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Abstract

Tuberous sclerosis complex (TSC) is a neurogenetic disorder associated with epilepsy, intellectual disabilities, and
autistic behaviors. These neurological symptoms result from synaptic dysregulations, which shift a balance between
excitation and inhibition. To decipher the synaptic substrate of hyperexcitability, we examined pan-neuronal Tsc1
knockout mouse and found a reduction in surface expression of a GABA receptor (GABAR) subunit but not AMPA
receptor (AMPAR) subunit. Using electrophysiological recordings, we found a significant reduction in the frequency
of GABAR-mediated miniature inhibitory postsynaptic currents (GABAR-mIPSCs) but not AMPAR-mediated miniature
excitatory postsynaptic currents (AMPAR-mEPSCs) in layer 2/3 pyramidal neurons. To determine a subpopulation of
interneurons that are especially vulnerable to the absence of TSC1 function, we also analyzed two strains of
conditional knockout mice targeting two of the prominent interneuron subtypes that express parvalbumin (PV) or
somatostatin (SST). Unlike pan-neuronal knockout mice, both interneuron-specific Tsc-1 knockout mice did not
develop spontaneous seizures and grew into adults. Further, the properties of AMPAR-mEPSCs and GABAR-mIPSCs

were normal in both Pv-Cre and Sst-Cre x Tsc1™"

"knockout mice. These results indicate that removal of TSC1 from all
neurons in a local cortical circuit results in hyperexcitability while connections between pyramidal neurons and
interneurons expressing PV and SST are preserved in the layer 2/3 visual cortex. Our study suggests that another
inhibitory cell type or a combination of multiple subtypes may be accountable for hyperexcitability in TSC.
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Introduction
The connectivity between pyramidal cells and interneu-
rons matures during development and is one of the key
determinants of critical period plasticity [1-6]. The bal-
ance between excitation and inhibition (E/I balance)
underlie normal neuronal circuit functions that underlie
learning, memory, and sensory processing. Therefore, a
deviation of E/I balance toward excitation, or hyperexcit-
ability is implicated in brain disorders including epilepsy
and autism spectrum disorders [7-12].

One of the neurogenetic disorders that are associated
with seizures and autistic behaviors is tuberous sclerosis
complex (TSC) caused by mutations in TSCI or TSC2
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[13]. The TSC-1 and -2 proteins form a complex that
suppresses the mammalian target of rapamycin (mTOR)
pathway, which regulates cell growth, protein synthesis,
autophagy and transcription [14]. The mTOR pathway
also plays critical roles in synaptic functions [15, 16]. For
example, Tsc2 heterozygous mutant mice have impaired
late long-term potentiation (L-LTP) and long-term mem-
ory [17]. Hippocampal neurons that are suppressed with
Tsc-1 and -2 using RNA interference have impaired
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
receptor (AMPAR) currents [18]. Tsc-1-deleted hippocam-
pal neurons exhibit impaired long-term depression (LTD)
mediated by a metabotropic glutamate receptor (mGluR)
[19, 20]. Furthermore, an E/I balance is skewed to hyper-
excitability in Tsc-1-deleted hippocampal neurons [21].

A local cortical circuit consists of pyramidal neurons
and inhibitory neurons, which maintain the E/I balance
[22-27]. Recent advances in mouse genetics offer an
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analysis of subpopulations of inhibitory cells based on
molecular markers [28, 29]. Among various interneu-
rons, cells expressing parvalbumin (PV) and somato-
statinl (SST) are the most extensively studied. PV(+)
cells are either large basket cells that contact with the
soma of pyramidal neurons or chandelier cells which
project to the axon initiation segment [22, 23, 30-32].
Together, PV (+) cells suppress generation of action po-
tentials in the pyramidal neuron. In the cortex, Marti-
notti neurons that are positive for SST connect to distal
dendrites of a pyramidal neuron [23, 33]. In the rodent
visual cortex, PV (+) and SST (+) cells play complemen-
tary roles in computing sensory inputs [34-37]. In a
mouse model of Rett syndrome, PV (+) and SST (+) in-
terneurons play distinct roles [38—40]. Further, PV (+)
interneuron are involved in the pathophysiology of gen-
etic epilepsy syndromes including mutation of the
NAV1.1 sodium channel, which is associated with Dravet
syndrome [41]. Therefore, it is an intriguing possibility
that PV (+) or SST(+) cells play a critical role in hyper-
excitability of the local circuit in TSC.

In this study, we examined pan-neuron-specific
synapsinl-Cre (Synl-Cre) x Tsc?"" mice and found that
they had reductions in both total and surface expres-
sions of Gamma-aminobutyric acid type A receptor sub-
unit alpha-1 subunit (GABAAR-al). Synl-Cre x Tsc™"
mice also had a reduction in GABAR-mediated mini-
ature inhibitory postsynaptic currents (GABAR-mIPSCs)
in layer 2/3 visual cortical pyramidal neurons, indicating
hyperexcitability. To further study the origin of hyperex-
citability in TSC, we created PV- and SST- cell-specific
Tscl knockout mice. Unlike Synl-Cre x TscF™" mice,
both interneuron-specific knockout mice grew into
adulthood without spontaneous seizures. In both
interneuron-specific mice, electrophysiological record-
ings of layer 2/3 pyramidal neurons showed normal E/I
balance that was comparable to wild-type mice. These
results indicate that deleting TscI in PV (+) or SST (+)
interneurons alone does not recapitulate the E/I imbal-
ance that is observed in Syni-Cre) x Tsc#"" mice. Our
study suggests that another or multiple inhibitory cell
type(s) may be involved in hyperexcitability that under-
lies epilepsy and autistic behaviors in TSC.

Methods

Animal

This study was carried out in accordance with the princi-
ples of the Basel Declaration and recommendations of
MIT, UIC and NIH guidelines on the humane care of ani-
mals. The protocol was approved by the MIT- and
UIC-IACUC. All animal manipulations were approved by
the MIT- and UIC-IACUC and were performed in accord
with its guidelines. Animals were kept under 12 h light/
dark cycle. Neuronal subtype-specific deletion of T5c1 was
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achieved by crossing cell type-specific Cre-driver lines
(PV-Cre, https://www.jax.org/strain/017320; Sst-IRES-Cre,
https://www.jax.org/strain/013044; and Syni-Cre https://
www.jax.org/strain/003966) with Tsc#' 7 /! mice (https://
www jax.org/strain/005680) [42]. All strains were obtained
from Jackson Laboratory. Floxed-TscI mice served as con-
trols. All mice belonged to the C57BL6/] strain. In all ex-
periments, both male and female animals were used.

Gel electrophoresis, quantitative immunoblotting, and
statistical analysis

Concentrations of protein sample were measured using
Pierce BCA Protein Assay Kit (Thermo Scientific). Equal
amounts of proteins (5 or 10 pg per lane) were run on 6
or 8% SDS-PAGE, then transferred to polyvinylidene
difluoride (PVDF) membrane by electroblotting (Idea Sci-
entific, Minneapolis, MN). Blots were blocked with block-
ing buffer (Sigma) diluted with Tween/0.1 M PBS (TPBS)
for 30 min, then incubated in primary antibody in TPBS
for 1h at room temperature. The following primary anti-
bodies were used; GluAl (Millipore Cat# 05-855, RRI-
D:AB_10015249), GluA2 (Millipore, Cat#MAB397,
RRID:AB_2113875), GABA s,R-a1 (NeuroMab, clone N95/
35, RRID:AB_10697873), actin, phosphorylated S6 (Cell
Signaling Technology, #4858, RRID:AB_916156), transfer-
rin receptor (Santa Cruz, #sc-9099, RRID:AB_2201346)
and B-actin-HRP (Thermo Fisher Scientific Cat# MA5—
15739-HRP, RRID:AB_2537667). After three 5 min rinses
in TPBS, blots were incubated in secondary antibody
(horseradish-peroxidase-conjugated goat anti-rabbit or
goat anti-mouse (Jackson ImmunoResearch) in TPBS at
1:5000 or 1:10,000), washed several times for 5min in
TPBS, reacted with chemiluminescent substrate (Pierce,
Rockford, IL), and exposed to film (Kodak, Rochester,
NY). Films were scanned, and band density was measured
by Image J. Measurements were confirmed to be within
the linear range of density analyses of dilution series of the
samples. Band intensities of GluA2 and GABAR-al
subunit were normalized to actin in Fig. 1 and to trans-
ferrin receptor in Fig. 2. Results are reported as aver-
ages + the standard errors of the mean (s.e.m.). All
immunoblot analyses used three sets of protein samples
from three different litters. Two gels were run for each
sample and blotted (N = 6).

Primary neuron culture and biotinylation assay

Occipital cortices of mouse brains were dissected at em-
bryonic day 15.5 (E15.5), digested with a solution con-
taining papain and DNase for 25 min. The rest of fetal
brain tissues were used for DNA extraction followed by
genotyping. Cells were dissociated using fire polished
glass pipets and plated to a coverslip coated with lam-
inin and poly-D-lysine. On day in vitro (DIV) 18, a cell
surface biotinylation assay was performed. Neurons were
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Fig. 1 Immunoblots of whole lysates from Syni-Cre x Tsc1” mouse

visual cortex. a. Representative immunoblots of GIuA1, GluA2,
GABAAR-0, phosphor-S6 and transferrin receptor are shown. Whole
lysates were prepared from the visual cortex at P28. An increase in
phosphor-S6 level indicates the overactivation of the mTOR pathway
ina Syni-Cre x Tsc1™" mouse brain. b, ¢, d Band intensities of GluAT,
GluA2 and GABA,R-a are normalized to actin. The mutant brains
showed significant reductions in GluA1, GIluA2 and GABAAR-a band
intensities. * P < 0.05 in (b) and (c). ** P< 001 in (d). Error bars represent
sem.in (b), (c) and (d)

preincubated with tetrodotoxin (2 uM) with leupeptin
(200 pg/ml) for 30 min at 37 °C to avoid lysosomal deg-
radation of internalized receptors. Cultures were serially
cooled to 10 °C and 4 °C to stop membrane trafficking in
cold DPBS plus 1 mM MgCl, and 2.5 mM CaCl,, then
treated with cleavable (disulfide-linked) biotin containing
solutions (1.5 mg/ml sulfo-NHS-biotin in DPBS) for 30
min to label surface receptors. Unbound biotin was
quenched with cold DPBS plus 1 mM MgCl, 2.5mM
CaCl, and 50 mM glycine (rinse, 2 x 5 min). Cells were
lysed for 3min in 0.5% SDS-RIPA buffer [1%
Triton-X-100, 0.1% SDS, 0.5% deoxycholic acid with (in
mM) 50 Tris pH 7.4, 150 NaCl, 2 EDTA, 50 NaF, 1 so-
dium orthovanadate, and protease inhibitor cocktail] and
scraped. The lysed solution was centrifuged at 16,000x g
for 15 min at 4°C. Protein concentration of the super-
natant was determined and 300 pg of protein was ad-
justed to a volume of 1 mL with 0.1% SDS-RIPA buffer.
Biotinylated receptor subunits were precipitated with
70 pl neutravidin-agarose (ThermoFisher, IL) slurry over-
night at 4°C, washed with the SDS-RIPA buffer and
spun down three times. Pulled-down subunits were
eluted into Laemmli sample buffer by boiling for 6 min.
Biotinylated receptor subunits were detected by immu-
noblot and were analyzed by normalizing the band in-
tensity to that of transferrin receptor.

Electrophysiology

Young (P28-P30) male floxed and conditional 7scl
knockout mice were anesthetized with isoflurane and de-
capitated. The brain was quickly removed and placed in
ice-cold artificial cerebrospinal fluid (ACSF) containing
the following (in mM): 124 NaCl, 2 MgCI2, 3 KCI, 3
CaCl2, 1.25 NaHPO4, 26 NaHCO3, and 25 D-glucose
saturated with 95%0,/5% CO, to a final pH of 7.35.
Coronal VC slices (280 ~ 300 um) were cut in ice-cold
ACSF with a vibratome (Leica 1000-plus sectioning sys-
tem) and incubated in at 30-32 °C ACSF for at least 30
min then at room temperature (23 ~ 25 °C) for one hour
for recovery.

Individual slices were transferred to a submersion re-
cording chamber and continuously perfused with carboge-
nated ACSF at 3-4ml/min at room temperature,
voltage-clamp whole-cell patch recordings were performed
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Fig. 2 Surface biotinylation assay of dissociated Syn1-Cre x Tscl
mouse cortical neurons. a Surface receptors were biotinylated in
cultured Syn1-Cre x Tsc1™ mouse cortical neurons and pulled down
using neutravidin-agarose slurry. Representative immunoblots of
GluA2, GABAAR-a and transferrin receptor are shown. b, ¢ Band
intensities of GluA2 and GABAAR-a are normalized to the transferrin
receptor. While the mutant neurons showed GIUA2 band intensity
ratio comparable to control, they had a significant reduction in
GABAAR-a band intensity ratio. * P < 0.05 in (c). Error bars represent
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from pyramidal neurons at layer 2/3 of the VC, which were
visualized by a Nikon (Tokyo, Japan; E6G00EN) infrared dif-
ferential interference contrast (DIC) microscope with a 40x
water-immersion objective and CoolSNAP EZ CCD cam-
era (Photometrics, Tucson, AZ). Patch pipettes (3—5MQ
resistance) were pulled from borosilicate glass (outer
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diameter, 1.2 mm; inner diameter, 0.69 mm) and filled with
internal solution containing (in mM): 122.5 Cs-gluconate,
17.5 CsCl, 10 HEPES, 0.2 Na-EGTA, 4 ATP-Mg, 04
GTP-Na, and 8 NaCl, pH 7.3 and osmolarity ~ 290 mmol/
kg. pClamp 10.2 (Molecular Devices) was used for data ac-
quisition. Electrical signals were amplified with an Axo-
patch 200B amplifier, digitized with a Digidata 1322A
interface (Molecular Devices), filtered at 2 kHz and sam-
pled at 10 kHz. Chemicals were applied by addition to the
ACSF perfusing the slices.

AMPAR-mEPSCs and GABAR-mIPSCs were separately
recorded from the same cells in the presence of 1 uM tetro-
dotoxin and 50 pM D-2-Amino-5-phosphonopentanoic
acid (AP5, NMDAR antagonist) when the recorded cell
membrane voltage was clamped at - 40 mV and O mV. To
verify the miniature currents obtained at — 40 mV and
0mV are AMPAR-mEPSCs and GABAR-mIPSCs only,
6 uM  2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo [f]qui-
noxaline-2,3-dione (NBQX, AMPAR antagonist) was
present in ACSF at —-40mV clamped voltage and
6 uM Bicuculline methochloride (BMC, GABA, re-
ceptor antagonist) at 0 mV clamped voltage in control
experiments, they blocked all miniature currents at -
40 mV and 0 mV clamped voltage respectively.

Mini version 6.0 (Synaptosoft, Decatur, GA) was used
for data analysis, all miniature currents with amplitudes
two times greater than baseline noise were collected
over a 3min period and averaged, averaged miniature
currents were measured for amplitudes from peak to
noise midline.

Statistical analysis

Data were expressed as means + SEMs, n was given as
the number of cells / the number of animals. Statistical
significance was evaluated by unpaired, two-tailed t-test.
*p <0.05, ** p <0.01.

Results

E/l balance is skewed toward hyperexcitability in Syn7-Cre
x Tsc1™ mouse

To study a synaptic dysregulation, we chose to study
neuron-specific TSCI knockout mice by crossing Tsc "/
and Synapsinl-Cre (Synl-Cre) strains [42]. We collected
whole lysates from the visual cortices of SynI-Cre x
Tsc™" mice at postnatal day (P) 28 and performed im-
munoblots. As an indicator of successful suppression of
TSC1 in the mutant brain, we confirmed an increase in
phosphorylation of a ribosomal protein S6 (Fig. 1a) indi-
cating hyperactivation of mTOR. We found reductions in
the total amounts of the GluAl (Fig. 1a and b: p =0.011)
and GluA2 subunits (Fig. 1a and b: p = 0.014) of AMPARSs
and GABA,R-al subunit (Fig. 1la and c: p=0.0028) in
Synl-Cre x Tsc’"" mice as compared to Tsc?"" without
the Cre recombinase.
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While we anticipated biochemical evidence for hyper-
excitability, the examination of whole lysates indicates
reductions in both the excitatory and inhibitory recep-
tors. Thus, we compared surface expressions of the re-
ceptor subunits using a biotinylation assay. We dissected
occipital cortical tissues from each fetus at E15.5 and ge-
notyped them. At DIV 18, dissociated neuronal cultures
were incubated with biotin, and coated receptors on the
cell surface were pulled down with streptavidin-coated
beads. We found comparable levels of GluA2 subunits
in both control and Syni-Cre x Tsc™" neurons (Fig. 2a
and b: p=0.87) and a significant reduction of GABA
R-alsubunit in SynI-Cre x Tsc?" neurons as compared
to control (Fig. 2a and c: p = 0.011).

To further study the E/I imbalance in the Syni-Cre x
Tsc /"' mouse brain, we used acute visual cortical slices
at P28-30 and recorded AMPAR-mEPSCs and
GABAR-mIPSCs in layer 2/3 pyramidal neurons (Fig. 3a
and b; 10 Tsc’"" without Cre and 13 Syn-Cre x Tsc™"
cells from three mice). There was no significant differ-
ence in AMPAR-mEPSCs amplitude (Fig. 3c: p=0.79)
and frequency (Fig. 3d: p=0.13) between control and
Syn-Cre x Tsc?"" neurons. We also analyzed kinetics of
AMPAR-mEPSCs (Fig. 3e), and both rise time (Fig. 3f:
p =0.95) and decay time (Fig. 3g: p = 0.56) were com-
parable between the two strains. While the mIPSC
amplitude was not different (Fig. 3h: p = 0.95), the fre-
quency was significantly reduced in Syn-Cre x TscF""
as compared to control (Fig. 3i: p =0.002). Analyses of
GABAR-mIPSC kinetics (Fig. 3j) showed no significant
differences in rise time (Fig. 3k: p=0.63) and decay
time (Fig. 31: p = 0.48).

A decrease in GABAR-mIPSCs frequency indicates
that layer 2/3 pyramidal neurons have fewer GABAergic
synapses in the Syni-Cre x Tsc"" mouse visual cortex
than Tsc?"/" without Cre. No significant alteration in the
GABAR-mIPSC amplitude suggests that the remaining
inhibitory synapses are likely to be intact. Collectively,
both biochemical and electrophysiological analyses indi-
cate hyperexcitability of Syn-Cre x Tsc’"" neurons.
Analysis of Pv-Cre x Tsc1™"" mice
There are various types of interneurons that are classified
based on morphologies, molecular markers or electro-
physiological properties, and each subclass play a different
in cortical computation that is complementary to each
other [22-27]. Therefore, each interneuron subtype is
likely to contribute to a distinct aspect of pathophysiology
that is associated with hyperexcitability [43, 44]. The
above results motivated us to ask what interneuron sub-
type is especially susceptible to the lack of TSC1 function
and is accountable for hyperexcitability in layer 2/3 pyr-
amidal neurons of the SynI-Cre x TscF™" mouse visual
cortex.
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The PV (+) neuron is an attractive candidate since it is
implicated in some neurogenetic disorders associated
with epilepsy and autism [38—41, 45]. Therefore, we gen-
erated PV-Cre x Tsc’™" mouse. Unlike Syn-Cre x Tsc/™"
mice, the mutant animals gained weight and lived to be-
come adults (Fig. 4a and b). Further, PV-Cre x Tsc "
mice did not exhibit dorsiflexion of the tail (Straub tail),
humped posture, and hindlimb clasping that were ob-
served in Syn-Cre x Tsc’"" mice [42]. The mutant ani-
mals did not exhibit seizures either spontaneously nor
with handling. The inducible seizures are characteristic
of Syn-Cre x Tsc"" mice and can be triggered by the
gentle spinning of their tails [42]. These seizures consist
of a brief behavioral arrest followed by several seconds
of clonic activity and tonic extensor posturing of trunk
and limbs leading to death. In comparison to SynI-Cre x
Tsc™" mice, this type of seizure was never observed in
Pv-Cre x Tsc’™ mice (N=5). Next, we recorded
AMPAR-mEPSCs and GABAR-mIPSCs from nine neu-
rons in two Pv-Cre x Tsc’"" mice and eight neurons in
two Tscl-floxed without Cre (Fig. 5 a and b), and found
no significant differences in amplitude and frequency of
mEPSCs (Fig. 5 ¢ and d; p =0.12 and 0.88, respectively)
between Pv-Cre x Tsc’"" and control mice. We also an-
alyzed kinetics of AMPAR-mEPSCs (Fig. 5e-g), and both
rise time (Fig. 5f: p=0.06) and decay time (Fig. 5g:
p =0.07) were comparable between the two strains.

As for mIPSCs, neither amplitude nor frequency were
significantly different between Pv-Cre x TscF"" and con-
trol mice (Fig. 5 h and i; p =0.93 and 0.14, respectively).
We also analyzed GABAR-mIPSC kinetics (Fig. 5j-1). The
rise time was similar betweebn the two strain (Fig. 5k:
p=059). However, the averaged decay time was slightly
but significantly longer in Pv-Cre x Tsc¥"/ mouse neurons
(Fig. 51: p=0.04). This finding may result from an altered
subunit composition and may suggest a delayed develop-
mental subunit switch or pathological receptor regulation.

These results suggest that the connection between PV
(+) interneuron and layer II/III pyramidal neurons does
not account for the E/I imbalance that was observed in a
cortical circuit of Syn-Cre x Tsc’"" mouse.

Analysis of Sst-Cre x Tsc1™" mice

While PV (+) cells terminate their axons to the soma of
pyramidal neurons, SST (+) interneurons connect with
distal segments of apical dendrites [23, 33]. We gener-
ated SST (+) cell-specific TscI knockout mice by cross-
ing TSCP"" and Sst-IRES-Cre strains. The knockout
mice (N=5) did not exhibit fatal seizures that are re-
ported in Synl x Cre x Tsc /" mouse strain [42, 46].
Similarly to Pv-Cre x Tsc#"" mice, Sst-Cre x Tsc/"" ani-
mals did not exhibit dorsiflexion of the tail (Straub tail),
humped posture, and hindlimb clasping. However,
weight growth of Sst-Cre x Tsc """ mice was significantly
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Fig. 3 Electrophysiological recordings from layer 2/3 pyramidal neurons in P28-30 control and Syni-Cre x Tscl
A

traces of AMPAR-mEPSC recorded at — 40 mV and of GABAR-mIPSC recorded at 0 mV from same pyramidal neurons in control (blue traces, TscT
mouse without Cre) and Syni-Cre x Tsc1™" (red traces) mice. Scale bar: 20 pA, 200 ms. ¢-d Pooled data showing no significant differences in
averaged AMPAR-mEPSC amplitude (¢, Control, 5.73 £ 0.15 pA vs. Syn1-Cre x Tsc1™ 588 +032 pA, P=0.79) and frequency (d, Control, 2.55 +0.32
Hz vs. Syn1-Cre x Tsc1™" 391 +0.79 Hz, P=0.13) between the mutant and control animals. e Top, averaged AMPAR-mEPSCs obtained from control
(blue, shown in a) and Syn1-Cre x Tsc1™ (red, shown in b) mice, bottorn, normalization and superposition of the above averaged AMPAR-mMEPSCs.
Scale bars: 2 pA, 4 ms. f-g Pooled data showing no significant differences in averaged AMPAR-mEPSC rise time (f, Control, 1.07 + 0.06 ms vs. Synl-
Cre x Tsc1™ 1,09 +0.11 ms, P=095) and decay time (g, Control, 4.77 + 031 ms vs. Syn1-Cre x Tsc1™" 528 +0.62 ms, P=0.56) between the mutant
and control animals. h-i Pooled data showing no significant differences in averaged GABAR-mIPSC amplitude (H, Control, 9.77 + 0.6 pA vs. Synl-
Cre x Tsc1™ 971 +055 pA, P=0.95) and significant difference in averaged GABAR-mIPSC frequency (I, Control, 7.0 £ 0.38 Hz vs. Syn1-Cre x Tsc1™
4.5+ 0.55Hz, P=0.002) between the mutant and control animals. ** P < 0.01. j Top, averaged GABAR-mIPSCs obtained from control (blue, shown
in A) and Syni-Cre x Tsc1™ (red, shown in B) mice, bottom, normalization and superposition of the above averaged GABAR-mIPSCs. Scale bars: 4
pA, 20 ms. k-1 Pooled data showing no significant differences in averaged GABAR-mIPSC rise time (K, Control, 1.67 £0.13 ms vs. Syn1-Cre x Tsc1™,
1.57£0.14 ms, P=0.63) and decay time (L, Control, 19.8 £ 2.14 ms vs. Syn1-Cre x Tsc1™ 1717 + 162 ms, P=0.48) between the mutant and control
animals. For pooled data, unpaired two-tailed t-test was used, the open diamonds represent individual experiments and the filled diamonds are
means of the experiments in groups, n=10/3 for control and n = 13/3 for Syni-Cre x Tsc1™? groups
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lower throughout development (Fig. 4b). Next, we re-
corded AMPAR-mEPSCs and GABAR-mIPSCs from
nine neurons in two Sst-Cre x TscF"" mice and seven
neurons in one 75cI-floxed without Cre mouse (Fig. 6a
and b) and observed no significant differences in the
amplitude or frequency of the mEPSCs (Fig. 6¢ and
d; p=0.28 and 0.66, respectively). We also analyzed
kinetics of AMPAR-mEPSCs (Fig. 6e-g), and both the rise
time (Fig. 6f: p=0.82) and decay time (Fig. 6g: p =0.74)
were comparable between the two strains. Both amplitde
and frequency of mIPSCs were similar between Sst-Cre
x Tsc’"" and Tscl-floxed without Cre neurons (Fig. 6 h
and i; p=0.74 and 0.97, respectively). Analyses of
GABAR-mIPSC kinetics (Fig. 6j-1) showed no signifi-
cant differences in rise time (Fig. 6k: p=0.79) and
decay time (Fig. 61: p = 0.85).

These results suggest that connection between SST (+)
interneuron and layer II/III pyramidal neurons does not

account for E/I imbalance by itself in the cortical circuit
of TSC.

Discussion

The present study has examined a synaptic substrate of
hyperexcitability in TSC using biochemistry and ex vivo
electrophysiology. In Syni-Cre x Tsc#"" mice, we have
found a reduction in GABAergic synapse formation. Based
on the decrease in GABAR-mIPSC frequency but not in
amplitude, we anticipated the vulnerability of synaptic
connections between pyramidal neurons and a specific
interneuron subtype. However, neither Pv-Cre x Tsc ™"
nor Sst-Cre x Tsc?"" strains show an alteration in
GABAR-mIPSCs. These results suggest two possibilities:
(1) an inhibitory cell type other than these two major
types are involved in hyperexcitability of a local cortical
circuit in TSC, or (2) the lack of the TscI gene in inhibi-
tory neuronal progenitor cells during neurogenesis affects
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Fig. 5 Electrophysiological recordings from layer 2/3 pyramidal neurons in P29 control and Pv-Cre x Tsc1™" mouse visual cortex. a-b Sample

traces of AMPAR-mEPSC recorded at — 40 mV and of GABAR-mIPSC recorded at 0 mV from same pyramidal neurons in control (blue traces, Tsc1
mouse without Cre) and Pv-Cre x Tsc1™" (red traces) mice. Scale bar: 20 pA, 200 ms. (C-D) Pooled data showing no significant differences in
averaged AMPAR-mEPSC amplitude (C, Control, 6.69 + 0.3 pA vs. Pv-Cre x Tsc1™ 613 +0.17 pA, P=0.12) and frequency (D, Control, 1.79+ 0.2 Hz
vs. Pv-Cre x Tsc1™ 174 + 0.3 Hz, P=0.88) between the mutant and control animals. e Top, averaged AMPAR-mEPSCs obtained from control (blue,
shown in a) and Pv-Cre x Tsc1™ (red, shown in b) mice, bottom, normalization and superposition of the above averaged AMPAR-mEPSCs. Scale
bars: 2 pA, 4 ms. f-g Pooled data showing no significant differences in averaged AMPAR-mEPSC rise time (F, Control, 1.07 £ 0.06 ms vs. Pv-Cre x
Tsc1™ 127 +0.07 ms, P=0.06) and decay time (G, Control, 515+ 0.29 ms vs. Pv-Cre x Tsc1™ 588 +0.23 ms, P=0.07) between the mutant and
control animals. h-i Pooled data showing no significant differences in averaged GABAR-mIPSC amplitude (H, Control, 808 +0.19 pA vs. Pv-Cre x
Tsc1™ 805 +0.28 pA, P=0.93) and frequency (I, Control, 2.65 £ 0.31 Hz vs. Pv-Cre x Tsc1™ 386+ 071 Hz, P=0.14) between the mutant and
control animals. j Top, averaged GABAR-mIPSCs obtained from control (blue, shown in A) and Pv-Cre x Tsc1™" (red, shown in B) mice, bottom,
normalization and superposition of the above averaged GABAR-mIPSCs. Scale bars: 4 pA, 20 ms. k-I) Pooled data showing no significant
difference in averaged GABAR-mIPSC rise time (K, Control, 2.22 + 0.18 ms vs. Pv-Cre x Tscl 1™1°235+0.15ms, P=0.59) and significant difference in
averaged GABAR-mIPSC decay time (L, Control, 154 +0.78 ms vs. Pv-Cre x Tscl 1771181 + 093 ms, P=0.04) between the mutant and control
animals. For pooled data, unpaired two-tailed t-test was used, the open diamonds represent individual cells and the filled diamonds are means of
the experiments in groups, n = 8/2 for control and n=9/2 for Pv-Cre x Tsc1™M groups
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Fig. 6 Electrophysiological recordings from layer 2/3 pyramidal neurons in P29 control and Sst-Cre x Tsc1™" mouse visual cortex. a-b Sample

traces of AMPAR-mEPSC recorded at — 40 mV and of GABAR-mIPSC recorded at 0 mV from same pyramidal neurons in control (blue traces, Tsc1
mouse without Cre) and Sst-Cre x Tsc1™" (red traces) mice. Scale bar: 20 pA, 200 ms. ¢-d Pooled data showing no significant differences in
averaged AMPAR-mEPSC amplitude (c, Control, 6.93 + 0.39 pA vs. Sst-Cre x Tsc1™ 769+ 058 pA, P=0.28) and frequency (d, Control, 1.59+0.18
Hz vs. Sst-Cre x Tsc1™" 1.77 + 031 Hz, P=0.66) between the mutant and control animals. e Top, averaged AMPAR-mEPSCs obtained from control
(blue, shown in a) and Sst-Cre x Tsc1™" (red, shown in b) mice, bottom, normalization and superposition of the above averaged AMPAR-mMEPSCs.
Scale bars: 2 pA, 4 ms. f-g Pooled data showing no significant differences in averaged AMPAR-mEPSC rise time (F, Control, 1.15 £ 0.1 ms vs. Sst-Cre
x Tsc1™ 111 +£0.14ms, P=0.82) and decay time (G, Control, 594 + 049 ms vs. Sst-Cre x Tsc1™ 571 +0.54 ms, P=0.74) between the mutant and
control animals. h-i Pooled data showing no significant differences in averaged GABAR-mIPSC amplitude (H, Control, 11.2 +0.42 pA vs. Sst-Cre x
Tsc1™ 115+077 pA, P=0.74) and frequency (I, Control, 3.26 + 0.37 Hz vs. Sst-Cre x Tsc1™ 329+ 055 Hz, P=0.97) between the mutant and
control animals. j Top, averaged GABAR-mIPSCs obtained from control (blue, shown in A) and Sst-Cre x Tsc1™ (red, shown in B) mice, bottom,
normalization and superposition of the above averaged GABAR-mIPSCs. Scale bars: 4 pA, 20 ms. k-1 Pooled data showing no significant difference
in averaged GABAR-mIPSC rise time (K, Control, 1.83 £ 0.2 ms vs. Sst-Cre x Tsc1 1"1°1975+021 ms, P=0.79) and decay time (L, Control, 1445 + 0.66
ms vs. Sst-Cre x Tsc1™" 14.16 + 145 ms, P=0.85) between the mutant and control animals. For pooled data, unpaired two-tailed t-test was used,
the open diamonds represent individual cells and the filled diamonds are means of the experiments in groups, n=7/1 for control and n =9/2 for
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multiple interneuron subtypes and is accountable for
hyperexcitability.

E/l balance in TSC and other models of
neurodevelopmental disorders

The E/I imbalance has been implicated in both epilepsy
and autism [7-12]. Although seizures can arise from
cortical tubers in TSC, recent studies indicate that
grossly normal cortical circuit outside of the tuber can
be a source of epilepsy [47, 48]. Aberrant synapse forma-
tion and function are also well-documented in animal
models of TSC. For example, previous studies docu-
mented morphological changes of neurons including
axonal growth [49, 50], and dendritic spine pruning [51],
which account for abnormal connectivity. Tsc2 heterozy-
gous mutant mice have impaired L-LTP and long-term
memory [17]. Tscl-suppressed neurons with RNA inter-
ference have an increase in AMPAR currents [18], and re-
moval of the floxed TscI gene using an AAV that contains
Cre recombinase cDNA diminished metabotropic glutam-
ate receptor-dependent LTD in the hippocampus [20].

We find decreased GABAR-mIPSC frequency in the
Syn1-Cre x Tsc" mice which are deleted with the gene
in all neurons [42, 46]. This pan-neuronal mouse strain
also exhibits reductions in both total and surface expres-
sions of GABA,R-al subunit. Our results are in line
with previous reports in mouse and human brains. Spe-
cifically, hippocampal neurons in Camkila-Cre x TscF""
mice also show a reduction in mIPSCs but normal prop-
erties of mEPSCs [21]. Further, a reduction in GABAA
receptor subunit and benzodiazepine binding has been
shown in tissues from TSC patients [52, 53]. Together,
these findings suggest that hyperexcitability in TSC re-
sults from a reduction in GABAergic inputs on the pyr-
amidal neuron.

Preserved E/I balance of pyramidal cell in both PV(+) and
SST(+) interneuron-specific Tsc1 knockout mice
In the cortical circuit, interneurons are remarkably het-
erogeneous and form proper connections during devel-
opment [22-27, 32, 54]. Different inhibitory neuron
subtypes connect with specific subcellular compartments
of pyramidal cells, resulting in highly specialized compu-
tations of cortical activity. Recent advances in
interneuron-specific-Cre mouse strains enable dissecting
synaptic functions of each cell-type [28, 29]. For ex-
ample, PV (+) and SST (+) cells play complementary
roles in computing sensory inputs [34—37]. Accordingly,
one can assume that malfunctioning of a specific
GABAergic input corresponds to particular neurological
and psychiatric symptoms [25, 55, 56].

Circuit analyses using cell-type specific mutant mice
have been adopted to study the specific synaptic connec-
tion in a local brain circuit that underlies hyperexcitability
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[43, 44]. For example, a mouse model of Rett syndrome
showed seizures when Mecp2 was removed from all inter-
neurons [57]. Furthermore, analyses of cell-type specific
knockout mice indicate that the two interneuron subtypes
play distinct roles; Mecp2 deletion in PV(+) neurons
causes motor, sensory, memory, and social deficits while
the gene deletion in SST (+) neurons causes seizures and
stereotypies [38]. Interestingly, removal of MeCP2 from
forebrain excitatory neurons also disrupts GABAergic in-
hibition of the excitatory cells and results in spontaneous
seizures [58]. These studies indicate inhibitory synapses
onto the pyramidal neuron as a synaptic substrate of
hyperexcitability.

Another example is the autosomal-dominant SCN1A
sodium channel mutation that underlies Dravet syn-
drome, a severe epileptic encephalopathy that begins in
childhood [59]. In constitutive Scnla™’* mice, the excit-
ability of both PV- and SST-positive cells is reduced,
suggesting that an E/I imbalance occurs in both inter-
neuron subtypes [60]. Moreover, selective disruption of
the Scnla gene in PV-positive [41, 61] or SST-positive
[62] cells increased susceptibility to seizures.

We asked whether a specific interneuron-type is critical
for hyperexcitability in the cortical circuit of TSC and ini-
tially focused on PV (+) cells. However, we find both
AMPAR-mEPSCs and GABAR-mIPSCs are normal in
layer 2/3 pyramidal cells of the Pv-Cre x Tsc"" mouse
visual cortex. One caution is that the Cre expression be-
comes complete around P60 in Pv-Cre mice [40, 63] al-
though younger animals express adequate amounts of
Cre-recombinase in the cortex around P 30 [64—66].
While Pv-Cre x TscF"" mice lived beyond P 60 without
seizures, Syni-Cre x Tsc™" mice typically start dying by P
20 and do not survive till P60. Therefore, we have ana-
lyzed age-matched animals around P30 to minimize
age-related biological variables. Interestingly, we found a
small but significant change in the mIPSC decay time of
Pv-Cre x TscP"" mouse pyramidal cells (Fig. 5I).
GABA,R-al subunit is expressed in both soma and den-
drites and is accountable for a developmental decrease in
the GABAR-mIPSC decay time [67]. One possibility is
Pv-Cre x TscP"" mouse have pyramidal cells have an alter-
ation in GABAR subunit composition that leads to a de-
layed developmental subunit switch or pathological
receptor regulation. However, further study is needed.

Sst-Cre x Tsc’""" mice also exhibit intact properties of
both AMPAR-mEPSCs and GABAR-mIPSCs. These re-
sults rule out two major groups of interneurons as the
origin of hyperexcitability in the local circuit of SynI-Cre
x Tsc’™ mouse visual cortex. On the other hand,
Syni-Cre x Tsc#"" mice also have reductions in both
total and surface expressions of the GABA, R-al sub-
unit, which is accountable for electrophysiological hyper-
excitability of pyramidal neurons. Our results are in line
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with a study of pyramidal-neuron-specific Camkila-Cre
x Tsc’™ mouse, which also shows a reduction in
GABAR-mIPSCs but not in AMPAR-mEPSCs [21].
Thus, one possibility is that altered GABAR expression
in pyramidal neurons is the primary source of hyperex-
citability in TSC.

However, other studies suggest that hyperexcitability
in TSC arises from a functional defect in interneurons
themselves. For example, Dix5/6-Cre x Tsc"" mice tar-
geting ventral neural progenitor cells that give rise inter-
neurons in the neocortex and hippocampus exhibited
impaired postnatal growth with approximately 50%
dying prematurely [68]. While these mice did not have
spontaneous seizures, they had a lower threshold to
flurothyl-induced myoclonic jerks. Intriguingly, this con-
ditional knockout strain exhibit a 40% reduction of NPY
(+) interneurons and 33% reduction of CR (+) interneu-
rons in the neocortex as compared with littermate con-
trols while no alterations were seen in subtypes positive
for PV, SST, or vasoactive intestinal peptide (VIP). There
is also a study focusing on a different subset of cortical
GABAergic interneuron progenitors. This work charac-
terized the Nkx2.1-Cre x Pten ™" mouse, which also ex-
hibits mTOR hyperactivity similarly to Tscl knockout
mice, have a preferential reduction in SST (+) neurons
relative to PV (+) cells and show deficits in social behav-
ior [69]. Interestingly, PV (+) interneurons have ectopic
projections in layer 1, and the target pyramidal neurons
have increased IPSC frequency. Despite the difference in
their observations, one implication for interpreting
our results is that hyperexcitability in TSC may be
derived from interneuron progenitor cells that give
rise to multiple inhibitory neuron subtypes. Another
possibility is that an inhibitory neuron subtype other
than PV- and SST-positive cells may be responsible
for E/I imbalance in TSC. Another aspect is that
mouse models of various neurogenetic diseases ex-
hibit dissimilar involvement of excitatory and inhibi-
tory neurons, reflecting idiosyncratic presentations of
symptoms and their onsets.

We have found a reduction in inhibitory inputs to
pyramidal neurons in pan-neuron-specific Tsc1 knock-
out mice. Our findings corroborate previous studies
and support the rationale for the use of GABA uptake
inhibitor vigabatrin to treat epilepsy associated with
TSC, such as infantile spasm. While our analyses of
Pv-Cre x TscP"" and Sst-Cre x Tsc/"" mice did not
reveal evidence for E/I imbalance in pyramidal cells
of the layer 2/3 visual cortex, further studies are
needed to disentangle pathological connectivity under-
lying hyperexcitability in TSC. Identification of the
specific cell type(s) that is responsible for epilepsy
and cognitive deficits associated with TSC will facili-
tate developing a novel therapeutics.
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