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ARTICLE

Tscl represses parvalbumin expression and fast-
spiking properties in somatostatin lineage cortical
interneurons

Ruchi Malik@® 23, Emily Ling-Lin Pai'*> Anna N Rubin® ">, April M Stafford®, Kartik Angara6, Petros Minasi',
John L. Rubenstein’*>, Vikaas S Sohal'23* & Daniel Vogt® ©7/*

Medial ganglionic eminence (MGE)-derived somatostatin (SST)+ and parvalbumin (PV)+
cortical interneurons (CINs), have characteristic molecular, anatomical and physiological
properties. However, mechanisms regulating their diversity remain poorly understood. Here,
we show that conditional loss of the Tuberous Sclerosis Complex (TSC) gene, Tscl, which
inhibits the mammalian target of rapamycin (MTOR), causes a subset of SST+ CINs, to
express PV and adopt fast-spiking (FS) properties, characteristic of PV+ CINs. Milder
intermediate phenotypes also occur when only one allele of Tscl is deleted. Notably, treat-
ment of adult mice with rapamycin, which inhibits MTOR, reverses the phenotypes. These
data reveal novel functions of MTOR signaling in regulating PV expression and FS properties,
which may contribute to TSC neuropsychiatric symptoms. Moreover, they suggest that CINs
can exhibit properties intermediate between those classically associated with PV+ or SST+
CINs, which may be dynamically regulated by the MTOR signaling.
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ARTICLE

uberous sclerosis complex (TSC) is a disorder that affects

multiple organ systems. Roughly half of those diagnosed

with TSC have autism spectrum disorder (ASD) or intel-
lectual disability (ID), and ~90% exhibit seizures!~%. TSC is
caused by mutations in the TSCI and TSC2 genes, which encode
the HAMARTIN and TUBERIN proteins, respectively>®.
HAMARTIN and TUBERIN proteins dimerize to form a protein
complex that inhibits the activity of the mammalian target of
rapamycin (MTOR), a protein complex that is a rheostat for
energy homeostasis and is also an important regulator of protein
translation’. Multiple proteins in the TSC/MTOR signaling
pathway are either high confidence ASD-causative genes or
underlie disorders with high ASD coincidence®®. This has rele-
vance to the high rate of ASD in TSC and potentially other TSC-
Associated Neuropsychiatric Disorders (TANDs), which are
common in the syndrome!?. Uncovering how this pathway reg-
ulates neuronal development and function is, therefore, funda-
mental to wunderstanding the molecular and cellular
underpinnings of ASD and complex neuropsychiatric symptoms
in TSC.

Accumulating evidence suggests that neuropsychiatric dis-
orders, such as ASD, and associated comorbidities like epilepsy,
may be partially caused by changes in cortical GABAergic
interneuron (CIN) function and connectivity, which leads to
excitation/inhibition (E/I) imbalance in cortical circuits!!. While
the role of MTOR signaling and Tsc genes on excitatory neurons
has been studied for some time, relatively little is known about
their roles in CIN development and function!2-14, CINs are the
major source of cortical inhibition and are largely derived
from the medial and caudal ganglionic eminences (MGE and
CGE)!>16_ Parvalbumin (PV)+ and somatostatin (SST)+ CINs
are derived from MGE and constitute ~70% of all CINs. These
cells have substantially different morphological and physiological
properties!7>18, PV+ CINs exhibit fast-spiking (FS) firing prop-
erties and synapse onto soma/axons of excitatory neurons. By
contrast, SST4 CINs have regular-spiking (RS) firing properties
and target the distal dendrites of excitatory neurons!®1°. The
difference in firing properties between SST+ and PV+ CINGs is
dependent on the differential expression of voltage-gated ion
channels. Specifically, expression of delayed rectifying potassium
channels (Kv3) is critical for FS physiology of PV+ CINs20,

From their birth through maturity, CINs acquire a combina-
tion of molecular, cellular and physiological characteristics (hence
referred to as cell programming). Most studies investigating
MGE-derived CIN programming have largely focused on the role
of transcription factors (TFs)21-24, yet little is known about how
cellular signaling influences CIN development. Recent work from
us and others highlighted the importance of Pten, another inhi-
bitor of MTOR signaling that acts upstream of Tscl, on estab-
lishing proper numbers of MGE-derived CINs in the cortex?>26.
Therefore, we speculate that aberrant MTOR signaling in TSC
might lead to abnormalities in the development and function of
MGE-derived CINs.

To investigate this, we conditionally deleted TscI in MGE-
derived SST-lineage CINs, which allowed us to assess the impact
of Tscl loss/MTOR activity starting during early post-mitotic
stages. We then investigated the role of TscI/MTOR signaling in
CIN cell programming. Surprisingly, homozygous loss of Tscl
caused SST-lineage CINs to aberrantly exhibit properties of
PV+/FS CINs. In addition, this phenotype can be rescued by
inhibiting MTOR during adult stages, suggesting that drugs
currently being studied to treat TSC, including rapamycin deri-
vatives, may be effective in treating TSC symptoms caused by
CIN dysfunction. Overall, our findings demonstrate novel roles
for Tscl in the development and function of CINs. We propose
that the choice between SST+ and PV+ cell programming is

mediated in part by non-transcriptional processes, including
cellular signaling events, suggesting a new avenue towards
understanding these important cell types.

Results

Loss of Tscl causes ectopic PV expression in SST lineages. To
test whether loss of Tscl in SST-expressing post-mitotic CINs
alters their development, we crossed Tsclfloxed mice2? and SST-
IRES-Cre mice?8 (SST-Cre hereafter). The Cre-dependent tdTo-
mato reporter, Ai142%, was included to track the TscI WT, con-
ditional heterozygous (cHet) and knockout (cKO) cells. Tscl
transcript was absent from SST-Cre; TscI ¢KO CINs in the
neocortex at postnatal day (P) 35 (Supplementary Fig. la-d). At
the same age, SST-Cre-lineage cHet and cKO cells in the neo-
cortex had elevated levels of ribosomal subunit S6 phosphorylated
at Serines 240 and 244 (Supplementary Fig. le-g), indicating
increased MTOR activity. TscI ¢cKOs had normal numbers of
SST-Cre-lineage CINs (tdTomato+) in the neocortex but the cells
had increased soma size (Fig. 1a-h). The laminar distribution of
tdTomato+ CINs was not altered by Tscl deletion (Supplemen-
tary Fig. 2).

SST-lineage CINs are derived from MGE progenitors that also
give rise to PV+ CINs. Thus, we investigated the expression of
SST and PV at P35 in the neocortex. While the % of tdTomato+
CINs that expressed SST was unchanged, there was ~3-fold
increase in the % of SST-Cre-lineage CINs that expressed PV in
cKO mice (Fig. la-f, i, j). These data suggest that SST and PV
proteins could be co-expressed in a subset of SST-Cre-lineage
CINs in ¢cKO mice. To test this, we quantified WT, TscI cHet and
cKO neocortices for SST and PV co-labeled CINs at P35 in the
neocortex. While there were almost no co-labeled CINs in WTs,
~2 and 13% co-labeled CINs were observed in cHets and cKOs,
respectively (Fig. 1k-q). A similar phenotype of ectopic PV
expression in SST+ CINs after Tscl deletion was observed in
Nkx2.1-Cre; Tscl cKOs (Supplementary Fig. 3), which begins to
express in MGE progenitors®. Together, these data suggest that
Tscl deletion causes PV expression in a subset of SST-lineage
CINs, and its deletion causes these SST+ CINs to develop a dual
molecular identity.

Since PV expression was elevated in a subset of SST+ CINs
after Tscl deletion, we wanted to assess whether MTOR activity
may be different in WT SST+ and WT PV+ CINs in the
neocortex. To this end, we assessed the expression of phosphory-
lated S6, a marker of MTOR activity, in SST+ or PV+ CINs in
the P35 WT neocortex. While only ~20% of SST+ CINs co-
expressed this marker, ~70% of PV+ CINs were co-labeled
(Fig. 2a-g). Thus, PV+ CINs normally exhibit greater MTOR
activity than SST+ CINs in the neocortex.

SST CINs in Tscl cKOs exhibit fast-spiking properties. Next,
we assessed the physiological properties of SST-lineage CINs in
the Tscl cKOs. We obtained ex vivo patch clamp recordings from
layer 5 SST-Cre-lineage CINs (tdTomato+) in WT, cHet and
cKO mice (example cells, Fig. 3a, and current induced voltage
responses, Fig. 3b). WT CINs had RS physiological properties,
including strong spike frequency accommodation (SFA), wider
spikes, relatively slow action potential (AP) rate of rise (max dV/
dt) and relatively small fast afterhyperpolarization (fAHP)
amplitudes (Fig. 3), as expected!”1331. Consistent with the
increased complexity of neuron processes promoted by increased
MTOR signaling®!32, loss of Tscl decreased the input resistance
(Ry,) and produced a corresponding increase in the rheobase
(current threshold) of cKO CINs (Fig. 3¢, ). A reduction in R,
and an increase in rheobase predicts that Tscl loss would lower
the excitability of SST4+ CINs. However, Tscl1 cKO CINs had
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Fig. 1 Post-mitotic deletion of Tsclin SST-Cre-lineages results in increased PV expression. Coronal immunofluorescent images from WT, TscT cHets or Tscl
cKOs P35 neocortices, showing co-localization of tdTomato (SST-Cre-lineages) with either SST (a-¢) or PV (d-f). Arrows d-f denote cells in the SST-Cre-
lineage that express PV. g Quantification of the number of tdTomato+ cells/mm? (cell density) in the neocortex: n =6 (WT), 6 (cHet) and 4 (cKO) mice,
One-way ANOVA (F, 13=0.35, P=0.7). h Quantification of tdTomato+ cell soma size: n =4 mice per genotype (100 cells measured from each
genotype), (F; 297 =44.9, P<0.0001; cKO vs. WT and cHet, p <0.0001). (AU) arbitrary units. g, h Quantification of the %tdTomato+ cells that co-
express either SST (i) or PV (j): Chi-squared test with Yate's correction, (p <0.0007, all groups); n =6 WT (1268 cells), n =6 cHet (1371 cells) and n=4
cKO (1218 cells) for SST; n=5 WT (1281 cells), n = 6 cHet (1600 cells) and n =4 cKO (1220 cells) for PV. k=p Immunofluorescent images showing SST
and PV co-labeling in the neocortex. q Quantification of the %SST+ CINs that co-express PV: Chi-squared test with Yate's correction, (WT vs. cHet,
p=0.03, cKO vs. WT or cHet, p<0.0001), n= 3 mice, all groups. Data are represented as mean = SD in (h) and + SEM in all other graphs. Scale bars in
f p=100 um. *p < 0.05, ****p <0.0001. Source data are provided as a Source Data file

increased firing output (Fig. 3d, g-h). This increase was most increased % of tdTomato+ CINs expressing PV (Fig. 1). Most of
pronounced within a subset of SST-Cre lineage CINs that shifted  the SST-lineage CINs classified as FS in TscI cKOs expressed PV
their physiology from RS to FS (Fig. 3h and Supplementary (Supplementary Fig. 5). While a small subset of CINs in cHet and
Fig. 4). This shift from a RS to FS phenotype was most prevalent cKO mice completely switched their physiology from RS to FS,
in CINs from cKO mice (Fig. 3g, h), and was consistent with the =~ ~30%; the firing and single AP properties of most SST-Cre-lineage
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Fig. 2 The MTOR activity marker, pSé, is preferentially enriched in PV+ CINs. a-¢ P35 immunofluorescent images of WT neocortices co-labeled for SST
and pS6. d-f Immunofluorescent co-labeling of PV and pS6 from P35 WT neocortices. Arrows denote co-labeled CINs. g Quantification of the % of either
SST+ or PV+ CINs that are pS6+: Chi-squared test with Yate's correction, ****p < 0.0001. Data are expressed as the + SEM, n =3 mice/marker (145
SST cells and 208 PV cells counted). Scale bar in =100 um. Source data are provided as a Source Data file

CINs in cHet and cKO mice shifted towards a FS-like physiology.
Further, the firing output and AP properties of SST+ CINs with
FS physiology were comparable to properties of FS PV+ CINs
(Supplementary Fig. 6). Significant shifts were observed in AP
threshold, AP rate of rise (max. dV/dt), AP duration and fAHP
amplitudes (Fig. 3i-m).

Apart from differences in firing properties, SST+ and PV+ CINs
are known to differ in their expression of Hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels®3. Compared to
WT SST+ CINs, WT PV4 CINs have lower HCN channel
mediated sag and rebound. However, the TscI deletion mediated
switch in physiology of SST+ CINs was not accompanied by a
change in sag and rebound (Supplementary Fig. 7). Together,
these analyses showed that while loss of Tscl reduced the
excitability of SST+ CINs, their overall firing output was higher
due to the increased proportion of SST+ CINs with PV-like/FS
properties.

Increased Kv3.1 expression in Tscl ¢cKO SST CINs. Since Tscl
deletion resulted in a shift towards FS physiology within SST-Cre-
lineages, we asked whether Tscl cHets and ¢cKOs had increased
levels of the fast-inactivating Kv3.1 potassium channel. Kv3.1
expression is primarily restricted to PV+4 CINs and is the primary

contributor to their fast-spiking properties (like short AP half-
width and large fAHP)20-34 (Supplementary Fig. 8). Indeed, we
found that a similar proportion of SST-Cre-lineage CINs co-
expressed Kv3.1 in cHets and cKOs (Fig. 4a, b).

To understand the effects of increased Kv3.1 channel
expression on the physiological properties of SST+ CINs, we
used biophysical simulations in four different models of
neocortical layer 5 SST+ CINs3®, Specifically, we asked if an
increase in somatic Kv3.1 conductance density was sufficient to
produce a transition from RS to FS properties (similar to the
switch observed in Tscl cKOs). In all four models, increasing
Kv3.1 conductance density increased the firing output (~28%),
reduced spike frequency accommodation (~40%), reduced AP
half-width (~32%), and increased fAHP amplitude, (~80%)
(Fig. 4c-i and Supplementary Fig. 9). These results suggest that
the FS properties observed in Tscl cKOs are due to elevated
Kv3.1channels in SST-lineage CINs.

Tscl deletion caused an increase in pS6, PV and Kv3.1
expression in a cohort of SST-Cre-lineage CINs, and also
increased their cell body (soma) size. Since SST-Cre-lineage
CIN cKOs exhibited a range of soma sizes, it allowed us to assess
whether cell size was correlated with the increased expression of
molecular markers, i.e. pS6, PV and Kv3.1. We found a positive
correlation between cell size and pS6 expression but no

4 | (2019)10:4994 | https://doi.org/10.1038/s41467-019-12962-4 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12962-4

ARTICLE

a Layer 5 tdTomato* SST CIN b c
—55 - *%k
wT 600 -
-60 8
60 - so04 °
— an ot Q .
cHet z %1 € g P g 400 g §
o s
=" ¥t §:a|T}i:
o ° o '
KO 75 8 g ® 200 i 'g’
> 8 ~
3 ° 1004 o ®
J 2 -80 - °
200 ms S o
$ @ € NI
d wT cHet cKO e
- WT cHet cKO
. WWW W WWMWMW
o
£
©
x
“ >
N £
° il = ]
Q
g ‘ \f Q 2ms
i ‘ ‘ 200 ms
f 9 h wWT cHet cKO
*% FS CINs n=4 n=8
v, & ® G
(o]
250 ° = 160 1
z @ L 140
2 200 A ° & % 120 - A WT PV-Cre/FS
® ° ® Z 5
> -
ki 150 e ® g g 100 RS CINs
2100 o & & % 5 801 pf'
2 1 @ 2 °
o ] %cmm) 2 g 60 + /"(?—'l'.———.————
50 4 @ > aw = 40 X o:-o p
o e o o g 20 - ) do % po © 0 o °
T (o)
’ 0 -LI' T T T T 1 0 - |(b hid
X, T T T T ] T T 1 1
S x® a,lp 0 1(230 i?_?]_ ?Og A4°0 500 00 02 04 06 08 1.0 12 14 16
urrent injection (pA) CV Inter-spike interval
' 410+ ] 60 k 550 4 %k I 1.2 1 x* m >k
* Kk
. ° - 500 ® 104 o s N
< — (o] - U
2109, 0 e F£1 8 o woasq |, § °© 2 8 E 201 o
~ ] 8 g @ € ° = ° g [0} g
38 z i ° = 400 g 084 2 8 3 ¥
2 90 '!' 2 504 2 g 2 "' ] £ 15 - & ¢
g— ' E el 350 + ® _.__c.“ 0.6 - : %
@ 3 = ° < i 8 < o '!' ogo
g B9 ¢ % 451 , o o EOTF g X oad ° & o Z 107 8
] ° 4 s < °
o . < 2504 g e !
70 —40 - 200 - 0.2 4 54 o
T 1 r1 !
& 3 o N X O X X o)

correlation between increased cell size and the expression of PV
or Kv3.1, suggesting that cell size per se may not lead to the
elevated PV and Kv3.1 levels (Supplementary Fig. 10).

Reduced inhibitory synaptic output in Tscl cKOs. Given that
loss of Tscl affected the excitability and firing output of SST+
CINs, we wondered how these changes might affect inhibitory
synaptic output onto nearby pyramidal neurons. Thus, we com-
pared spontaneous inhibitory postsynaptic currents (sIPSCs)
recorded from cortical layer 5 pyramidal neurons in WT, cHet
and cKO mice (Fig. 5a). Surprisingly, the frequency and
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amplitude of sIPSCs was lower in cHet and ¢KO mice (Fig. 5c¢).
We had expected that the increase in firing output might result in
increased spontaneous inhibitory transmission. This reduction
in spontaneous inhibitory output could be caused by a reduction
in numbers of inhibitory synapses and/or probability of release at
these synapses. Towards elucidating the respective contributions
of these various possibilities, we added TTX (1pM) to the
recording solution, to remove large amplitude, AP-dependent
IPSCs (and therefore any effects of changes in excitability).
Similar to sIPSCs, the frequency and amplitude of miniature
IPSCs (mIPSCs) were lower in TscI cKOs (Fig. 5b, d). There were
no changes in sIPSC and mIPSC rise time and tau between
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Fig. 3 SST-Cre-lineage CINs adopt fast-spiking (PV-like) properties after TscT deletion. a Fluorescence (top) and DIC (bottom) images illustrating that
recordings were obtained from tdTomato+/SST+ CINs. Scale bar is 20 um. b Example voltage traces in response to subthreshold current injections in
WTs (gray), Tscl cHets (blue) and Tscl cKOs (red). € Comparison of resting membrane potential (RMP), (F,, ¢7 =0.41, P=0.66) and input resistance
Rin), (F2, 67=6.49, P=0.002; WT vs. cKO p=0.001), One-way ANOVA with Tukey's test. d Example traces in response to suprathreshold current
injections. Traces from two different cells are shown. e Example traces showing action potentials (APs). f Rheobase of SST+ CINs, One-way ANOVA with
Tukey's test (F3 ¢7 =5.06, P=0.009; WT vs. cKO, p=0.006). g Number of APs fired. Two-way ANOVA with Tukey's test, Genotype: (F; 1320 = 26.8,
P <0.0001); WT vs. cHet, and WT vs. cKO, p < 0.0001; cHet vs. cKO, p=0.008). h Maximum firing frequency of SST+ CINs from WT, cHet and cKO
mice, and PV+ CINs from WT mice (gray triangles) is plotted against the coefficient of variance (CV) of inter-spike interval. Inset, proportion of SST+
CINs with regular-spiking (RS) and fast-spiking (FS) properties. i-m Comparison of AP amplitude (i): (F,, ¢7 =0.67, P=0.51), AP threshold (j): (F2, ¢7 =
3.48, P=0.03; WT vs. cHet p=0.03), AP max dV/dt (k): (F,, ¢;=6.39, P = 0.002; WT vs. cHet p =0.004, WT vs. cKO p =0.009), AP half-width ()
(F2, 67 =11.04, P <0.0001; WT vs. cHet p = 0.0001, WT vs. cKO p = 0.001); and fAHP amplitude (m): (F; ¢7 =5.27, P=0.007; WT vs. cKO p = 0.005);
One-way ANOVA with Tukey's test. WT, n =22 cells, 4 mice; cHet, n =21 cells, 3 mice; cKO, n=27 cells, 4 mice; data are presented as mean £ S.E.M.
*p<0.05; **p<0.01, ***p<0.001, ***p <0.0001. Source data are provided as a Source Data file

genotypes (Supplementary Fig. 11a-d). These findings suggested
that the loss of Tscl reduced the strength of inhibitory synaptic
transmission by altering the number and/or release probability at
inhibitory synapses.

While we found significant reductions in spontaneous
inhibitory output to cortical pyramidal neurons, we could not
estimate the specific contribution of SST+ CINs to this reduction
by analyzing sIPSCs and mIPSCs. To directly address this, we
expressed ChR2-eYFP in SST-Cre lineage CINs (WT, cHet and
cKO). By delivering pulses of blue (470 nm) light, during voltage-
clamp recordings, we measured optogenetically-evoked IPSCs
(oIPSCs) from SST-lineage CINs onto layer 5 pyramidal neurons
(Fig. 5e, ). In line with the observed reduction in spontaneous
inhibitory output, oIPSCs were also significantly smaller in T'scl
cKOs (Fig. 5g); oIPSC rising slope was not altered but an increase
was observed in decay tau in cHets (Supplementary Fig. 11e, f).
To measure the presynaptic release probability, we measured the
frequency-dependent attenuation of oIPSCs and paired-pulse
ratio (PPR). The attenuation of oIPSCs in response to 20 Hz light
pulses was significantly lower in cKOs (Fig. 5h, i). Furthermore,
cKOs had significantly higher paired-pulse ratios (PPRs) (Fig. 5j).
These results suggest that Tscl deletion decreases the evoked
inhibitory output at least in part by reducing presynaptic release
probability in SST-lineage CING.

The axons of PV+/FS CINs target the soma and axon initial
segment of pyramidal neurons, while the axons of SST+ CINs
target their distal dendrites'®1?. Thus, we tested whether TscI
deletion caused aberrant axon targeting (proximal dendrite/soma
vs. distal dendrite) in a subset of SST-lineage CINs. For this, we
obtained paired patch clamp recordings from connected layer 5
pyramidal neurons (Pyr) and tdTomato+ SST-Cre-lineage CINs
(Fig. 6a) and analyzed the unitary IPSCs (uIPSCs) in postsynaptic
Pyr neurons evoked by action potentials in presynaptic SST+
CINs (Fig. 6b). Since ulPSCs generated in response to SST+ CINs
arrive at the distal dendrites, the amplitude and kinetics of these
currents are significantly different from IPSCs originating near
the soma of pyramidal neurons3®. To validate this, we compared
the properties of CIN— Pyr uIPSCs in PV-Cre-lineage3” CIN-
pyramidal neuron vs. SST-Cre-lineage CIN-pyramidal neuron
pairs. In our recordings from WT mice, all PV-Cre lineage CINs
had FS physiology and all SST-Cre lineage CINs had RS
physiology (Fig. 6¢). A comparison of the kinetics of SST — Pyr
uIPSCs and PV — Pyr uIPSCs in WT mice showed that the
ulPSC amplitude, rising slope, and total charge were all
significantly larger for PV — Pyr pairs than SST — Pyr pairs
(Fig. 6d-f). Next, we recorded SST — Pyr uIlPSCs in ¢KO mice.
As expected, most SST-Cre-lineage CINs in cKOs had RS
properties but a subset had FS properties (Fig. 6c). Strikingly,
in our paired recordings from cKOs, the amplitude, kinetics and
total charge uIPSCs did not differ for RS/SST — Pyr vs. ES/

SST — Pyr pairs (Fig. 6d-f). These results suggest that while TscI
deletion caused a switch in physiological properties and
molecular identity of SST-Cre lineage CINs towards a PV-like/
ES physiology, it did not affect their axonal targeting. Notably,
morphological reconstructions of SST+ CIN axons showed that
loss of Tscl was not accompanied by changes in axonal targeting
and branching (Supplementary Fig. 4). These findings, together
with the lower presynaptic release probability, may explain why,
despite the increased firing output and shift towards PV-like
phenotypes, inhibitory output mediated by SST+ CIN's is reduced
in Tscl cKOs.

Cell autonomous role for Tscl in PV CINs. Since Tscl cKOs
exhibited reduced inhibitory tone in the neocortex (Fig. 5), we
asked if the increased PV expression in SST-Cre-lineages is cell
autonomous, as PV expression can be modulated by circuit
activity?®3°. We utilized an MGE transplantation assay that
introduces MGE progenitors in small numbers to a WT cortex for
in vivo maturation®. MGE tissue from WT, TsclFloxed/+ or
Tsc1Floxed/Floxed yas jsolated from E13.5 embryos; dissociated
cells were transduced with DIxI12b-Cre expressing lentiviruses
(Fig. 7a). The DIxI12b enhancer biases expression to GABAergic
neurons and has been used to express genes efficiently in devel-
oping and mature CINs?>#142. These MGE cells were then
transplanted into WT neonatal cortex and allowed to develop.
After 35 days post-transplant (DPT), we assessed the proportion
of transplanted cells (tdTomato+) that expressed PV. Tscl ¢cKO
cells had increased soma size and ~2-fold increase in PV
expression compared to WT (Fig. 7b-d, f, g). Finally, we
expressed the human TSCI gene from the same lentiviral vector,
to test if human TSCI could compliment the mouse Tscl depleted
CINs and found that it was able to rescue the increase in soma
size and PV expression (Fig. 7e-g).

Rapamycin decreases PV and FS properties in Tscl cKOs. We
hypothesized that TscI normally represses PV-like/FS properties
in SST+ CINs by inhibiting MTOR activity. We thus adminis-
tered the MTOR inhibitor, rapamycin, to test whether this
treatment might reverse/rescue the effects of Tscl loss in young
adult (eight-week old) mice. TscI cHets, and cKOs were treated
with rapamycin or vehicle starting at eight weeks of age, for five
consecutive days (Fig. 8a). A day after the last dose, mice were
assessed for soma size, PV and Kv3.1 expression, and electro-
physiology. To assess rapamycin’s efficacy, we probed for pS6 in
tdTomato+ CINs. Vehicle-treated Tscl ¢cKO CINs had increased
co-expression of pS6 compared to the cHet groups and rapa-
mycin treatment significantly reduced these levels (Supplemen-
tary Fig. 12a—e). Notably, rapamycin treatment did not alter the
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Fig. 4 Increased Kv3.1 channel expression in SST-Cre-lineage CINs underlie FS properties. a P35 coronal sections showing immunofluorescent labeling of
Kv3.1 and tdTomato-+ cells from SST-Cre-lineages in the neocortices of WT (i-iii), Tscl cHets (iv-vi) and cKOs (vii-ix). Arrows denote co-labeled cells.
Scale bar is 100 um. b Quantification of the %tdTomato+ cells expressing Kv3.1: Chi-squared test with Yate's correction, WT vs. cHet, p = 0.02 or cKO,
p <0.0001, and cHet vs. cKO, p = 0.008, n =3, all groups (405 WT, 441 cHet and 446 cKO cells counted). ¢ Example firing traces from a model of a layer
5 SST+ CIN with low expression of Kv3.1 (grey) and high expression of Kv3.1 (purple). d, e Firing data from one representative model is shown. Increasing
the conductance of Kv3.1 channel increases the number of APs fired in response to depolarizing current injections (d) and decreases the change in
instantaneous firing frequency during a train of APs (e). Increasing the Kv3.1 conductance in four different models of SST+ CINs increases the maximum
firing frequency: paired two-tailed t-test (t3 = 8.1, p = 0.003) (f) and decreases the spike frequency accommodation: SFA; paired two-tailed t-test (t3 = 4.9,
p=0.016) (g). Increasing Kv3.1 conductance in models of SST+ CINs decreases the duration of APs: paired two-tailed t-test (t3 = 4.7, p=0.018) (h) and
increases the fAHP: paired two-tailed t-test (t3 = 3.8, p=0.03) (i). Data are presented as mean = S.E.M. *p < 0.05, **p < 0.01, ****p < 0.0001. Source data
are provided as a Source Data file

cell density of tdTomato+ CINs or those expressing SST (Sup-
plementary Fig. 12f, g).

Vehicle treated cKO CINs exhibited increased soma size as well
as increased Kv3.1 and PV expression compared to the cHet
groups (Fig. 8b, ¢, f, g, j-1). Rapamycin treatment significantly
reduced the soma size of SST-lineage CINs in cKOs and
decreased Kv3.1 and PV expression, however, did not alter soma
size or Kv3.1 and PV expression in SST-Cre-lineage cHets
(Fig. 8d, e, h-1). In addition, we assessed whether these cellular

and molecular phenotypes changed after analyzing rapamycin-
treated mice 5 days after discontinuing the drug. While there was
no gross change in soma size 5 days after discontinuing
rapamycin there were increased numbers of Kv3.14+ and PV+
CINs (Supplementary Fig. 13a—c), suggesting that Kv3.1 and PV
expression is dynamic with changes in MTOR activity. Using
a chemogenetic approach, we tested whether PV expression in
SST+ CINss is linked to neuronal excitability. Adult WT SST-Cre
mice expressing either Gg-DREADD-mCherry or mcherry were
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Fig. 5 Reduced inhibitory output of SST+ CINs in Tsc7 cKOs. Example traces showing sIPSCs (a) and mIPSCs (b) recorded from pyramidal neurons in WTs
(grey), cHets (blue) and cKOs (red). Comparison of the frequency and amplitude of sIPSCs (¢) and mIPSCs (d) (WT, n =14 cells, 3 mice; cHet, n =9 cells,
2 mice; cKO, n=13 cells, 3 mice). One-way ANOVA with Tukey's test, sIPSC Frequency: (F;, 33 =11.16, P=0.0002; WT vs. cHet p = 0.02; WT vs. cKO
p=0.0002); sIPSC Amplitude: (F, 33 =4.3, P=0.02; WT vs. cKO p=0.03). mIPSC Frequency: (F,, 33=3.2, P=0.04; WT vs. cKO p=0.04); mIPSC
Amplitude: (F;, 33=5.1, P=0.01; WT vs. cKO p=0.01). e Voltage clamp recordings were obtained from pyramidal neurons while activating ChR2-
expressing SST+ CINs. f Example optogenetically-activated IPSCs (olPSCs) recorded in WTs (21 cells, 3 mice), cHets (24 cells, 3 mice) and cKOs (25 cells,
3 mice) in response to blue light (470 nm) flashes of increasing light-intensity. g Average olPSC amplitudes in response to light pulses of increasing
intensity. Two-way ANOVA with Tukey's test (F5, 335 =16.19, P< 0.0001; WT and cHet vs. cKO p < 0.0001). h Example oIPSCs in response to 20 Hz light
pulse trains. i Attenuation in olPSC amplitude during repeated activation of SST+ CINs by 20 Hz light pulse trains. Two-way ANOVA with Tukey's test
(F2, 612 =56.6, P<0.0001; WT and cHet vs. cKO p <0.0001). j Paired-pulse ratio of olPSCs in response to pairs of light pulses. One-way ANOVA with
Tukey's test, 100 ms inter-pulse interval: (F; ¢7 =12, p=0.0002; WT vs. cKO p=0.002; cHet vs. cKO p <0.0001) and 50 ms inter-pulse interval:
(F2, 67=7.4, P=0.001; WT vs. cKO p=0.002; cHet vs. cKO p=0.008). Data are presented as mean + S.E.M. *p < 0.05, **p <0.01, ****p < 0.0001.
Source data are provided as a Source Data file
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Fig. 6 FS/SST-Cre CINs in Tsc1 cKOs send their outputs to distal dendrites of pyramidal neurons. a Left, Experimental design: Simultaneous recordings were
obtained from connected layer 5 tdTomato+ CINs, (current clamp, CC) and pyramidal neurons, (voltage clamp, VC), +10 mV. Right, representative image
showing patch pipettes targeting tdTomato+ CIN (arrowhead) and tdTomato— pyramidal neuron (arrow). Scale bar is 50 um. b Example unitary inhibitory
post synaptic currents (ulPSCs) recorded in pyramidal neurons generated in response to action potentials (AP) in WT FS/PV-Cre CINs (black, 5 pairs), WT
RS/SST-Cre CINs (grey, 8 pairs), cKO RS/SST-Cre CINs (salmon, 12 pairs) and cKO FS/SST-Cre CINs (red, 4 pairs). ¢ Maximum firing frequency of four
groups of CINs is compared: One-way ANOVA with Tukey's test: (F3, 25 =20, P < 0.0001; FS vs. RS p < 0.0001). d=f ulPSC amplitude, rising slope and total
charge is compared. One-way ANOVA with Tukey's test, ulPSC amplitude (d): (F3, 25 =29, P <0.0001; WT FS/PV-Cre vs. all groups p < 0.0001); rising
slope (e): (F3, 25 =28.11, P < 0.0001; WT FS/PV-Cre vs. all groups p <0.0001); and total charge (f): (F3, 25 =18, P<0.0001; WT FS/PV-Cre vs. all groups
p<0.00017). Data are presented as mean £ S.E.M. ****p < 0.0001. Source data are provided as a Source Data file

given daily injections of clozapine-N-oxide (CNO, 3 mg/Kg dose)
for 5 days. Interestingly, Gq-DREADD expressing SST+ CINs
had significantly lower expression of PV in comparison to the
control group (Supplementary Fig. 14). In general, these results
suggest that neuronal excitability and cellular signaling events can
dynamically modulate the molecular programming of CINGs.

Next, we tested whether the rapamycin-mediated reduction in
PV expression was accompanied by a reduction in FS
physiological properties within c¢KO SST-Cre-lineage CINS.
Rapamycin treatment did not change the R;,, firing output or
AP properties of cHet CINs (Fig. 9e, g, h, Supplementary Fig. 14).
However, in the cKO group, rapamycin treatment increased Ry,
reduced the rheobase and increased spike frequency accommoda-
tion (SFA) (Supplementary Fig. 15). Furthermore, rapamycin
reduced the firing output and decreased the fraction of SST-Cre-
lineage CINs that were classified as FS in cKOs (Fig. 9f, i, j).
Notably, even in rapamycin-treated cKO mice, the fraction of FS
SST-Cre-lineage CINs was higher than the fraction of FS SST-Cre-
lineage FS CINs in WT mice (Fig. 3h, inset). Rapamycin-
treatment failed to reverse some effects of Tscl loss, including
altered AP properties in cKOs (Supplementary Fig. 15). Overall,
the 5-day rapamycin treatment in adult cKO mice decreased the
aberrant PV expression and partially reversed shifts towards FS
phenotypes in SST-Cre-lineage CINS.

Discussion

Imbalances in neuronal excitation/inhibition (E/I) are implicated
in neuropsychiatric disorders!!, and changes in neuronal num-
bers, synaptic connectivity and intrinsic properties of GABAergic
interneurons are, sometimes as a result of compensatory

mechanisms, critical contributors to shifts in E/I balance2>43-46,
TSC-associated neuropsychiatric disorders (TANDs) are com-
mon manifestations of the disorder!® but the mechanisms
underlying TANDs are poorly understood. In this study, we
found that deletion of the TSC causative gene, Tscl, induced
molecular and physiological changes in CINs that may underlie
some neuropsychiatric symptoms and seizures observed in TSC
(model, supplementary Fig. 16). First, loss of TscI in SST-lineage
CINs altered the programming of PV and Kv3.1 expression and
induced FS properties. This reveals a novel mechanism involved
in regulating the programming of CINs. Second, loss of TscI in
SST-lineages resulted in a neocortex with less synaptic inhibition
onto deep layer pyramidal neurons, which may contribute to the
higher seizure susceptibility observed in TSC. Third, altered
programming could be partially reversed by rapamycin admin-
istration in adulthood, suggesting that these phenotypes remain
plastic in post-mitotic CINs and could provide insights into
potential therapeutic mechanisms to treat TSC.

Previous studies in a mouse model of TSC emphasized that
dysregulation of MTOR signaling primarily affects excitatory
circuits!?, and alters E/I balance through effects on excitatory
synapses. While one report examined CINs with regards to
TSC¥, little was known about changes in inhibitory circuits. In
this context, we assessed cellular and physiological properties of
CINs and inhibitory synapses in Tscl cHets and cKOs. We dis-
covered that loss of Tscl in SST-lineages resulted in aberrant
expression of PV and the voltage-gated potassium channel, Kv3.1,
in a subset of SST-lineage CINs. This, in turn, shifts their phy-
siological properties from RS to a continuum encompassing both
RS and FS properties. Notably, not all SST-lineage CINs adopted
these properties, showing that some are less susceptible. This is
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Transduce MGE