP-4 and GFAP in cortical sections of TSC(A-F) and non-TSC

epilepsy patient (G-I) cortex. Quantitation of AQP-4 signal intensity from control, TSC patient and non-TSC epilepsy cortical tissue (J). p < .01 by 1-way ANOVA
with Tukey's post-test, n = 6, 13, 3. Scale bar = 200 pm.

244), GFAP and actin (Cell Signaling Technology, pS6 and GFAP
1:1000; actin 1:2000); Aqp4 1:500 (rabbit, Alomone Labs 300-314),
and actin 1:2000 (mouse, Sigma, St. Louis, MO, USA).

2.6. Primary mouse astrocyte cultures

Primary mixed glial cultures were prepared from PO to P2 mouse
brains with modification of published protocols (Carson et al., 2015;
O'Meara et al., 2011). Briefly, following euthanasia, cortical tissue was
isolated, dissociated and plated into poly-i-lysine (PLL)-coated flasks
incubated at 37 °C and 8.5% CO, in mixed glial culture media (MGCM)
consisting of Dulbecco's modified Eagles medium (DMEM) with 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin, and 1% Glu-
tamax (Gibco). Microglia and oligodendrocyte precursors were isolated
and removed via differential shaking at day in vitro (DIV) 9. Astrocytes
remaining in the T25 flask were washed with PBS and dissociated with
0.25% trypsin in Hanks' balanced salt solution (HBSS). Astrocytes were
expanded through at least two passages prior to re-plating into flasks or
onto poly-i-lysine-coated 24-well culture dishes and harvested 7 days
later. For chronic rapamycin experiments, 1 day following plating, cells
were treated with 20 nM rapamycin in DMSO vehicle or with DMSO
alone.

For immunofluorescence microscopy, cells in 24-well plates were
washed with PBS followed by fixation with 4% paraformaldehyde for
15min. Following PBS washes, cells were processed for immuno-
fluorescence as described above, prior to imaging with an Evos fluor-
escent microscope (AMG).

J
AQP4 expression
8004
*%
L1 ]

6004 ..
2 "
o =+ 4
R = .

2004 ° " ma®

[ J
control TSC epilepsy

2.7. ERT treatment of astrocytes

In astrocytes possessing the ERT2 inducible Cre, 1 uM 4-OH ta-
moxifen (Sigma) in DMSO (tamoxifen) or DMSO vehicle were added to
parallel cultures from the same animal, starting at DIV3 though DIV9.
Astrocytes underwent differential shaking on DIV9 and were processed
as described above. Loss of Tsc2 was confirmed through PCR
(Supplemental Fig. 1) and via immunoblot.

3. Results

To determine if AQP4 expression is altered in cortical brain tissue
from patients with TSC, AQP4 expression was characterized from brain
tissue obtained from TSC patients during epilepsy surgery (Table 1).
Patients ranged from 8 days to 48 years of life at the time of resection.
Five patients demonstrated mutations in TSC2, two with mutations in
TSC1; one patient had no mutation identified. Five patients did not
have documented genetic testing. In all cases, pathology was consistent
with that expected in TSC, including the presence of giant cells, dys-
morphic neurons, distorted neocortical architecture and gliosis. Par-
affin-embedded sections from TSC patients, age-matched controls
(Table 2), and non-TSC epilepsy patients (Table 3) were co-labeled with
antibodies against AQP4 and GFAP with parallel sections probed with
phosphorylated S6 (Serine 240/244) and stained with hematoxylin and
eosin (H&E) (Fig. 1). As predicted, cortical GFAP expression and S6
phosphorylation (Serine 240/244) were increased in TSC samples. In
addition to the expected perivascular localization, AQP4 expression was
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Fig. 3. Aquaporin-4 expression in the Tsc2°!82 CKO mouse model. 20 x photomicrographs of Aqp-4 and GFAP expression are demonstrated with immuno-
fluorescence and immunoblotting in the Tsc2°"82 CKO mouse model in which Tsc2 is targeted to glial precursors before (A-B, E-F) and after (C-D, E-F) treatment with
rapamycin. Means compared with 1-way ANOVA with Tukey's multiple comparison test, n = 3 animals per group. Scale bar = 200 pm.

diffusely increased in all the TSC patient samples. Within TSC speci-
mens, regions with diffuse AQP4 expression demonstrated increased
gliosis and decreased organization, whereas in flanking regions a more
normal appearing perivascular AQP4 expression pattern was seen
(Supplemental Fig. 2).

As our controls were from non-epilepsy pathologic specimens, to
contrast the increase in AQP4 in TSC to non-TSC epileptic tissue, we
examined resected cortical tissue from patients with focal epilepsy of
other causes. AQP4 expression in non-TSC epileptic tissue was in-
creased relative to control specimens but did not reach the high levels
of expression seen in many of the TSC specimens (Fig. 2). Similar to that
seen in the TSC samples, the AQP4 expression varied within specimens
and was increased in association with regions of gliosis and dysplastic
cortex (Supplemental Fig. 3). A semi-quantitative evaluation of total
AQP4 signal intensity across the entirety of images from control, TSC
and non-TSC epileptic cortex demonstrated that AQP4 expression was
increased in all patient specimens but with marked variability within
TSC samples.

Given that the AQP4 expression was increased in many of the
human TSC brain specimens beyond that seen in the non-TSC epileptic
cortex, we sought to determine if the increased AQP4 expression may
be due to cell autonomous mechanisms in astrocytes. To determine if

97

increased Aqp4 expression is due to loss of Tsc2 (Han et al., 2018),
Aqp4 expression was examined at P60 in brain sections and cortical
extracts from our previously described Tsc2°%2-CKO mouse model
(Carson et al., 2015) with immunofluorescence and immunoblotting,
respectively (Fig. 3). In the Tsc2°%82.CKO mouse model, Tsc2 is con-
ditionally inactivated in glial precursors resulting in deletion in both
oligodendrocytes and in astrocytes. Clinical seizures have not been
observed in this model. Similar to the findings in human cortical tissue,
Aqp4 expression demonstrated the expected perivascular localization in
all samples and similar to that seen in the TSC patient samples, its ex-
pression was more diffuse throughout the CKO cortex. As has been
described previously, gliosis was evident with increased expression of
GFAP in the CKO cortex. When quantitated by immunoblotting, a trend
towards increased Aqp4 expression was seen in the CKO mice but this
was not statistically significant. A similar trend was seen with im-
munoblotting of cortical extracts from P28 Tsc19*f CKO mice (Sup-
plemental Fig. 4), a well-characterized epileptic mouse model of TSC in
which GFAP-Cre is used to target Tscl (Tsc1°F4P) in astrocytes (Zhang
et al., 2013). Given the important role of mMTORC1 activation in TSC, we
asked whether Aqp4 expression may be modified by treatment with
rapamycin. Aged-matched control and Tsc2°"¢2-CKO mice were treated
with rapamycin from P30 to P60 as previously described (Carson et al.,
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Fig. 4. Increased Aqp-4 expression in Tsc2 and Tscl deficient astrocytes. Aqp-4 expression was characterized by immunoblotting in primary cultures of astrocytes
derived from the Tsc2°"¢2 CKO mouse model (A-C), a novel tamoxifen-inducible Tsc2"RT CKO model (A-C), and the Tsc1°"AP CKO mouse model (D-F). *p < .05.
Means compared with 1-way ANOVA with Tukey's multiple comparison test (C) and Student's t-test (E). n = 3-4 independent cultures per group.

2015). Following treatment with rapamycin, Aqp4 expression was not
as diffuse and returned to the expected perivascular expression pattern.
When evaluated by immunoblotting, the overall Aqp4 expression ap-
peared slightly decreased after treatment with rapamycin, but overall
Aqp4 expression was not significantly different across groups. These
findings mirror those seen in the TSC patient samples and suggest that a
component of the increase in Aqp4 expression is mTORC1-dependent
and not due to seizure exposure.

To further characterize the association between mTORC1 activation
and Aqp4 expression in astrocytes and to determine if changes in Aqp4
are the result of cell autonomous changes within astrocytes, we utilized
primary astrocyte cultures from the established TSC mouse models
described above (Carson et al., 2015; Uhlmann et al., 2002), as well as
in a novel Tsc2®%" Cre mouse line we developed. To quantify Aqp4
expression in Tsc2-deficient astrocytes, lysates of primary astrocyte
cultures were evaluated by immunoblotting (Fig. 4A-C). Aqp4 expres-
sion trended towards but was not significantly increased in astrocyte
extracts derived from the Tsc2°?-CKO mouse, consistent with the in
vivo data. Previous studies with red fluorescent protein lineage tracing
using the Ail4 mouse suggested that a majority of cortical astrocytes
are targeted by Olig2-Cre (Carson et al., 2015, Fig. S4), however the
residual tuberin expression seen on the western blot suggests in-
complete targeting of astrocytes.

Given the possibility that Olig2-Cre may not target all cortical as-
trocytes, we also generated a novel inducible ERT-Cre Tsc2 (Tsc25R7)
model to further characterize the interaction between tuberin loss and
Aqp4 expression. Tsc2"RT astrocyte cultures derived from mouse pups
homozygous for floxed alleles of Tsc2 were treated with vehicle
(DMSO) or 4-hydroxy-tamoxifen (tamoxifen) to create Tsc2 null astro-
cytes. Following treatment with tamoxifen, Aqp4 expression was
markedly increased in Tsc2ER” cultures. The degree of tuberin loss was
more pronounced in the Tsc2ERT cultures than in the Tsc2°82 derived
cultures. A lower molecular weight tuberin band was seen in the
Tsc2FRT culture which manifests as a doublet in the Tsc2°%? culture, a
band consistent with residual expression of tuberin lacking the GAP
domain. In aggregate, these data demonstrate a significant inverse
correlation between tuberin expression and Aqp4 expression, further
supporting such an association between the two proteins (r = —0.7127,
p = .0472).
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To determine if the increase in Agqp4 expression was specifically
associated with Tsc2 loss or may also be associated with loss of Tsc1
(encodes hamartin), Aqp4 expression was quantified in primary astro-
cyte cultures derived from the Tsc1¢™” CKO mouse. Similar to the re-
sults in the Tsc25RT astrocytes lacking tuberin, Aqp4 expression was also
markedly increased in astrocytes lacking hamartin (Fig. 4D-F), sup-
porting that loss of either tuberin or hamartin may lead to elevated
Aqp4 expression.

As demonstrated earlier, Aqp4 expression is markedly increased in
Tsc2 deficient astrocytes (Fig. 5). Following chronic treatment of
Tsc2PRT astrocyte cultures for 6 days with rapamycin, Aqp4 expression
was significantly decreased, though did not completely normalize to
control values despite suppression mTORC1 activity as demonstrated
with decreased S6 phosphorylation (Supplemental Fig. 5). These find-
ings suggest a role for mTORC1 activation in modulation of Aqp4 ex-
pression but also suggests other mechanisms may be contributing to the
increased expression of Aqp4.

In addition to the cytomegaly seen in Tsc2-deficient astrocytes, large
cystic-appearing vacuolar structures were frequently seen in the Tsc2-
deficient astrocyte cultures which were not appreciated in control
cultures (Fig. 6). Immunofluorescence staining of the astrocytes with
GFAP and actin demonstrate that the vacuole-like structures exhibit
GFAP expression both along the border of and within the vacuole,
supporting that they are intracellular. To determine if the vacuoles are
associated with mTORC1 activation, we conducted time-lapse imaging
of Tsc2ERT astrocytes that were treated acutely with 100 nm rapamycin
for 24 h, a dose demonstrated to reduce astrocyte cell size with acute
treatment (Supplemental Fig. 6). These studies demonstrated a decrease
in vacuole size and number, demonstrating a sensitivity of these
structures to treatment with rapamycin.

4. Discussion

Given the multifaceted role for astrocytes in TSC pathology and BBB
dysfunction, we hypothesized that expression of the astrocyte protein
AQP4 may be altered in TSC and contribute to disease pathology. In
cortical tissue resected from TSC patients in the context of epilepsy
surgery, we demonstrate a markedly increased expression of AQP4. The
marked and diffuse increase in AQP4 expression is not unprecedented.
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Fig. 5. mTORCI sensitivity of Aqp-4 expression. Aqp-4 and GFAP expression were characterized with immunofluorescence and immunoblotting in primary cultures
of astrocytes derived from the tamoxifen inducible Tsc2ERT CKO model before (A-B, E-F) and after treatment with rapamycin (C—F). 10 X photomicrographs, scale
bar = 400 um. **p < .01 for genotype effect only. Means compared with 2-way ANOVA with Bonferroni's post-test, n = 5-6 independent cultures per group.

Increases in AQP4 expression have been previously reported in tem-
poral lobe epilepsy, with mRNA analyses as well as with im-
munohistochemistry showing diffusely increased AQP4 expression si-
milar to what we report in TSC and confirmed in our non-TSC epilepsy
specimens (Lee et al., 2007). Likewise, diffusely increased AQP4 ex-
pression has been reported in tumors as well as in Alzheimer's disease,
diseases that are also associated with gliosis (Moftakhar et al., 2010;
Noell et al., 2015).

To address whether the increased AQP4 is related to seizure burden,
we additionally examined expression in cultured mouse astrocytes
lacking Tscl or Tsc2. Cultured astrocytes demonstrated increased Aqp4
expression which was inversely proportional to tuberin expression. The
increased Aqp4 expression in primary cultures supports that seizure
exposure is not the sole etiology of increased AQP4 expression in the
epileptic TSC cortex. This finding, in combination with the decrease in
Aqp4 expression following treatment with rapamycin, supports a role
for mTORC1 activation increasing Aqp4 expression. The lack of a
marked increase in Aqp4 expression in cortical tissue extracts may be
due in part to a dilution effect from not targeting other cell types or may
suggest altered localization of Aqp4. The lack of ability to directly
compare effects of loss of Tscl and Tsc2 using the same Cre-driver is a
limitation of our study. The marked increased in AQP4 expression and
transition from a more normal perivascular localization to a more dif-
fuse presentation was noted within different regions of individual

samples, including with the non-TSC epilepsy cohort. This was most
notable in a specimen which included a type IIB cortical dysplasia, a
type of malformation characterized by giant cells with increased mTOR
activity (Majolo et al., 2018), further supporting a link between mTOR
activation and AQP4 expression.

There are several mechanisms by which AQP4 expression and BBB
disruption may be linked to TSC and mTORC1 signaling. AQP4 ex-
pression is modulated by CaMKII and PKC, kinases whose activity and
expression are modulated by mTOR. In addition, Shi et al. demon-
strated a role for mGluR5 stimulation in glutamate-dependent astrocyte
swelling which was shown to be blocked by mGluR5 antagonism or a
siRNA directed against AQP4 (Shi et al., 2017). In addition to Gag-
dependent mechanisms, mGluR5 induces activation of the PI3K/Akt/
mTOR signaling pathway (Olmo et al., 2016). Increased mGluR5 ex-
pression in tubers and SEGAs in TSC (Boer et al., 2008b) further sug-
gests a mechanism by which glutamate acting through mGIluR5 may
synergize with mTOR signaling to increase AQP4 expression in TSC.
The cystic structures in the Tsc2-deficient cultured astrocytes appear
similar to the vacuoles described by Guo, Zou, and Wong in astrocytes
after kainic acid-induced seizures (Guo et al., 2017), but a clear asso-
ciation with Aqp4 expression has not yet been determined.

The degree to which AQP4 contributes to disease pathology and
epilepsy in TSC is not known. AQP4 is highly expressed in the endfeet of
perivascular astrocytes where it makes up a component of the blood
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Fig. 6. Intracellular vacuoles in Tsc2 deficient astrocytes. Bright field (A-B) and immunofluorescence (C) photomicrographs of GFAP positive intracellular vacuoles in
Tsc2 deficient astrocytes. Scale bar = 200 um Phase contrast time-lapse imaging of vacuoles following vehicle (E) or rapamycin treatment (F) for 24 h. Scale bar 100

um.

brain barrier. Evidence for a disrupted blood-brain barrier along with
activated microglia has been previously reported in pathologic speci-
mens from TSC patients (Boer et al., 2008a). Our findings demonstrate
both an association between gliosis and AQP4 expression and suggest
impairment in the perivascular targeting of AQP4. AQP4 dysregulation
is thought to contribute to epileptogenesis by allowing leakage of serum
proteins across the BBB and altering water and K* homeostasis (Eid
et al., 2005; Han et al., 2018; Rigau et al., 2007; van Vliet et al., 2007),
potentially contributing to the perituber focal epileptogenicity asso-
ciated with TSC. This role may be further supported by MRI studies
demonstrating increased water diffusion in the brains of TSC patients,
with marked increases in diffusion in perilesional white matter (Garaci
et al., 2004). An overall increase in water diffusion in the cortex versus
in the cerebellum has been postulated to be due in part to the relative
increase in cortical expression of GLAST and AQP4 in the cortex. Ad-
ditional data has implicated AQP4 in the enhanced swelling of cortical
astrocytes after glutamate exposure (Han et al., 2004), suggesting an-
other mechanism by which AQP4 dysregulation may contribute to the
increased diffusion signal on MRI seen in TSC. The extent to which

100

diffusion changes in TSC are due to dysmyelination or due to increased
expression of AQP4 is not known. DTI imaging studies of either mouse
or human brains which can differentiate radial versus axial diffusion
may be used to help define the contribution of the respective cell types
and quantitate responses to pharmacologic agents which may modify
either myelination or AQP4 expression.

When contrasted to findings in temporal lobe epilepsy, the increase
in AQP4 expression in TSC is consistent with multiple lines of evidence
supporting a role for astrocyte dysfunction in both temporal lobe epi-
lepsy and in TSC. In addition to changes in AQP4 expression, altered
glutamatergic signaling is seen in both TLE and TSC. As noted, in-
creased expression of astrocytic mGIluR5 has been reported in TSC.
Similar findings in temporal lobe epilepsy have been reported and ex-
tended to include increased expression of ionotropic glutamate re-
ceptors (Das et al., 2012). Glutamatergic signaling, in both TLE and
TSC, may be further amplified through decreased astrocytic expression
of glutamate transporters GLT-1 and GLAST, functionally increasing
extracellular glutamate (Albrecht and Zielinska, 2017; Wong et al.,
2003).
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AQP4 expression is tightly associated with Kir potassium channels
in astrocytes, channels which demonstrate decreased expression in TSC
and TLE(Djukic et al., 2007; Jansen et al., 2006). The impaired ability
to remove potassium from the extracellular space coupled with a de-
crease in extracellular space secondary to AQP4-dependent cell swel-
ling, may further impede neuronal repolarization (Albrecht and
Zielinska, 2017; Xu et al., 2009). While studies have demonstrated an
increased seizure threshold in Agp4 null mice, Lee et al. demonstrated
an increase in seizure frequency in Agp4 null mice versus controls fol-
lowing kindling of the hippocampus with kainic acid (Lee et al., 2012).
Thus, future studies will be required to determine the extent to which
the increase in AQP4 expression in TSC contributes to cortical epi-
leptogenesis and whether similar mechanisms are seen in the hippo-
campus.

5. Conclusions

Despite continued development of medications for the treatment of
epilepsy, one in three patients with epilepsy remains drug resistant
(Chen et al., 2017). Intractable epilepsy in patients with TSC remains a
major contributor to morbidity and affects quality of life for patients
and their families. Identification of novel drug targets and mechanisms
remains key to development of new therapies for the treatment of
epilepsy. The similarities between increased AQP4 expression in TLE
and our data demonstrating increased expression of AQP4 in TSC
supports the hypothesis that AQP4 contributes significantly to disease
pathology and epilepsy in TSC. Further studies are needed to both de-
fine the exact mechanisms by which loss of TSC alters AQP4 expression
as well as the extent to which modulation of AQP4 expression or
function can alter network excitability in TSC. Should AQP4 expression
be shown to alter network excitability in TSC, approaches which target
either AQP4 expression or function may serve as novel therapeutic
strategies for the treatment of epilepsy in TSC.
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