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Abstract 33 

Tuberous Sclerosis Complex is a complex syndrome that affects multiple organs and is caused 34 
by dysfunction of either the TSC1 or TSC2 genes. One of the least understood features of TSC 35 
is the impact of TSC1&2 variants on brain phenotypes, including elevated rates of autism 36 
spectrum disorder and seizures. Moreover, while a great deal of work has uncovered how loss of 37 
either gene can alter various neural cell types, the impact of many variants in TSC and on these 38 
cell types is poorly understood. In particular, missense variants that cause minor changes in the 39 
proteins are expected to cause functional changes that differ from a complete loss of the protein. 40 
Herein, we examined how some missense variants in TSC1 impacted the development of cortical 41 
inhibitory interneurons, a cell type whose molecular, cellular and physiological properties are 42 
known to be altered after loss of mouse Tsc1. Importantly, we found that most missense variants 43 
complemented phenotypes caused by loss of Tsc1 and resulting in elevated MTOR activity as 44 
well as several cell intrinsic physiological properties. However, distinct variants showed deficits in 45 
complementing an increase in parvalbumin levels, which is observed after loss of Tsc1 and 46 
demonstrated smaller amplitudes of after hyperpolarizations. These data suggest subtle but 47 
sensitive phenotypes can be detected by some TSC1 missense variants and provide an in vivo 48 
system in which to better assess TSC variants.        49 

 50 

Introduction 51 

The identification of genetic variants associated with neuropsychiatric disorders has elevated in 52 
recent years. This growth has been especially challenging in autism spectrum disorder (ASD), 53 
where several hundreds of genes have been implicated in the disorder, each with a plethora of 54 
different variants. The discovery of these genes involved in ASD has elevated our understanding 55 
of ASD molecular biology but opens the door for the need of novel assays to continue the 56 
advancement of knowledge (Rosti et al., 2014). While the functional impact of some variants can 57 
be easy to predict, i.e., loss of function, frameshift and nonsense, the impact of missense variants 58 
has been challenging to predict and validate.  59 

The integration of more advanced variant support using computational tools to prioritize high 60 
impact variants with animal or humanized systems to define the physiological outcomes of the 61 
variant can build advanced genotype-to-phenotype insights. To validate these top variants an 62 
ideal method is to generate a knock-in animal model for each variant, which provides an in vivo 63 
environment for cells to develop. While ideal, this is costly, time consuming and inefficient, making 64 
it difficult to study variants in vivo. To more efficiently understand the impact of missense variants 65 
associated with ASD, we developed and validated an in vivo approach that can assess the impact 66 
of a variant in GABAergic cortical interneurons (CINs) (Vogt et al., 2015a, 2018). 67 

CIN dysfunction is often implicated in ASD and CIN properties have been found to be altered in 68 
both humans diagnosed with ASD and in various ASD genetic deletion animal models (Pla et al.; 69 
Vogt et al., 2015a, 2018; Hoffman et al., 2016; Hashemi et al., 2017; Jung et al., 2017; 70 
Soghomonian et al., 2017; Elbert et al., 2019; Malik et al., 2019; Angara et al., 2020). CINs are 71 
derived from the medial and caudal ganglionic eminences (MGE and CGE), as well as the preoptic 72 
area (Wonders and Anderson, 2006; Gelman et al., 2011; Hu et al., 2017b). They tangentially 73 
migrate long distances to their final cortical destinations, laminate the cortex and begin to express 74 
unique molecular markers as they assume their diverse cell fates, each modulating cortical 75 
inhibition in exclusive ways (Wonders and Anderson, 2006; Miyoshi et al., 2010; Kessaris et al., 76 
2014). The vast majority of CINs are derived from the MGE and can be delineated via the 77 
expression of somatostatin (SST) or parvalbumin (PV). Interestingly, PV expression is commonly 78 
affected in ASD and ASD gene animal models (Hashemi et al., 2017; Vogt et al., 2018; Malik et 79 
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al., 2019), suggesting that this group of cells, and/or molecular marker, may provide a good 80 
readout of how ASD relevant missense variants could alter neural development.  81 

Our previous work uncovered that genes underlying syndromes associated with high rates of ASD 82 
greatly impacted CIN development, and in turn, PV+ CINs (Vogt et al., 2014, 2015a, 2018; Pla et 83 
al., 2018), suggesting that these genes were essential for normal CIN development. Importantly, 84 
many of these genes regulate similar cellular processes, i.e., mammalian target of rapamycin 85 
(MTOR) signaling. One of these genes, TSC1, inhibits MTOR activity and, when mutated, results 86 
in the syndrome, Tuberous Sclerosis Complex (TSC). Notably, conditional loss of Tsc1 in mouse 87 
CINs leads to ectopic expression of PV and fast-spiking physiological properties (Malik et al., 88 
2019). However, nothing is known about how the multitude of variants in TSC1 could impact CIN 89 
development and the molecular and physiological properties of PV+ CINs. We developed a 90 
platform to test genomic human variants of TSC1 within these CINs using a cell specific knockout 91 
followed by human allele recovery. A selection of TSC1 variants that are low allele frequency 92 
throughout the population (based on gnomAD) were tested to study their involvement in altering 93 
cell function. The variants chosen have conflicting reports for their involvement in ASD, where 94 
early studies identified the variants in patients with ASD (Schaaf et al., 2011; Kelleher et al., 2012), 95 
while more recent data suggests either no disease association or a more complex multifactorial 96 
role in disease, making them great candidates for our in vivo assay. While all variants were able 97 
to complement classical MTOR activity phenotypes, distinct variants failed to complement the 98 
elevated PV expression associated with loss of Tsc1. While many physiological properties were 99 
unchanged by one of these variants, we did uncover decreased action potential after 100 
hyperpolarizations, suggesting subtle phenotypes that may associate with multifactorial ASD 101 
development. These data demonstrate a sensitive readout for TSC variant function in vivo and 102 
suggest the further expansion of this model into more challenging TSC variants, such as variants 103 
of unknown significance (VUS). 104 

 105 

Materials and methods 106 

Animals 107 

Tsc1Flox (Kwiatkowski et al., 2002) and Ai14 (Madisen et al., 2010) have been previously 108 
described. Both lines were back crossed to a CD-1 background for at least five generations before 109 
experiments began. For timed matings, noon on the day of the vaginal plug was considered 110 
embryonic day 0.5. Experimenters were blind to the genotypes of the mice and littermates were 111 
used as controls when possible. Since our previous work did not find a difference in sex 112 
phenotypes (Malik et al., 2019), both sexes were used. All mouse procedures were performed in 113 
accordance with NIH Guidelines for the Care and Use of Laboratory Animals and were approved 114 
by the Michigan State University Institutional Animal Care and Use Committee.  115 

DNA vector generation 116 

The DlxI12b-BG-hTSC1-IRES-Cre lentiviral DNA vector was previously described (Malik et al., 117 
2019). To generate the ASD-relevant hTSC1 variants, we designed gene blocks (integrated DNA 118 
technologies) that included each mutation and flanking endogenous restriction sites that resided 119 
within the human TSC1 gene. Next, the gene blocks were ligated into the DlxI12b-BG-hTSC1-120 
IRES-Cre vector (replacing the WT sequence), and then verified using Sanger sequencing.  121 

In vitro slice preparation 122 

Coronal cortical slices (300 m thick) were prepared from mice (between postnatal ages 34 and 123 
56) using methods previously described (Crandall et al., 2015, 2017). Briefly, mice were deeply 124 
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anesthetized with isoflurane before decapitation. Brains were then quickly removed and placed in 125 
a cold (~4°C) oxygenated slicing solution (95% O2, 5% CO2) containing (in mM): 3 KCl, 1.25 126 
NaH2PO4, 10 MgSO4, 0.5 CaCl2, 26 NaHCO3, 10 glucose and 234 sucrose. Slices were cut 127 
using a vibrating tissue microtome (Leica VT1200S) and then transferred into a holding chamber 128 
containing warm (32°C) oxygenated (95% O2, 5% CO2) artificial cerebrospinal fluid (ACSF) 129 
containing (in mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3 and 10 130 
glucose. Slices were kept at 32°C for 20 min followed by room temperature for an additional 40 131 
min before recording. 132 

In vitro electrophysiological recordings, data acquisition, and analysis 133 

For recordings, individual slices were transferred to a submersion recording chamber and 134 
continually perfused (~3 ml/min) with warm (32°C) oxygenated (95% O2, 5% CO2) ACSF 135 
containing (in mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3 and 10 136 
glucose. Neurons were visualized using infrared differential interference contrast (IR-DIC) and 137 
fluorescence imaging using a Zeiss Axio Examiner.A1 microscope mounted with a video camera 138 
(Olympus XM10-IR) and a 40x water-immersion objective. Cells expressing tdTomato were 139 
randomly targeted in cortex for patching. Whole-cell recordings were obtained using borosilicate 140 
glass pipettes (4-6 MΩ tip resistance) containing a potassium-based internal solution (in mM): 141 
130 K-gluconate, 4 KCl, 2NaCl, 10 HEPES, 0.2 EGTA,  4 ATP-Mg, 0.3 GTP-Tris and 14 142 
phosphocreatine-K (pH 7.25, 290 mOsm). All whole-cell recordings were corrected for a 14-mV 143 
liquid junction potential. 144 

Electrophysiological data were recorded and digitized at 20 or 50 kHz using Molecular Devices 145 
hardware and software (MultiClamp 700B amplifier, Digidata 1550B4, and pClamp11.1). Signals 146 
were low-pass filtered at 10 kHz prior to digitizing. During the recordings, the pipette capacitances 147 
were neutralized and series resistances (typically between 10-25 MΩ) were compensated online 148 
(100% for current-clamp). The series resistances were continually monitored throughout the 149 
recordings.  150 

Analysis of in vitro electrophysiological data was performed in Molecular Devices and Microsoft 151 
Excel using previously described methods (Crandall et al., 2017). Briefly, resting membrane 152 
potentials (RMP, in mV) were measure immediately after break-in, with no applied current. Input 153 
resistance (Rin, in MΩ) was measured using Ohm’s law by measuring the voltage response from 154 
rest to an injection of a small negative current (5-20 pA). Membrane time constants (m, in ms) 155 
were measured from the average response (see Rin above) by fitting a single exponential to the 156 
initial falling phase of the response (100-300 ms; omitting the 1st ms). Membrane capacitance 157 
(Cin, in pF) was calculated by m / Rin. Rheobase currents (in pA) were defined as the minimum 158 
positive current (5 pA steps) to elicit an action potential (AP) from a holding potential of -79 mV. 159 
APs properties were measured from the first spike evoked by the rheobase current. AP threshold 160 
(in mV) was defined as the membrane potential at which its first derivitive (dV/dt) exceeded 10 161 
mV/ms. AP amplitudes (in mV) were defined as the voltage difference between the threshold and 162 
the peak of the AP. AP half-widths (in ms) were measured at the half-height between the threshold 163 
and the AP peak. The max rate of rise (in mV/ms) was defined as the maximal dV/dt during the 164 
rising phase of the AP, whereas the max rate of decay (in mV/ms) was defined as the maximal 165 
negative dV/dt during the falling phase of the same AP. Fast afterhyperpolarization potentials 166 
(fAHPs, in mV) were measured as the difference between the AP threshold and the peak negative 167 
potential of the AHP immediately following the AP. Post train medium afterhyperpolarization 168 
potentials (mAHPs, in mV) were measured as the difference between a baseline period (500 ms) 169 
prior to current injection and the peak negative potential following the 1 sec train of APs. Analyses 170 
were performed on the first suprathreshold current injection in which the initial firing frequency of 171 
the cell exceeded 150 Hz, and at least 100 APs were evoked. Membrane potential sags (in mV) 172 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 2, 2020. ; https://doi.org/10.1101/2020.06.01.128611doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.01.128611
http://creativecommons.org/licenses/by-nd/4.0/


5 
 

were measured using a 1 s negative current step that hyperpolarized the neuron from -79 to -99 173 
mV and were calculated relative to the steady-state voltage at the end of the step. Frequency-174 
intensity (F/I) relationships were obtained by holding the soma at -79 mV with intracellular current 175 
and injecting suprathreshold positive current (50 pA steps, 1 s duration). F/I slopes (in Hz/pA) 176 
were determined using the initial frequency (reciprocal of the first interspike interval) over the 177 
entire F-I plot. Spike frequency adaptation was determined by calculating the adaptation ratio, 178 
defined as the steady-state firing frequency (average of the last 5 APs) divided by the initial 179 
frequency. Spike height accommodation was defined as the amplitude of the last AP divided by 180 
the first AP. Analysis for both the spike frequency adaptation and spike height accommodation 181 
was performed on the first suprathreshold current injection in which the initial firing frequency 182 
exceeded 150 Hz. 183 

Immuno-fluorescence labeling and imaging 184 

Primary neurons and coronal brain sections were washed in PBS containing 0.3% Triton-X100, 185 
blocked in the same solution containing 5% BSA and then incubated in primary antibodies for 1-186 
2 hours (or overnight). They were then washed 3 times and then incubated with secondary 187 
antibodies containing fluorophores for 1 hour before 3 final washes. Primary neurons were stored 188 
in PBS while sections were cover slipped. Primary antibodies included rabbit anti-GABA 1:500 189 
(Sigma A2052), rabbit anti-parvalbumin 1:400 (Swant, PV-27).  Alexa-conjugated fluorescent 190 
secondary antibodies (Thermo-Fisher) were used to detect reactivity of primary antibodies. Native 191 
tdTomato fluorescence was imaged and in vitro primary MGE cultures were also labeled for DAPI 192 
using NucBlue Fixed Cell ReadyProbes (Thermo Fisher, R37609). MGE primary cultures were 193 
imaged using a Nikon eclipse Ts2R microscope with a Photometrics coolsnap dyno camera. 194 
Transplant tissue sections were imaged using a Leica DM2000 compound microscope with an 195 
attached camera (DFC3000G). 196 

Lentivirus preparation 197 

Lentiviruses were prepared as previously described (Vogt et al., 2015b). Briefly, the TSC1 198 
lentiviral vectors were co-transfected with pVSV-g, pRSVr and pMDLg-pRRE helper plasmids 199 
using Lipofectamine2000 (Thermo Fisher Scientific) into HEK293T cells, and the media replaced 200 
after four hours. On the fourth day after transfection, media was collected and filtered to remove 201 
cells and debris and then complexed with Lenti-X concentrator (Clontech) according to the 202 
manufacturer’s protocol to concentrate lentiviral particles. Concentrated lentiviruses were stored 203 
at -80ºC until use.  204 

MGE primary cultures 205 

We performed MGE primary cultures as described in (Angara et al., 2020). Briefly, we cultured 206 
the MGE cells in DMEM supplemented with 10% FBS and penicillin/streptomycin from time of 207 
seeding until one day in vitro. The cells were transduced with virus at this stage for four hours. 208 
After four hours of transduction, we replaced all media (and removed any excess virus) with 209 
neurobasal media, supplemented with B27, glucose, glutamax and penicillin/streptomycin, and 210 
left the cells in this media until seven days in vitro. At that time, the cells were fixed in 4% 211 
paraformaldehyde and then assessed via immuno-fluorescence. 212 

MGE transplantation 213 

MGE cells that were transduced with lentivirus and transplanted into neonatal mouse cortices 214 
were performed as previously described (Vogt et al., 2015b). Briefly, Ai14Flox/+ E13.5 MGE cells 215 
that were either WT, Tsc1Flox/+ or Tsc1Flox/Flox were transduced with hTSC1-Cre lentiviruses, and 216 
then transplanted into WT mouse neonatal cortices at multiple sites. The cells developed in vivo 217 
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until 35 days post-transplant. After this time, cells were identified by native tdTomato expression 218 
and were co-labeled for molecular markers via immuno-fluorescence.   219 

Statistics and cell assessments 220 

Graphpad Prism 7 and Origin Pro 2019 were used to calculate statistical significance; a p value 221 
of <0.05 was considered significant. For data with parametric measurements, we used a One-222 
Way ANOVA with a Tukey post-test or a Two-sample t test to determine significance. For non-223 
parametric data sets (transplantation experiments where data were normalized), we used a Chi-224 
squared test to determine significance or a Mann–Whitney U test.  225 

Western blotting  226 

Cell pellets were lysed using RIPA buffer. Each sample lysate was diluted to obtain a 227 
concentration of 1mg/mL in a buffer containg protein loading dye. 10uL of the protein lysate was 228 
loaded into a bis-tris protein gel (4-12% Invitrogen Bolt Bis-Tris mini gel), ran at 150V for 35min 229 
then transferred to PVDF membrane using the iBlot2 system. Blots were blocked with 5% milk in 230 
TBST for 1 hour prior to incubation with primary antibody (1:1000 in TBST + 5% BSA) for 1 hour 231 
at room temperature. Blots were washed 4 times with TBST and incubated with secondary 232 
antibody (1:2000, HRP-conjugated anti rabbit, BioRad) for 1hr at room temperature then washed 233 
4 times with TBST. Signal was detected using SuperSignal West Femto (ThermoScientific) 234 
chemiluminescent substrate and imaged on a ChemiDoc system (BioRad). Primary antibodies 235 
included rabbit anti-HAMARTIN (Cell Signaling Technologies, 4906) and rabbit anti-GAPDH (Cell 236 
Signaling Technologies, 2118). 237 

 238 

Results 239 

Generation and validation of human TSC1 variants associated with ASD 240 

We chose five human (h)TSC1 variants based on their past suggested association with an ASD 241 
co-diagnosis (Schaaf et al., 2011; Kelleher et al., 2012); R336W, T360N, T393I, S403L and 242 
H732Y, and subcloned into a lentiviral DNA vector (Figure 1A, top). All five variants are annotated 243 
as either conflicting or benign in ClinVar. Thus, these variants are especially difficult to understand 244 
whether they will impact cellular phenotypes and require analyses with our in vivo 245 
complementation assay.  246 

To this end, we first assessed the expression of these variants in our lentiviral vector. While the 247 
DNA vector has the ability to drive expression from a strong CMV promoter, the resulting virus 248 
uses the DlxI12b enhancer, which biases expression to GABAergic neurons (Arguello et al., 249 
2013). Each version expresses either Cre recombinase alone or in combination with WT hTSC1 250 
or each of the variants. To assess if each of the variants generated proteins at the correct 251 
molecular weight, we transfected each into HEK293T cells and assessed for the TSC1 encoded 252 
protein, Hamartin. Both the WT and variants expressed at elevated levels over the endogenous 253 
protein and at the correct size, indicating that we could express both WT and variants (Figure 1B). 254 

Next, we utilized MGE primary cultures to test these vectors and viruses in vitro. Since cells in 255 
the developing MGE include both GABAergic neurons and other types of cells, we asked what 256 
proportion of cells were GABAergic in primary E13.5 MGE cultures that had grown in vitro for 7 257 
days. Roughly 30-40% of the cells were GABAergic (Figures 1C, 1C’). We either transfected the 258 
WT hTSC1 expression vector or transduced the virus into the MGE cultures 24 hours after 259 
seeding and then assessed how many GABAergic cells co-labeled with tdTomato (Cre-260 
expressing) after 6 additional days. Only ~6% of transfected cells co-labeled for GABA and 261 
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tdTomato, despite 30-40% of the cultures being GABA+ (Figures 1D, 1D’, 1G). However, the 262 
DlxI12b virus transduced cells had ~50% co-labeled cells. Thus, utilizing the DlxI12b enhancer 263 
virus was more efficient at biasing towards GABAergic cells but can not override the strong CMV 264 
promoter in the DNA vector. Finally, we transduced the various viruses into the MGE cultures in 265 
the same manner but by day 7 in vitro did not observe gross differences in cell morphology (data 266 
not shown), suggesting that a longer developmental timeline was warranted.    267 

 268 

In vivo assay to determine the impact of hTSC1 missense variants 269 

To fully understand the impact of hTSC1 variants in MGE-lineage CIN development and function, 270 
we modified a validated in vivo assay (Vogt et al., 2015b) to assess each variant individually. This 271 
assay also allows for MGE cells to develop over a long period after being genetically manipulated 272 
by the viruses. To this end, we transduced E13.5 MGE cells that were Tsc1Flox/Flox; Ai14Flox/+ with 273 
a lentivirus carrying genes for Cre and either nothing (Empty), a WT hTSC1 or each of the 274 
missense variants (Schema Figure 2A). After transduction, the cells (now tdTomato+) were 275 
transplanted into a postnatal day (P)1 WT pup to develop in vivo. TdTomato+ transplants were 276 
then assessed 35 days later for soma size and PV expression, which are both increased after 277 
deletion of mouse Tsc1 in CINs (Malik et al., 2019). Consistent with our previous findings, using 278 
a Cre only virus to delete mouse Tsc1 from MGE-lineage CINs, resulted in elevated soma sizes 279 
and over 40% of CINs expressing PV (Figures. 2B, 2I and 2J). Expression of WT hTSC1 280 
complemented these phenotypes, i.e. reduced soma size and decreased PV expression (Figures. 281 
2C, 2I and 2J). Notably, all five variants complemented the increase in soma size induced by loss 282 
of Tsc1 (vs. Cre, p<0.0001 for all variants except H732>Y, which was p = 0.0001), and all variants 283 
resembled WT levels (Figures. 2B-2I).  284 

While increased soma size is a known phenotype associated with the loss of Tsc gene function, 285 
it often only occurs with the complete ablation of both Tsc genes (Tavazoie et al., 2005; Malik et 286 
al., 2019), suggesting that these missense variants are functional. Since we found some 287 
intermediate phenotypes in PV expression in our Tsc1 heterozygous studies (Malik et al., 2019), 288 
we asked whether expression of PV may be a more sensitive readout to screen the impact of 289 
hTSC1 missense variants. In our complementation assay, we found that PV expression and 290 
physiological properties associated with PV-expressing CINs are often altered in other syndromic 291 
ASD animal models and by missense mutations in other key ASD risk genes (Vogt et al., 2015a, 292 
2018). Thus, we assessed the expression of PV in the transduced MGE cells. Of the five missense 293 
variants, there were two that did not complement the increase in PV expression, i.e. S403L and 294 
H732Y (Figs. 2G, 2H and 2J; S403L, p = 0.0003, H732Y, p = 0.004), suggesting that these 295 
variants partially impact CIN molecular properties while still being able to complement the 296 
increase in cell size. While the other variants were not significantly different than WT hTSC1, they, 297 
like the WT version, were significantly different than Cre-mediated loss of mouse Tsc1 (Figs. 2B-298 
2F and 2J; WT, p < 0.0001, R336W, p = 0.0002, T360N, p = 0.009, T393I, p = 0.0007). Overall, 299 
these data demonstrate that PV expression may be a sensitive TSC phenotype and that distinct 300 
variants are more likely to affect CIN molecular properties. 301 

 302 

Afterhyperpolariztions are abnormal in S403L CINs with FS properties  303 

The greater propensity of CINs with the S403L mutation to express PV when compared to WT 304 
hTSC1 could have an impact on the electrophysiological properties of these neurons. PV is an 305 
EF-hand calcium-binding protein that is found in distinct classes of neurons in the mammalian 306 
neocortex and is likely to play an essential physiological function in the behavior of these cells 307 
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(Celio, 1986). To investigate the functional effects of the S403L variant, we made whole-cell 308 
recordings of transduced MGE CINs in the somatosensory cortex from acute coronal slices 309 
obtained from similarly aged littermate mice transplanted with cells carrying genes for either an 310 
S403L missense variant or the WT hTSC1 protein. Transduced cells were identified by their 311 
tdTomato expression (Figure 3A). As a population, the passive and active membrane properties 312 
of S403L CINs were not significantly different from WT hTSC1 cells (Supplemental Table 1).  313 

Since deletion of mouse Tsc1 can aberrantly lead to FS properties (Malik et al., 2019), we asked 314 
if the S403L variant led to more CINs with FS properties. To verify the cell identity objectively, we 315 
used a simple non-linear classifier based on three electrophysiological properties, as previously 316 
described (Hu et al., 2013). These parameters consisted of action potential half-width (APHW), 317 
afterhyperpolarization amplitude (AHP), and spike frequency adaptation ratio (AR). These 318 
properties are typical of FS CINs and distinct from that of SST expressing CINs, the other major 319 
class of MGE-derived CINs (Wonders and Anderson, 2006). Cells were classified as FS if at least 320 
two of the following conditions were true:  APHW < 0.26 ms, AHP > 16.5 mV, and AR > 0.56.  If 321 
cells did not meet these conditions, they were classified as non-FS cells (i.e., putative SST-322 
expressing CINs). When we applied the classifier to our population of S403L CINs, we found that 323 
56.3 ± 9.2 % of the cells were classified as FS (n = 4 mice). Data from WT hTSC1 CINs, however, 324 
yielded a similar percentage of FS cells (45.0 ± 12.6 %; n = 5 mice; p = 0.52, two-sample t-test, 325 
two-tailed). 326 

In regard to intrinsic membrane properties, S403L FS cells did not differ from WT hTSC1 FS cells 327 
in either their resting potential, input resistance, membrane time constant, or capacitance 328 
(Supplemental Table 2). The similar membrane capacitance is consistent with the anatomical 329 
work, which shows that cells with the S403L mutation did not differ in soma size from WT hTSC1 330 
controls (Figure 2I). Analysis of spikes confirmed that cells classified as FS had 331 
electrophysiological properties typical of FS CINs in the neocortex, such as high-frequency 332 
discharge patterns with little spike-frequency adaptation (Average adaptation ratios: 0.61 for WT 333 
TSC1 cells,  0.75 for S403L cells). Only one S403L cell was not capable of sustained AP 334 
discharge throughout a 1 second suprathreshold current injection. Interestingly, analysis of single 335 
APs evoked by a threshold current injection revealed a smaller fast afterhyperpolarization (fAHP) 336 
immediately following the AP in S403L than WT hTSC1 cells (Figure 3C, 3D). Furthermore, we 337 
found that the peak medium AHP (mAHP) following a 1-sec spike train was smaller for S403L 338 
than WT hTSC1 cells (Figure 3E, 3F). We found no differences in the functional properties 339 
between S403L and WT hTSC1 cells classified as non-FS (Supplemental Table 2). Overall, the 340 
physiological data indicate that the S403L missense variant results in both a reduced fAHP and 341 
mAHPs in CINs classified as FS.   342 

 343 

Discussion 344 

There is a growing number of missense variants in ASD. Herein, we built upon a successful in 345 
vivo screening assay (Vogt et al., 2014, 2015a, 2018; Hu et al., 2017a; Pla et al., 2018) to 346 
understand the impact of these variants in a group of cells implicated in ASD, CINs. We did this 347 
by examining a gene underlying a syndrome with high rates of ASD, i.e. TSC1, and that inhibits 348 
MTOR. We found that TSC1 missense variants could complement a common phenotype used to 349 
assess TSC1 dysfunction, i.e. increased cell size, suggesting that this measurement is a poor 350 
rheostat to assess what impacts these variants cause. However, a few variants were not able to 351 
complement the altered PV expression, suggesting that this measurement may be a better test 352 
of the effects induced by these variants. 353 
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Why two of the five variants were deficient at complementing the PV expression phenotypes is 354 
still unknown. However, they are found in mid to carboxy-terminal regions of Hamartin, which 355 
could imply distinct protein/protein interactions or unique functions of this region. Moreover, the 356 
S403L variant is a potential serine phosphorylation site that has not been reported in previous 357 
reports. Future studies will investigate whether this is a new kinase target and the impact that this 358 
mutation has on other cell types. In addition, these data support the idea that the central region 359 
and carboxy terminus of Hamartin might regulate processes that regulate PV expression, which 360 
will be tested in future studies 361 

An interesting observation of this study is that the S403L missense TSC1 variant resulted in a 362 
subtle reduction of the fAHP following a single AP and the mAHP following a train of APs in CINs 363 
with FS properties, with no apparent changes to passive membrane properties. This result differs 364 
from other TSC1 studies, where cell-type-specific deletion of Tsc1 in mice causes several 365 
electrophysiological alterations in both passive and active membrane properties (Normand et al., 366 
2013; Kosillo et al., 2019; Malik et al., 2019). AHPs play an essential role in shaping neuronal 367 
firing properties (Hille 2001). Although we did not see any differences in the AP discharge 368 
properties of S403L compared to the WT TSC1 FS CINs, as measured by spike half-width, spike 369 
adaptation, and the slope of the input-output curve, there could be other compensatory 370 
mechanisms at play. Our finding that expression of the S403L missense variant also increased 371 
the number of PV-expressing CINs could potentially relate to our physiological observation. PV is 372 
a calcium-binding protein that is found in specific classes of neurons, including CINs with FS 373 
properties (Celio, 1986; Wonders and Anderson, 2006) If MGE-derived CINs overexpress PV, it 374 
could modulate the intracellular calcium dynamics that occur during action potentials. Indeed, 375 
different calcium-activated potassium channels have been shown to be responsible for the various 376 
types of AHPs in mammalian neurons (Faber and Sah, 2003; Hille 2001). 377 

Overall, these data demonstrate that unique variants in TSC1 can impact the molecular and 378 
physiological properties of CINs. Moreover, it is intriguing that sensitive changes in distinct cell 379 
types can occur via single amino acid changes in TSC1, while more common phenotypes, i.e. 380 
increased cell size, is not observed. This is important in the context of our previous work, which 381 
showed that PV expression rapidly changed but cell size did not, when mouse Tsc1 knockouts 382 
were treated with rapamycin and then allowed to recover (rapamycin removal) in a short time 383 
period (Malik et al., 2019). Thus, PV expression and CIN function may be sensitive readouts in 384 
TSC and a new way to understand the impact of the growing number of ASD variants. These data 385 
support the idea that mild changes in the function of critical cellular signaling events may be a 386 
factor influencing the development and mature functions of these unique neurons in TSC and 387 
potentially ASD.  388 
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Figure legends 513 

Figure 1: Human TSC1 variants and expression in MGE primary cultures. 514 

(A) Schema depicting the lentiviral DNA vector and resulting lentivirus to express human TSC1 515 
variants and Cre recombinase. (B) TSC1 variants expressed in HEK293T cells show increased 516 
levels of expression over endogenous HAMARTIN protein and migration at the correct molecular 517 
weight. (C, C’) E13.5 MGE primary cultures that were grown for 7 days and co-labeled for GABA 518 
and DAPI. E13.5 MGE primary cultures that were either transfected (D, D’) or transduced (E, E’) 519 
with the vector or virus depicted in (A) and co-labeled for the Cre-dependent reporter, tdTomato, 520 
and GABA. (F) Quantification of the proportion of DAPI+ cells that express GABA in MGE cultures. 521 
(G) Quantification of the proportion of tdTomato+ cells that are GABA+. Yellow arrows denote 522 
non co-labeled cells while white arrows denote co-labeled cells. Data are expressed as the mean 523 
± SEM. Data were collected from 3 biological replicates (transplants) for all groups. For soma size 524 
a total of 75 cells were counted for each group and for PV labeling the number of tdTomato+ CINs 525 
assessed were: Cre only 454, WT 152, R336W 205, T360N 156, T393I 295, S403L 148 and 526 
H732Y 137. Abbreviations: (WB) western blot; (KD) kilodalton. Scale bars in (C’ and E’) = 100 527 
µm.  528 

 529 

Figure 2: Distinct TSC1 variants impact PV expression but not soma size. 530 

Schema depicting the complementation assay (A). Briefly, Tsc1Flox/Flox; Ai14Flox/Flox E13.5 MGE 531 
cells were dissociated, transduced with Cre-expressing viruses, transplanted into WT neocortices 532 
and assessed after developing in vivo for 35 days. (B-H) Example immuno-fluorescent images of 533 
transplanted CINs in the neocortex co-labeled for tdTomato and PV. Arrows point to co-labeled 534 
cells. (I) Quantification of the soma size for each variant complementation. (AU) arbitrary units. 535 
(J) Quantification of the %tdTomato+ CINs that express PV. Data are expressed as the mean ± 536 
SD for soma size and SEM for PV counts, n = 3 for all groups. **p<0.01; ***p<0.001; ****p<0.0001. 537 
Scale bar in (H) = 100 µm.   538 

 539 

Figure 3: Fast and medium afterhyperpolarizations are reduced in S403L CINs with FS 540 
properties.  541 

(A) Low-magnification fluorescence images taken of live coronal brain sections (300 m) showing 542 
tdTomato-expressing MGE cells transduced with either the WT TSC1 or S403L missense variant 543 
after developing in vivo.  (B) Voltage responses of a WT TSC1 and S403L CIN to intracellular 544 
current steps (1 sec). Both cells were classified as FS using a non-linear classifier based on key 545 
electrophysiological properties (see results). (C) Responses to a threshold current injection 546 
(rheobase) for the same cells shown in (B). (D) Left, superimposed are the indicated single APs 547 
from (C: arrows) at increased magnification. Note the smaller fAHP amplitude immediately 548 
following the AP for the S403L cell. fAHPs were measured as the difference between the AP 549 
threshold and the peak negative potential. Right, quantification of the fAHP amplitude for each 550 
variant (fAHP WT TSC1: 23.7 ± 1.0 ms, n = 9 cells from 4 mice; fAHP S403L: 20.1 ± 0.8 ms, n = 551 
7 cells from 4 mice; p < 0.02, two-sample t-test, two-tailed). (E) Spike trains evoked by a positive 552 
injected current. Traces are from the same cells shown in (B). Inset, showing the post-train mAHP 553 
at increased magnification. Note the smaller mAHP amplitude immediately following the spike 554 
train for the S403>L cell. (F) Quantification of the post-train mAHP amplitude for each variant. 555 
(mAHP WT TSC1: 7.2 ± 0.5 ms, n = 9 cells from 4 mice; mAHP S403L: 5.2 ± 0.4 ms, n = 6 cells 556 
from 4 mice; p < 0.02, two-sample t-test, two-tailed). Data are expressed as the mean ± SEM. 557 
*p<0.05. 558 
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