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ABSTRACT 21 

Loss-of-function mutations in tuberous sclerosis 1 (TSC1) are prevalent monogenic causes of 22 

autism spectrum disorder (ASD). Selective deletion of Tsc1 from mouse cerebellar Purkinje 23 

neurons has been shown to cause several ASD-linked behavioral impairments, which are linked 24 

to reduced Purkinje neuron repetitive firing rates. We used electrophysiology methods to 25 

investigate why Purkinje neuron-specific Tsc1 deletion (Tsc1mut/mut) impairs Purkinje neuron 26 

firing. These studies revealed a depolarized shift in action potential threshold voltage, an effect 27 

that we link to reduced expression of the fast-transient voltage-gated sodium (Nav) current in 28 

Tsc1mut/mut Purkinje neurons. The reduced Nav currents in these cells was associated with 29 

diminished secondary immunofluorescence from anti-pan Nav channel labeling at Purkinje 30 

neuron axon initial segments (AIS). Interestingly, anti-ankyrinG immunofluorescence was also 31 

found to be significantly reduced at the AIS of Tsc1mut/mut Purkinje neurons, suggesting Tsc1 is 32 

necessary for the organization and functioning of the Purkinje neuron AIS. An analysis of the 1st 33 

and 2nd derivative of the action potential voltage-waveform supported this hypothesis, revealing 34 

spike initiation and propagation from the AIS of Tsc1mut/mut Purkinje neurons is impaired 35 

compared to age-matched control Purkinje neurons.  Heterozygous Tsc1 deletion resulted in no 36 

significant changes in the firing properties of adult Purkinje neurons, and slight reductions in 37 

anti-pan Nav and anti-ankyrinG labeling at the Purkinje neuron AIS, revealing deficits in Purkinje 38 

neuron firing due to Tsc1 haploinsufficiency are delayed compared to age-matched Tsc1mut/mut 39 

Purkinje neurons. Together, these data reveal the loss of Tsc1 impairs Purkinje neuron firing 40 

and membrane excitability through the dysregulation of proteins necessary for AIS organization 41 

and function.   42 

INTRODUCTION 43 

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder affecting multiple organ 44 

systems, which causes severe and progressive deficits in nervous system functioning (Crino et 45 

al., 2006), often resulting in seizures (Holmes et al., 2007), cognitive deficits (Marcotte and 46 

Crino, 2006), and impaired behaviors. TSC is caused by loss of function mutations in either 47 

TSC1 or TSC2 (European Chromosome 16 Tuberous Sclerosis Consortium, 1993; Au et al., 48 

2007), which results in exaggerated mammalian target of the rapamycin complex 1 (mTORC1) 49 

signaling (Tee et al., 2002, 2003; Wullschleger et al., 2006). This increase in mTORC1 activity 50 

drives excessive protein synthesis through S6K1 and 4E-BP1 effector molecules and lipid 51 

synthesis through the activation of transcription factors (Fingar et al., 2002).  Interestingly, 41-52 

69% of individuals diagnosed with TSC exhibit autism-like cluster manifestations and 40-50% 53 

are  diagnosed with autism spectrum disorder (ASD) (Wiznitzer, 2004; Jeste et al., 2008; de 54 

Vries et al., 2023). ASD is a neurodevelopmental disorder in which the etiology is often 55 

unknown, but can include a combination of genetic and environmental factors (Díaz-Anzaldúa 56 

and Díaz-Martínez, 2013; Port et al., 2014). ASD impairments are strongly linked with deficits in 57 

the functioning of the cerebellum (Wang et al., 2014; Stoodley et al., 2017; Gibson et al., 2023). 58 

Post-mortem studies of individuals diagnosed with ASD have linked the disorder with reduced 59 

numbers of cerebellar Purkinje neurons (Bailey et al., 1998; Stoodley, 2014) and in animal 60 

models, attenuated excitability in cerebellar Purkinje neurons has been directly linked to ASD-61 

like behavioral phenotypes (Kalume et al., 2007; Tsai et al., 2012; Cupolillo et al., 2016; Peter et 62 

al., 2016). Across cerebellar circuits, Purkinje neurons function to integrate incoming sensory 63 

information and are the sole output neurons of the cerebellar cortex (Palkovits et al., 1972; 64 

Andersen et al., 1992). Purkinje neurons fire repetitive action potentials spontaneously, 65 
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providing consistent GABAergic inhibition to deep cerebellar nuclei neurons (Ito et al., 1964; 66 

Obata et al., 1967, 1970). Studies using animal models have consistently revealed targeted 67 

disruptions to Purkinje neuron intrinsic firing properties drive a multitude of impairments in 68 

behaviors reliant on cerebellar functioning (Levin et al., 2006; Tsai et al., 2012, 2018; Bosch et 69 

al., 2015; Peter et al., 2016; Ransdell et al., 2017).  70 

To investigate the role of Tsc1 in the functioning of cerebellar Purkinje neurons, a Cre-71 

recombinase-LoxP recombination strategy (Orban et al., 1992) was used to selectively delete 72 

Tsc1 from mouse Purkinje neurons (Barski et al., 2000; Zhang et al., 2004; Tsai et al., 2012). 73 

Interestingly, the homozygous deletion of Tsc1 in Purkinje neurons resulted in mice, referred to 74 

here as Tsc1mut/mut, with several ASD-linked behavioral phenotypes that included impairments in 75 

motor functioning, social interactions, vocalizations, and exaggerated repetitive behaviors. 76 

These behavioral deficits were linked to attenuated repetitive firing in Tsc1mut/mut Purkinje 77 

neurons and eventual (and progressive) Purkinje neuron apoptosis (Tsai et al., 2012, 2018; 78 

Lawson et al., 2024). Heterozygous Tsc1 deletion from Purkinje neurons (Tsc1mut/+) was also 79 

shown to cause attenuated Purkinje neuron firing and ASD-like behavioral phenotypes (Tsai et 80 

al., 2012, 2018; Lawson et al., 2024), although these impairments are less severe than those 81 

measured in Tsc1mut/mut mice. Attenuated intrinsic excitability of Tsc1mut/mut Purkinje neurons 82 

could be rescued via intraperitoneal injections of rapamycin, an acute inhibitor of mTORC1 83 

signaling, if rapamycin treatments were started by 6 weeks of age, suggesting the impaired 84 

firing of Tsc1mut/mut Purkinje cells may reflect changes in the expression and/or gating properties 85 

of ion channels (Tsai et al., 2018).   86 

We investigated the underlying causes of the reduced repetitive firing in Tsc1mut/mut Purkinje 87 

neurons.  While Tsc1 deletion is often associated with exaggerated protein expression and cell 88 

growth (Wullschleger et al., 2006), our experiments reveal Tsc1mut/mut Purkinje neurons have 89 

diminished anti-pan Nav channel immunofluorescence at the Purkinje neuron AIS, which 90 

corresponds with reduced Nav currents and impaired action potential initiation and propagation 91 

at the axon initial segment (AIS). At the AIS of Tsc1mut/mut Purkinje neurons, we also measured 92 

reduced immunofluorescence signals from anti-ankyrinG labeling. AnkyrinG is a critical 93 

cytoskeletal regulator of AIS segment organization and function, which has been directly linked 94 

to the recruitment and clustering of Nav channels at the AIS of Purkinje neurons (Zhou et al., 95 

1998; Jenkins and Bennett, 2001). These data shed light on the pathophysiology of the 96 

Tsc1mut/mut mouse model and provide new insights into how loss-of-function mutations in TSC1 97 

may lead to deficits in neuronal membrane excitability and circuit function. 98 

 99 

Methods 100 

Animals 101 

All animal experiments were performed in accordance with protocols approved by the Miami 102 

University Institutional Animal Care and Use Committee guidelines. Experiments utilized male 103 

and female wild type C57BL/6J mice and transgenic lines with a C57BL/6J strain background. 104 

For neonatal dissociation experiments, animals were P15-16 and sex was unknown. For all 105 

other experiments (slice current-clamp, slice voltage-clamp, and immunofluorescence), animal 106 

numbers, sex, and ages are described in Supplemental Table 1. Within each genotype (wild 107 

type, Tsc1mut/+, and Tsc1mut/mut), no sex-specific differences were measured in firing frequency 108 

(Supplemental Figure 1) or other action potential properties. Sex-specific differences were not 109 
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assessed in voltage-clamp and immunofluorescence experiments due to insufficient animal 110 

numbers (see Supplemental Table 1).   111 

Tsc1 was selectively deleted from mouse cerebellar Purkinje neurons by crossing Tsc1 floxed 112 

animals (Tsc1flox/flox, Kwiatkowski et al., 2002) (Jackson laboratory, strain # 005680) with 113 

hemizygous transgenic animals expressing Cre-recombinase on the L7/Pcp2 promoter- strain 114 

B6.Cg-Tg(Pcp2-cre)3555Jdhu/J (Zhang et al., 2004) (Jackson laboratory, strain # 010536).  115 

Cre-recombinase positive animals were also crossed with the Ai14 Cre-reporter strain (Jackson 116 

Laboratory, strain # 007914), resulting in tdTomato expression in Cre-recombinase positive cells 117 

(see Supplemental Figure 2).  118 

Control Groups 119 

Age-matched wild type animals were used as controls for current-clamp electrophysiology 120 

experiments. Purkinje neurons from L7/Pcp2 Cre-positive animals, as well as Tsc1flox/flox;Cre-121 

negative animals, were previously shown to have similar repetitive firing properties as wild type 122 

Purkinje neurons (Tsai et al., 2012). For voltage-clamp experiments using dissociated neonatal 123 

cells, control cells were taken from L7/Pcp2 Cre-positive animals. In voltage-clamp experiments 124 

using adult Purkinje neurons (in acute cerebellar slices), control group cells were taken from 125 

both wild type animals as well as Tsc1flox/flox ;Cre-negative animals. Nav current properties in 126 

these control groups were determined to be statistically similar (Supplemental Figure 3) and 127 

reported results from these control groups are combined.  Immunofluorescence studies used 128 

both wild type and L7/Pcp2 Cre-positive;Ai14 Cre-reporter animals as control groups. 129 

Immunofluorescence intensity measures associated with anti-pan Nav and anti-ankyrinG 130 

labeling were also determined to be similar between control groups (Supplemental Figure 4) 131 

and data from these control groups are combined.    132 

Preparation of acute cerebellar slices 133 

Mice were anesthetized using an intraperitoneal injection of 1 mL/kg ketamine (10 134 

mg/mL)/xylazine (0.25 mg/mL) cocktail and perfused transcardially with 25 mL cutting solution 135 

containing (in mM): 240 sucrose, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 0.5 CaCl2, and 7 MgCl2. 136 

Brains were rapidly dissected, glued to a specimen tube, and submerged in warmed agarose 137 

dissolved in cutting solution. 350 µm parasagittal slices were cut in ice-cold cutting solution 138 

saturated with 95% O2/5% CO2 using a Compresstome VF-300 vibratome (Precisionary 139 

Instruments). Slices were placed on stretched nylon mesh in oxygenated artificial cerebrospinal 140 

fluid (ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 2 CaCl2, 1 141 

MgCl2, and 25 dextrose at pH 7.4 (~300 mOsM/L) for 25 minutes at 33 °C. Slices were then 142 

incubated in room temperature ACSF for at least 35 minutes before electrophysiological 143 

recordings. Purkinje neurons were identified in the Purkinje neuron layer of cerebellar sections 144 

using a SliceScope Pro 3000 (Scientifica). During electrophysiology experiments, warmed (32-145 

33 °C) oxygenated-ACSF was continuously perfused. 146 

Acute dissociation of neonatal Purkinje neurons 147 

For neonatal voltage-clamp experiments, mice were anesthetized using an intraperitoneal 148 

injection of a ketamine/xylazine cocktail as described above. Post-anesthesia, mice were rapidly 149 

decapitated, and the brain was rapidly dissected and placed in ice-cold dissociation solution 150 

containing (in mM): 82 Na2SO4, 30 K2SO4, 5 MgCl2, 10 HEPES, 10 glucose, and 0.001% phenol 151 

red (at pH 7.4). A scalpel was used separate and mince the cerebellar vermis into small tissue 152 
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chunks. Cerebellar tissue was then transferred to dissociation solution containing 3 mg/ml 153 

protease XXIV at 33 °C for 15 minutes. Minced cerebellar tissue was then transferred to 154 

dissociation solution containing 1 mg/mL bovine serum albumin and 1 mg/mL trypsin inhibitor 155 

and incubated at room temperature for 5 minutes before being transferring to ACSF saturated 156 

with 95% O2/5% CO2 on stretched nylon mesh for 35 minutes. Before recordings, an aliquot of 157 

cerebellar tissue was dissociated by triturating tissue pieces with fire-polished glass pipettes.  158 

Current- and voltage-clamp recordings 159 

Whole-cell patch-clamp recordings used glass microelectrodes (borosilicate standard wall, 1.5 160 

mm outer diameter, 0.86 mm inner diameter, Harvard Bioscience) with 2-4 MΩ resistance 161 

values, pulled on the day of the experiment using a P-1000 Flaming/Brown Micropipette Puller 162 

(Sutter Instrument). Electrodes for current-clamp studies were filled with an internal solution 163 

containing (in mM): 144 K-gluconate, 0.2 EGTA, 3 MgCl2, 10 HEPES, 4 MgATP, 0.5 NaGTP, at 164 

pH 7.4 (~300 mOsM/L). Prior to patching, electrode tip potentials were zeroed. During current-165 

clamp experiments, recorded voltages were corrected for a 17.5 mV liquid junction potential in 166 

real-time. Spontaneous and evoked action potentials were recorded using a dPatch amplifier 167 

and SutterPatch software (Sutter Instruments). Action potential threshold voltages were 168 

calculated as the voltage measured when dV/dt is >10 mV/100 µs or when 25% of the 169 

maximum action potential dV/dt is reached, whichever is smaller. Action potential duration 170 

(APD) was calculated as the time interval from the pass of the threshold voltage during the 171 

action potential upstroke until the pass of threshold voltage during action potential downstroke. 172 

Each action potential measurement from a given cell was recorded as the average across 20 173 

consecutive action potentials in a spontaneously firing cell. Evoked action potentials were 174 

recorded during a current-clamp protocol with an initial -500 pA (100 ms) current injection before 175 

steps to 0 pA, or other depolarizing current steps, for 700 ms.  To measure the delay between 176 

spike generation in the AIS (occurring first) and secondary spike initiation in the somatic 177 

compartment, the second derivative of the voltage signal (dV2/dt) was plotted against time using 178 

Clampfit software (Molecular Devices). In this second derivative plot, two positive peaks, 179 

reflecting spike initiation at the AIS and somatic compartment, respectively, occur in time with 180 

the action potential upstroke. Difference in time between these peaks (delay) was measured 181 

and used for analysis.  182 

Whole-cell voltage-clamp recordings in adult slice Purkinje neurons and in dissociated neonatal 183 

Purkinje neurons were performed at room temperature (22 °C) and used 1-3 MΩ 184 

microelectrodes filled with internal solution containing (in mM): 105 CsCl, 15 TEA-Cl, 5 4-AP, 1 185 

CaCl2, 2 MgCl2, 10 EGTA, 4 MgATP, 10 HEPES, and 8 NaCl at pH 7.4 (~300 mOsM/L). In 186 

these experiments, Nav currents were recorded in a reduced sodium ASCF containing (in mM): 187 

50 NaCl, 75 TEA-Cl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 2 CaCl2, 1 MgCl2, 0.2 CdCl2, and 25 188 

dextrose (~300 mOsM/L), saturated with 95% O2/5% CO2. In recordings from adult Purkinje 189 

neurons in acute cerebellar slices, Nav currents were measured under appropriate space-clamp 190 

conditions using a prepulse protocol that was developed by Milescu et al. (2010) and previously 191 

used to measure Nav currents in adult Purkinje neurons in cerebellar slices (Bosch et al., 2015; 192 

Ransdell et al., 2017). To measure the voltage-dependence of Nav current activation, cells were 193 

first depolarized (typically to 0 mV) for 1 ms to drive activation and inactivation of Nav channels 194 

in the somatic compartment as well as in the distal neurites. A subsequent repolarizing step to -195 

60 mV (for 1 ms) enabled recovery of a portion of these inactivated Nav channels, and a final 196 

depolarizing step was used to measure the Nav current properties of recovered Nav channels 197 
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(at varying voltages) under appropriate space-clamp conditions. To measure the voltage-198 

dependence of Nav current steady-state inactivation, a similar prepulse strategy was used, 199 

however, in this protocol, the repolarizing step driving Nav channel recovery from inactivation 200 

was varied and used as a conditioning voltage step. Evoked Nav currents were measured after 201 

the conditioning voltage step during a final depolarizing step to -20 mV.  The persistent/steady-202 

state component of the evoked Nav currents were digitally subtracted prior to analysis of the 203 

fast-transient Nav current (INaT). INaT inactivation kinetics was assessed by fitting the inactivating 204 

portion of INaT with a first-order exponential function. From these fits, the time constant of current 205 

decay (tau, τ) was recorded across voltages. Normalized Nav current (I/IMax) and normalized 206 

Nav conductance (G/GMax) are plotted as a function of the conditioning voltage or the test 207 

voltages, respectively, to assess the voltage-dependence of Nav channel activation and steady-208 

state inactivation. These plots were fitted using the Boltzmann sigmoidal equation below:  209 

G/Gmax or I/Imax = 1 / exp [(V1/2 – VM)/k]  210 

where VM is the membrane potential, V1/2 is the membrane potential of half-maximal activation 211 

and k is the slope factor. 212 

Imaging 213 

Secondary antibody immunolabeling was used to measure the fluorescence intensity of anti-pan 214 

Nav and anti-ankyrinG labeling at the AIS of cerebellar Purkinje neurons. Adult mice were 215 

anesthetized with 1 mL/kg intraperitoneal injection of ketamine/xylazine cocktail and perfused 216 

transcardially with 1X PBS followed by 1 % formaldehyde in 0.1 M PB at pH 7.4. After 217 

dissection, the cerebellum was separated from the cortex and was embedded in optimal cutting 218 

temperature compound (OCT, Fisher HealthCare) and then frozen. Sagittal cerebellar sections 219 

(25 µm) were dry mounted onto positively-charged glass slides (Epredia) using a Leica cryostat 220 

at -14 to -16 °C. Wells around tissue sections were created using clear nail polish in preparation 221 

for antibody labeling. 222 

Cerebellar sections were washed with 1X PBS three times and then incubated in a blocking 223 

buffer containing 7.5 % goat serum and 0.25 % Triton X-100 (Fisher BioReagents) for 1-1.5 224 

hours at 4 °C. After decanting, primary antibodies were incubated on tissue sections overnight 225 

(mouse anti pan Nav: 1:1000, Sigma-Aldrich; mouse anti-ankyrinG (IgG2a): 1:500, Sigma-226 

Aldrich; rabbit anti-Calbindin: 1:20000, Novus) at 4 °C. Primary antibodies were then decanted 227 

and washed three times with 1X PBS, and then incubated with a solution that contained 228 

secondary antibodies and 1 % BSA and 0.25 % Triton X-100 for 1.5 hours at room temperature 229 

(goat anti-mouse Alexa 488: 1:250, Sigma-Aldrich; goat anti-mouse CF 647: 1:500, Sigma-230 

Aldrich; goat anti-rabbit CF 568: 1:167, Sigma-Aldrich). After decanting the final time, tissue 231 

sections were washed with 1X PBS three times and a 5 minute incubation period after each 232 

wash. Slides were dried and mounted using Vectashield (Vector Laboratories) and a glass 233 

coverslip. Calbindin secondary immunolabeling or tdTomato expression in Cre-positive animals 234 

(from the Ai14 Cre-reporter strain) were used to identify AIS labeling of Purkinje neurons. 235 

Confocal microscopy images were acquired using a Zeiss LSM-710 microscope utilizing a 63X 236 

oil-immersion or 20X objective lens. Z-stack images were acquired at a fixed interval of 1 µm 237 

and the images were analyzed with ImageJ (NIH) using maximum intensity projected CZI files. 238 
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Fluorescence intensity was measured by drawing line scans of secondary anti-ankyrinG labeling 239 

along the AIS, beginning at the somatic compartment and ending at the termination of 240 

fluorescence signal associated with anti-ankyrinG labeling. Background fluorescence was 241 

subtracted by measuring the mean secondary antibody fluorescence in the somatic 242 

compartment and subtracting this value from each sampled intensity value along the AIS. 243 

Fluorescence intensity was plotted against distance (from the beginning of the line scan). For 244 

each cell, a 5-point rolling mean was used to determine final intensity values (after background 245 

subtraction). To calculate mean intensity values, measurements of distance were aligned across 246 

cells at the sample corresponding to 10% of the peak anti-ankyrinG fluorescence signal (nearest 247 

the soma). Area under the fluorescence intensity curve (AUC) was calculated for each cell using 248 

Prism (GraphPad) and compared across experimental groups. 249 

Statistical analysis 250 

Electrophysiological data and action potential analyses were performed using SutterPatch 251 

software. Current traces were analyzed using Clampfit in the pCLAMP 11 software suite 252 

(Molecular Devices). Statistical analyses were performed using Prism (GraphPad). Tests, P 253 

values, cell numbers, and animal numbers are described in Figure legends. Repeated measure 254 

(RM) two-way ANOVAs used Geisser-Greenhouse’s correction. Prior to running unpaired 255 

Student’s t-tests, an F-test was used to determine if group variance was similar. If the F-test P-256 

value was ≤.05, the unpaired Student’s t-test included a Welch’s correction, which is noted in 257 

the text.  258 

 259 

RESULTS 260 

Tsc1 deletion in Purkinje neurons results in impaired action potential generation 261 

To selectively delete Tsc1 from mouse cerebellar Purkinje neurons, a Cre-LoxP recombination 262 

strategy (depicted in Fig. 1A) was used. Hemizygous L7/Pcp2-Cre animals, which express Cre 263 

recombinase under the control of the mouse Purkinje cell-specific L7 promoter (Zhang et al., 264 

2004; Saito et al., 2005), were crossed with Tsc1 mutant animals with loxP sites flanking exons 265 

17 and 18 of the Tsc1 gene. To verify selective Cre expression in the Purkinje neuron layer, 266 

progeny from this cross were bred with the Ai14 tdTomato Cre-reporter strain (Jackson 267 

Laboratory, strain # 007914; Madisen et al., 2010).  From these crosses, we verified robust and 268 

selective Cre-mediated tdTomato expression in neonatal (Fig. 1 A1.) and adult Purkinje neurons 269 

(see Supplemental Figure 2) in cerebella isolated from male and female animals.     270 

Test group animals that were homozygous for the mutant Tsc1 floxed allele and that expressed 271 

Cre-recombinase selectively in Purkinje neurons, referred to henceforth as Tsc1mut/mut animals, 272 

were used for patch-clamp electrophysiology studies and were compared directly with wild type 273 

controls. Parasagittal cerebellar brain sections were acutely isolated from adult (5-8 week-old) 274 

animals for whole cell Purkinje neuron current-clamp recordings at physiological temperatures. 275 

In these records, we assessed spontaneous (Fig. 1B) and evoked (Fig. 1D) Purkinje neuron 276 

firing in control and Tsc1mut/mut Purkinje neurons. These recordings revealed Tsc1mut/mut Purkinje 277 

neurons have spontaneous firing frequencies that are significantly attenuated compared to wild 278 

type Purkinje neurons (Fig. 1C). Evoked firing frequencies were measured during 0.7 second 279 

depolarizing current injections that were applied immediately after a -500 pA hyperpolarizing 280 

current injection (used to silence spontaneous electrical activity, see Fig. 1D). These protocols 281 
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also revealed Tsc1mut/mut Purkinje neurons have significantly lower mean (±SEM) evoked firing 282 

frequencies when compared to the evoked firing in wild type Purkinje neurons (Fig. 1E).  During 283 

evoked firing tests, the mean (±SEM) durations of repetitive firing (during each 0.7 s 284 

depolarizing current injection) were found to be significantly lower in Tsc1mut/mut Purkinje 285 

neurons, revealing a reduced capacity to maintain high rates of repetitive firing in these cells.   286 

Using the gap-free current-clamp recordings of spontaneously firing cells, we compared action 287 

potential waveform properties, presented as representative records in Figure 2A, and identified 288 

notable differences in Tsc1mut/mut Purkinje neuron action potentials from control cells. Compared 289 

to wild type controls, the mean (±SEM) action potential threshold voltage was significantly more 290 

depolarized in Tsc1mut/mut cells (Fig. 2B). The amplitude of Tsc1mut/mut action potentials was also 291 

found to be lower than control neurons (Fig. 2C), and the mean duration of Tsc1mut/mut Purkinje 292 

neuron action potentials (APD) was significantly longer than action potentials measured in 293 

control cells (Fig. 2D). From these data, we hypothesized that changes in the expression and/or 294 

gating properties of voltage-gated ion channels were responsible for the impaired membrane 295 

excitability of Tsc1mut/mut Purkinje neurons. 296 

Loss of Tsc1 affects Nav currents in adult cerebellar Purkinje neurons. 297 

The depolarized shift in the action potential threshold voltage suggested there may be changes 298 

in the voltage-dependence of Nav channel activation, or in the expression of voltage-gated 299 

sodium channels. To explore this hypothesis, we first measured the properties of Nav currents 300 

in Purkinje neurons acutely dissociated from neonatal (P15-16) control and Tsc1mut/mut animals. 301 

A representative micrograph of a dissociated Purkinje neuron (with patch electrode) is 302 

presented in Figure 3A. Acute dissociation of these cells enable the removal of long neurite 303 

projections, particularly the axonal projection, which improves membrane space clamp such that 304 

the very fast (and large) Nav currents can be appropriately measured. Also, to improve Nav 305 

current measurements, the extracellular ACSF (bath) included reduced (50 mM) sodium 306 

chloride and pharmacological blockers for potassium and calcium conductances (see Methods). 307 

The voltage-dependence of the fast-transient sodium current (INaT) activation was measured by 308 

applying depolarizing voltage steps from a -90 mV holding potential (Fig. 3B). Measurements of 309 

the mean peak INaT across depolarizing voltage steps revealed control and Tsc1mut/mut Purkinje 310 

neurons have INaT currents which activate at similar voltages and that are similar in amplitude 311 

(Fig. 3C). INaT conductance values were calculated from peak INaT measurements using the 312 

sodium reversal potential (see Methods). A plot of the mean normalized peak Nav conductance 313 

(G/Gmax) against the respective depolarizing voltage step also indicates the voltage-314 

dependence of Nav channel activation is similar in control and Tsc1mut/mut Purkinje neurons (Fig. 315 

3D). The kinetics of INaT fast-inactivation was measured by fitting INaT decay with a first-order 316 

exponential function across voltage-steps. In Figure 3E, the mean (± SEM) time constants (τ) 317 

from these fits are plotted for each of the depolarizing voltage-steps, revealing no significant 318 

difference between control and Tsc1mut/mut cells. To measure the voltage-dependence of INaT 319 

steady-state inactivation, varying (100 msec) conditioning voltage steps were applied prior to a 320 

common (-20 mV) voltage step used to evoke and measure the proportion of INaT available for 321 

activation (Fig. 3F). In Figure 3G, the mean (± SEM) peak INaT value, normalized to maximal INaT 322 

(across voltages) for each cell, is plotted against the associated conditioning voltage step. From 323 

these plots, no difference was measured in the voltage-dependence of INaT steady-state 324 

inactivation between control and Tsc1mut/mut cells. Importantly, these Nav current properties were 325 

measured in neonatal (P15-16) Purkinje neurons. Using crosses with the Ai14 Cre-reporter line 326 
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(see Methods) we established Cre-recombinase driven by the L7/Pcp2 promotor is robustly 327 

expressed in P15-16 Purkinje neurons (Fig. 1 A1). Conversely, in P9 Pcp2-Cre-positive animals, 328 

Cre-mediated tdTomato expression is not yet evident (data not shown), indicating the effects of 329 

Cre-mediated Tsc1 deletion, especially as it relates to expression of ion channel proteins, may 330 

not yet occur in neonatal Purkinje neurons.   331 

Because measurements of attenuated action potential firing in Tsc1mut/mut Purkinje neurons were 332 

acquired from animals 5-8 weeks old, we were interested in testing if Tsc1 deletion drives 333 

changes in Nav current properties from adult Purkinje neurons. The methods used for Purkinje 334 

neuron dissociation are not successful in adult (>P21) animals, and so to measure Nav currents 335 

from adult (5-8 week-old) Purkinje neurons, we performed voltage-clamp experiments on intact 336 

Purkinje neurons in acutely isolated cerebellar slices (Fig. 4A). In these voltage-clamp studies, 337 

to limit the contamination of Nav current records by escaped sodium-mediated spikes from 338 

distal neurites, we used a pre-pulse protocol that was first developed and utilized by Milescu, 339 

Bean, and Smith (2010), and that has been successfully used for Nav measurements in adult 340 

Purkinje neurons (Bosch et al., 2015). With these voltage-clamp protocols, membranes were 341 

first depolarized to drive Nav channels into the fast-inactivated kinetic state. A subsequent brief 342 

repolarization step was used to enable the recovery of a portion of the inactivated Nav channels 343 

near the electrode, finally a third voltage-step was used to evoke and measure Nav currents 344 

under appropriate space-clamp. These pre-pulse voltage-command protocols (also described in 345 

Methods) were used to measure the voltage-dependence of INaT activation (Fig. 4B) and INaT 346 

steady-state inactivation. Between Tsc1mut/mut and control Purkinje neurons, we measured no 347 

differences in the voltage-dependence of INaT activation, which is evident from Figure 4C, which 348 

shows the mean normalized Nav conductances measured at various test voltages in control and 349 

Tsc1mut/mut Purkinje neurons. Interestingly, however, the mean (±SEM) peak INaT measured 350 

during these depolarizing voltage steps was found to be significantly lower in Tsc1mut/mut cells 351 

compared to control cells (Fig. 4D). Similar to the voltage-clamp results from dissociated 352 

Purkinje neurons, no differences were measured in the voltage-dependence of INaT steady-state 353 

inactivation (Fig. 4E) or in the kinetics of INaT decay (Fig. 4F). Together, these data indicate INaT 354 

gating properties are similar in control and Tsc1mut/mut adult Purkinje neurons, however, INaT peak 355 

amplitudes are significantly reduced in Tsc1mut/mut cells, suggesting Tsc1 deletion may affect the 356 

expression and/or localization of Nav channels in Tsc1mut/mut cells.  357 

Integrated anti-ankyrinG and anti-pan Nav immunofluorescence are diminished at the AIS 358 

of Tsc1mut/mut Purkinje neurons 359 

To explore if the reduced amplitude of peak INaT in Tsc1mut/mut cells (Fig. 4D) reflects a change in 360 

the expression properties of Nav channels, secondary immunofluorescence was used to label 361 

Nav channels expressed along the Purkinje neuron AIS. AnkyrinG secondary 362 

immunofluorescence was used as a marker for the Purkinje neuron AIS. Calbindin 363 

immunofluorescence or Cre-mediated tdTomato expression (in Ai14 crossed mice, see 364 

Methods), were used to identify immunolabeling on membranes specific to Purkinje neurons. In 365 

Figure 5A, immunolabeling in a parasagittal cerebellar section from a Cre-positive control 366 

animal (crossed with the Ai14 Cre-reporter line) is shown. Anti-pan Nav channel 367 

immunofluorescence (shown in green, panel 2) is co-localized with anti-ankyrinG fluorescence 368 

(red, panel 3) along the AIS segment extending from Purkinje neuron somata (magenta, panel 369 

4). The combined image is shown in panel 1 of Figure 5A with co-localized anti-pan Nav and 370 

anti-ankyrinG immunofluorescence along Purkinje neuron AISs appearing yellow. In Figure 5B, 371 
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the fluorescence signal of pan-Nav and anti-ankyrinG secondary immunolabeling are compared 372 

between the AIS of an adult Purkinje neuron from a control animal (upper panels) and a 373 

Tsc1mut/mut animal (lower panels).  Using line-scans drawn along the AIS region extending from 374 

the Purkinje neuron soma, we measured the intensity values of anti-pan Nav and anti-ankyrinG 375 

immunofluorescence between control and Tsc1mut/mut animals. The mean (±SEM) intensity 376 

values for anti-ankyrinG (Fig. 5C) and anti-pan Nav (Fig. 5D) immunofluorescence are clearly 377 

diminished along the AIS of Tsc1mut/mut cells compared to controls. From these plots of 378 

fluorescence intensity along the AIS of cells from control and Tsc1mut/mut animals, we calculated 379 

the area under the curve values (integrated fluorescence intensity along the AIS), which 380 

revealed significantly reduced fluorescence for anti-ankyrinG (Fig. 5E) and anti-pan Nav (Fig. 381 

5F) labeling in Tsc1mut/mut 
cells.       382 

Heterozygous Tsc1 deletion causes slight changes in AIS immunofluorescence and does 383 

not affect membrane excitability.     384 

We tested if the selective deletion of a single Tsc1 allele also affects the integrated anti-385 

ankyrinG and anti-pan Nav immunofluorescence intensity along the AIS. In these experiments, 386 

comparing AIS labeling in control and heterozygous (Tsc1mut/+;Cre-positive) Purkinje neurons, 387 

we measured significant reductions in the mean (±SEM) integrated intensity of both anti-388 

ankyrinG (Fig. 6A, B) and anti-pan Nav (Fig. 6C, D) labeling (P < .01, Welch’s unpaired t-test). 389 

Mean (±SEM) anti-ankyrinG and anti-pan Nav channel integrated AIS immunofluorescence from 390 

Tsc1mut/+ cells was also found to be significantly (P < .0001, Welch’s unpaired t-test) higher than 391 

measurements from Tsc1mut/mut cells (plotted in Fig. 5E, F).  392 

We tested if Tsc1mut/+ Purkinje neurons have deficits in repetitive firing (representative firing 393 

shown in Fig. 7A) that, similar to the immunofluorescence measurements, are also intermediate 394 

to the firing properties measured in wild type control and Tsc1mut/mut (Figure 2) Purkinje neurons. 395 

Interestingly, Tsc1mut/+ Purkinje neurons share similar measures of intrinsic excitability as wild 396 

type control Purkinje neurons. In Figure 7, the mean (±SEM) spontaneous and evoked repetitive 397 

firing frequencies are plotted for controls and Tsc1mut/+ Purkinje neurons (Fig 7B, C), revealing 398 

no significant differences.  Additionally, action potential waveform measurements, including the 399 

action potential threshold voltage, APD, and action potential amplitudes (Fig. 7D, E, F), are also 400 

similar between these groups.   401 

Action potential derivative plots reveal action potential initiation at the AIS is impaired in 402 

Tsc1mut/mut Purkinje neurons 403 

The AIS in Purkinje neurons functions as the site of action potential generation/initiation (Khaliq 404 

and Raman, 2006). Purkinje neuron action potentials propagate to vestibular and deep 405 

cerebellar nuclei, driving GABA release onto post-synaptic cells. Action potentials also 406 

backpropagate into the Purkinje neuron soma causing a secondary (somatic) spike waveform. 407 

AIS (primary) and somatic (secondary) spikes can be resolved through analysis of the first and 408 

second derivative of the action potential waveforms (Stuart and Häusser, 1994; Bean, 2007; 409 

Meeks and Mennerick, 2007). Because our findings suggest Tsc1 deletion affects Purkinje 410 

neuron firing properties via Nav channel localization at the AIS, we examined 2nd derivative plots 411 

of action potential waveforms from Tsc1mut/mut and control Purkinje neurons to examine if spike 412 

initiation and backpropagation into the somatic compartment are affected. Representative action 413 

potentials (Fig. 8A), with the corresponding 1st (A1, dV/dt) and 2nd (A2, dV2/dt) derivative voltage 414 

plots (time-locked with action potential traces), are shown for control and Tsc1mut/mut current-415 
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clamp records. Notably, in Tsc1mut/mut cells, the 1st derivative plot over time (dV/dt) reveals a 416 

pronounced hitch, (highlighted by the green arrow) during the upstroke of the curve. In the 417 

Tsc1mut/mut 2nd derivative record, this hitch in the 1st derivative plot corresponds with a clear 418 

separation between positive peaks that reflect spike initiation in the AIS (first peak) and in the 419 

somatic compartment (second peak). Asterisks highlight the positive peaks in the second 420 

derivative voltage plots (A2).   Compared to similar plots from a control Purkinje neuron, this 421 

difference reveals an increase in the delay between action potential generation at the AIS and in 422 

the soma. The delay between spike generation is quantified by measuring the time between the 423 

two peaks of the the 2nd derivative plots. The mean ± SEM delay between AIS and somatic 424 

spikes is significantly longer in Tsc1mut/mut Purkinje neurons compared to wild type controls (Fig. 425 

8B), suggesting deficits in the back propagation of spikes generated in the AIS into the somatic 426 

compartment of these neurons. It is also evident from the first derivative representative plots 427 

(Fig. 8 A1) that the maximal dV/dt is lower in Tsc1mut/mut cells. This effect is directly evident in 428 

phase plots in which dV/dt is plotted against voltage for Tsc1mut/mut and control cells (shown in 429 

Fig. 8C). In Figure 8D, the peak dV/dt values for action potentials recorded from wild type 430 

control and Tsc1mut/mut cells are plotted, revealing Tsc1mut/mut Purkinje neurons indeed have 431 

significantly lower mean (± SEM) peak dV/dt values, which is consistent with the reduced INaT 432 

and anti-pan Nav labeling measured at the AIS of Tsc1mut/mut Purkinje neurons.   Longer APD in 433 

Tsc1mut/mut cells (presented in Fig. 2D) also corresponds with action potentials from these cells 434 

having significantly reduced slope values (compared to control cells) during the action potential 435 

upstroke (measured as maximum dV/dt, Fig. 8D, Table 1). Notably, minimum dV/dt, reflective of 436 

action potential downstroke slope, is also significantly reduced in Tsc1mut/mut cells (see Table 1), 437 

which may reflect changes in the expression and/or gating properties of other ionic 438 

currents/channels necessary for action potential termination and/or changes in membrane 439 

passive properties.   440 

Partial Nav channel block recapitulates effects of Tsc1 deletion on Purkinje neuron 441 

action potential waveforms 442 

Nav channels expressed along the AIS are the site of action potential generation and regulate 443 

the repetitive firing frequencies in cerebellar Purkinje neurons (Khaliq and Raman, 2006; Bosch 444 

et al., 2015). Homozygous Tsc1 deletion in Purkinje neurons results in reduced anti-pan Nav 445 

labeling at the AIS, which corresponds to attenuated repetitive firing frequency and changes in 446 

the action potential waveform. To examine if Nav channels are directly responsible for these 447 

changes, we used subsaturating concentrations of the selective Nav channel blocker TTX to 448 

test how partial Nav channel block/loss affects action potential properties in control Purkinje 449 

neurons. Partial Nav channel block resulted in similar changes to the action potential waveform 450 

as those measured in Tsc1mut/mut cells (Fig. 9A). Across six wild type cells, 1 nM TTX resulted in 451 

a significant depolarized shift in the action potential threshold voltage (Fig. 9B), an increase in 452 

APD (Fig. 9C), and reduced action potential amplitude (Fig. 9D). Additionally, the maximum 453 

dV/dt in the action potential waveforms were significantly reduced after TTX exposure (Fig. 9E) 454 

and the delay between spike initiation in the AIS and somatic compartment, measured from 2nd 455 

derivative action potential plots, was significantly increased (Fig. 9F) after TTX exposure. These 456 

changes in the action potential waveform after partial Nav channel block suggest reduced Nav 457 

channel expression/availability at the AIS of Tsc1mut/mut cells is a major contributor to the 458 

impaired excitability of these cells. It’s important to note, however, that partial Nav channel block 459 

(under 1 nM TTX) causes Purkinje neurons to transition from a state of sustained repetitive 460 

firing to exhibiting intermittent quiescence, which is followed by several seconds repetitive action 461 
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potential firing that often includes intermittent calcium spikes (data not shown). This effect of 462 

TTX on Purkinje neuron firing is a clear deviation from the reduced repetitive action potential 463 

firing measured in Tsc1mut/mut Purkinje neurons, which are sustained and lack small amplitude 464 

calcium spikes. These differences likely reflect that Tsc1 deletion drives additional changes, 465 

beyond reduced Nav channel expression, that impact Purkinje neuron excitability. These 466 

differences may also reflect that TTX exposure causes a sudden loss of Nav 467 

channels/conductance without an opportunity for compensatory mechanisms to restore/maintain 468 

the sustained repetitive firing measured in Tsc1mut/mut cells.      469 

DISCUSSION 470 

Deletion of Tsc1 selectively in cerebellar Purkinje neurons results in multiple ASD-like 471 

behavioral phenotypes that are linked to attenuated Purkinje neuron firing (Tsai et al., 2012, 472 

2018; Lawson et al., 2024). TSC1 and TSC2, known as hamartin and tuberin, respectively, 473 

combine to form a protein complex that acts as a GTPase activating protein (GAP) for the small 474 

GTPase Rheb, effectively inhibiting its activity and subsequently downregulating the mTORC1 475 

pathway (Kwiatkowski, 2003). The diverse and varying symptoms linked to tuberous sclerosis 476 

are driven by global autosomal dominant loss-of-function mutations in TSC1 or TSC2 (European 477 

Chromosome 16 Tuberous Sclerosis Consortium, 1993; Crino et al., 2006; Au et al., 2007), 478 

which are likely to cause different and potentially more numerous deficits in Purkinje neuron and 479 

cerebellar circuit function than those measured in the Tsc1  mutant model utilized here. Across 480 

cells, however, inactivation of either Tsc1 or Tsc2 causes exaggerated mTORC1 signaling and 481 

excessive cellular growth and metabolism (Wullschleger et al., 2006; Inoki and Guan, 2009), 482 

which can, over time, drive stress-mediated apoptosis (Ng et al., 2011). Purkinje neurons in the 483 

Tsc1mut/mut model are no exception. Tsc1mut/mut Purkinje neurons have increases in soma size, 484 

greater numbers of dendritic spines, and reduced survival in animals ≥8 weeks-old (Tsai et al., 485 

2012). In younger (6 week-old) Tsc1mut/mut animals, as well as in heterozygote Tsc1 deletion 486 

animals (Tsc1mut/+), no significant changes in Purkinje neuron survival were detected (Tsai et al., 487 

2012). Membrane capacitance is a common measure of membrane surface area (Golowasch et 488 

al., 2009). In our current-clamp recordings from mutant (Tsc1mut/mut and Tsc1mut/+) Purkinje 489 

neurons, average membrane capacitance values were higher than wild type control cells, but 490 

not significantly different (Table 1). In Tsc1mut/mut cells, taken from 5-7 week-old animals, we 491 

measured significantly attenuated repetitive firing frequency compared to wild type controls, 492 

suggesting the ASD-related behavioral phenotypes previously measured in these Tsc1mut/mut 493 

animals are at least initially, a result of attenuated Purkinje neuron firing. In these current-clamp 494 

studies, we did not find mean firing frequencies to differ between male and female animals or 495 

between cells taken from younger (≤6 week-old) and older (>6 week-old) animals ((within both 496 

wild type and Tsc1mut/mut datasets,  see Supplemental Figure 1).   497 

We investigated the biophysical/molecular mechanisms underlying Tsc1mut/mut Purkinje neuron 498 

deficits in repetitive firing and uncovered diminished peak Nav current and reduced secondary 499 

fluorescent labeling of Nav channels at the axon initial segment (AIS) of adult Tsc1mut/mut cells. 500 

Using subsaturating concentrations of the selective Nav channel blocker TTX, we determined 501 

an acute partial block of Nav channels in wild type Purkinje neurons results in changes in the 502 

action potential waveform that mirror those measured in Tsc1mut/mut cells. The AIS has previously 503 

been shown to be the site of action potential initiation and is critical for regulating repetitive 504 

simple spike activity in mouse Purkinje neurons (Khaliq and Raman, 2006; Bosch et al., 2015). 505 

In Tsc1mut/mut Purkinje neurons, we found an increased delay in the propagation of action 506 
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potentials from the AIS into the somatic compartment. Interestingly, ankyrinG, a cytoskeletal 507 

linker protein and critical organizer of the AIS, was also found to have reduced secondary 508 

immunofluorescence at the AIS of Tsc1mut/mut Purkinje neurons, suggesting the reduced Nav 509 

channels/currents may reflect a more general dysregulation and function of the AIS in Tsc1mut/mut 510 

cells.  511 

Molecular mechanisms of impaired firing in Tsc1 mutants 512 

Tuberous sclerosis is an autosomal dominant disorder caused by global loss-of-function 513 

mutations in TSC1 or TSC2 (Northrup, 1992). In the presented data, we detected no changes in 514 

the intrinsic excitability of Tsc1mut/+ Purkinje neurons from 5-8 week-old mice, and significant 515 

(although slight) reductions in anti-pan Nav and anti-ankyrinG labeling along the AIS of Tsc1mut/+ 516 

animals. Tsai et al. (2012) previously measured attenuated spontaneous and evoked firing 517 

frequencies of Tsc1mut/+ cells from 4-6 week-old animals, and these changes in excitability 518 

corresponded with deficits in social interaction behavior (measured in 7-9 week-old mice), but 519 

interestingly, no deficits in motor coordination (assessed via the rotarod assay) or in gait (Tsai et 520 

al., 2012). In a previous investigation, we also determined balance and motor coordination were 521 

not impaired in 9-11 week-old Tsc1mut/+ animals, while social interaction deficits were measured 522 

in 9-11 week-old Tsc1mut/+ males (Lawson et al., 2024). Given that we measured significantly 523 

reduced anti-pan Nav and anti-ankyrinG AIS immunofluorescence in Tsc1mut/+ cells, it is 524 

surprising we did not measure a firing deficit in 5-8 week-old Tsc1mut/+ Purkinje neurons. It's 525 

possible changes driven by Tsc1 haploinsufficiency in Purkinje neurons are progressive and will 526 

eventually cause AIS dysfunction in older Tsc1mut/+ cells. Our measurements of firing and AIS 527 

organization were confined to Purkinje neurons within lobules II-VI of the spinocerebellum 528 

(vermis and paravermis) and so it is also possible that Purkinje neurons in the cerebellar 529 

hemispheres are differentially affected by heterozygous Tsc1 deletion.   530 

In these studies, the attenuated firing of Tsc1mut/mut Purkinje neurons was linked to impaired 531 

initiation and propagation of action potentials at the AIS, and reduced anti-ankyrinG and anti-532 

pan Nav integrated immunofluorescence at the Purkinje neuron AIS. However, other factors 533 

may also contribute to this reduced excitability. We found Tsc1mut/mut cells have significantly 534 

lower input resistance compared to control cells (Table 1, Tsai et al., 2012), which may 535 

contribute to or cause the reduced maximum and minimum dV/dt values (action potential slope) 536 

measured in these cells. While the reported changes in membrane input resistance were taken 537 

from the Purkinje neuron somatic compartment, changes in AIS morphology and/or leak 538 

channel expression may reduce input resistance within the AIS and directly impact action 539 

potential generation. mTORC1  inhibition has previously been shown to cause increases in 540 

calcium-activated potassium current (IKCa) in CA1 pyramidal neurons (Springer et al., 2014). If 541 

this mechanism is conserved in Purkinje neurons, targeted deletion of Tsc1, and the resulting 542 

increase in mTORC1 activity, may result in reduced IKCa and contribute to the impaired firing of 543 

Tsc1mut/mut cells. Additionally, there may be some level of Purkinje neuron death/apoptosis, even 544 

in 6 week-old Tsc1mut/mut animals. Purkinje neuron axon collaterals have been shown to form 545 

synapses on neighboring Purkinje cells in the parasagittal plane (Witter et al., 2016), and thus, a 546 

loss of these synapses due to neighboring cell death may affect the firing properties of 547 

Tsc1mut/mut Purkinje neurons. However, because these synapses between Purkinje cells are 548 

inhibitory (Ito et al., 1964; Obata et al., 1967), we would not expect a loss of these synaptic 549 

inputs to drive reduced membrane excitability.   550 
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Similar to its role in AIS structure/function, ankyrinG is thought to be critical for the functional 551 

clustering of ion channels and scaffolding proteins at axonal nodes (Dzhashiashvili et al., 2007; 552 

Yang et al., 2007; Gasser et al., 2012), however, in peripheral sensory neurons, it was found 553 

that selective ankyrinG deletion results in compensatory expression of ankyrin-R and βI-spectrin 554 

at nodal junctions, rescuing the clustering of Nav channels at these nodes (Ho et al., 2014). The 555 

effect of Tsc1 deletion on the organization and functioning of axonal nodes has not been 556 

investigated in Purkinje neurons (or other neuronal cell types). Voltage-gated sodium and 557 

potassium channels are clustered at nodal and paranodal junctions along the axons of Purkinje 558 

cells, which is necessary for spike propagation and GABA release onto vestibular and DCN 559 

post-synaptic terminals (Barron et al., 2018).  Importantly, if there is a loss of Nav channel 560 

expression along Purkinje neuron axonal nodes, it would suggest circuit deficits in the Tsc1mut/mut 561 

mouse model might also (or primarily) be driven by the failure of action potential propagation in 562 

Purkinje neuron axons.   563 

Dysregulated axon initial segment in Tsc1mut/mut Purkinje neurons 564 

AnkyrinG functions as a molecular scaffold that recruits cytoskeletal and channel proteins to the 565 

AIS and other neuronal compartments (Yoon et al., 2022). Silencing ankyrinG expression 566 

results in the loss of the AIS and causes axons to acquire dendritic characteristics (Hedstrom et 567 

al., 2008). The longest isoform of ankyrinG (480 kDa) interacts with end-binding proteins to 568 

drive AIS formation and establish neuronal polarity (Fréal et al., 2016). As a functional organizer 569 

of the AIS, ankyrinG is essential for recruiting other AIS proteins, including βIV-spectrin and Nav 570 

channels. While βIV-spectrin localization depends on its interaction with ankyrinG, disrupting 571 

βIV-spectrin does not affect ankyrinG or the ankyrinG-mediated clustering of Nav channels 572 

(Yang et al., 2007). We also know targeted deletion of Fgf14, an accessory subunit which binds 573 

and regulates Nav channels, as well as targeted deletion of Scn8a, which encodes the Nav1.6 574 

pore-forming α subunit, does not affect the expression/localization of ankyrinG at the Purkinje 575 

neuron AIS (Xiao et al., 2013; Bosch et al., 2015). These previous reports, which together 576 

highlight ankryinG as the primary organizer of the AIS, suggest the diminished anti-pan Nav 577 

immunofluorescence at the AIS of Tsc1mut/mut Purkinje neurons may be directly caused by 578 

reduced ankyrinG expression.  579 

Intracellular Fgf14 (iFgf14) interacts with Nav channels, regulating the voltage-dependence of 580 

Nav channel steady-state inactivation (Bosch et al., 2015; Ransdell et al., 2024). In the voltage-581 

clamp experiments presented in Figures 3 and 4, we found no changes in Nav channel gating 582 

properties, including the voltage-dependence of steady-state inactivation, suggesting iFgf14-583 

mediated regulation, and other mechanisms of post-translational regulation of Nav channel 584 

gating remain intact in Tsc1mut/mut Purkinje neurons. The lack of a change in Nav channel gating 585 

was surprising due to the measured depolarized shift in the action potential threshold voltage in 586 

Tsc1mut/mut cells (Fig. 2B), which suggested a potential change in the voltage-dependence of Nav 587 

channel activation. Interestingly, application of subsaturating TTX, resulting in the partial and 588 

selective block of Nav channels, also resulted in a depolarized shift in action potential threshold 589 

voltage, indicating a loss of Nav channels/Nav current can also underlie a depolarized shift in 590 

action potential threshold voltage.  591 

Moving forward, to more accurately investigate changes in AIS properties in Tsc1 mutant 592 

Purkinje neurons, super-resolution microscopy techniques such as STORM may provide 593 

additional detail, especially if performed across sequential age groups, to delineate if reduced 594 

ankyrinG expression at the AIS precedes changes in sodium channel alpha subunit expression. 595 
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Identifying how these changes correspond with morphological changes, firing properties, and 596 

Purkinje neuron survival may also shed light on the primary drivers of Purkinje neuron apoptosis 597 

in this model.  598 

It’s not clear why Tsc1 deletion, and potentially the exaggerated activity of mTORC1, results in 599 

ankyrinG dysregulation. To date, there has not been a direct association of mTORC1 signaling 600 

with ankyrinG expression/localization. However, ankyrinG at the AIS of primary cortical neurons 601 

has been shown to be negatively regulated by activation of the NF-κB transcription factor (König 602 

et al., 2017). NF-κB  is a ubiquitously expressed transcription factor maintained in its inactive 603 

form in the cytosol, and on activation, is translocated into the nucleus (Bonizzi and Karin, 2004). 604 

NF-κB activation relies on IκB kinase (IKK) activity (Liu et al., 2012), which has also been 605 

demonstrated to phosphorylate and increase mTORC1 activity (Dan et al., 2007, 2014). In a 606 

tumor cell model of tuberous sclerosis, increases in mTORC1 activity have been shown to also 607 

activate IKK/ NF-κB (Gao et al., 2015). The convergence of these pathways suggests 608 

exaggerated mTORC1 activity after Tsc1 deletion (Tsai et al., 2012) may result in a 609 

corresponding increase in the activation of NF-κB, driving reduced ankyrinG expression. 610 

Our data bring into question if Tsc1 deletion in other neuronal cell types has a conserved 611 

deleterious effect on the functioning of the AIS. Across cell types, the loss of Tsc1 appears to 612 

have varying effects on neuronal firing, although results from these studies have typically 613 

revolved around changes to synaptic strength/function. For instance, loss of Tsc1 in 614 

hippocampal neurons was found to drive hyperexcitability in hippocampal cultures via reduced 615 

synaptic inhibition onto excitatory pyramidal neurons (Bateup et al., 2013). In layer 2/3 cortical 616 

pyramidal neurons, Tsc1 deletion results in reduced inhibitory synaptic currents mediated by 617 

GABA receptors but has no effect on excitatory currents. In the striatum, however, Tsc1 deletion 618 

was shown to selectively enhance the intrinsic excitability in striatonigral, but not striatopallidal 619 

neurons. The increased excitability of striatonigral cells was associated with significantly 620 

reduced inwardly rectifying potassium currents and an increase in membrane input resistance 621 

(Benthall et al., 2018). Notably, in Tsc1mut/mut Purkinje neurons, we found mean input resistance 622 

was significantly reduced (Table 1), an effect also reported by Tsai et al. (2012). Interestingly, 623 

rheobase current in the Tsc1 knockout striatonigral neurons was significantly reduced, 624 

suggesting the AIS in these cells remains functional and is potentially more excitable than wild 625 

type controls, which, when considered with the results from Purkinje neurons presented here, 626 

indicates the effects of Tsc1 deletion on neuronal intrinsic excitability are cell-type specific.   627 
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FIGURE LEGENDS 638 

Figure 1. Tsc1 deletion causes reduced repetitive firing in adult cerebellar Purkinje 639 

neurons. A. Tsc1 was selectively deleted from mouse cerebellar Purkinje neurons by crossing 640 

Tsc1 floxed mice with a transgenic line in which the L7/Pcp2 promoter directs hemizygous Cre-641 

recombinase expression (see Methods). To verify Purkinje neuron specific Cre-recombinase 642 

expression, Cre-positive animals were also crossed with a Cre-reporter strain in which Cre-643 

mediated recombination drives tdTomato expression. In panel A1, robust and selective 644 

tdTomato fluorescence is found in the Purkinje neuron layer of a sagittal cerebellar slice (see 645 

Methods) taken from a neonatal (P15) Cre-positive animal. B. Representative spontaneous 646 

action potential records are shown from Purkinje neurons in acute cerebellar slices from adult 647 

control (top, black) and Tsc1mut/mut (bottom, magenta) animals. C. In Tsc1mut/mut cells, the mean 648 

(± SEM) spontaneous firing frequency is significantly lower compared to control cells (Welch’s 649 

unpaired t-test: P < 0.0001; control N = 13, n = 32; Tsc1mut/mut N = 6, n = 21). D. Representative 650 

evoked firing records are also shown from control (top, black) and Tsc1mut/mut (bottom, magenta) 651 

cells. E. Mean (± SEM) evoked firing frequencies are plotted against current injections and 652 

reveal evoked firing in Tsc1mut/mut cells is also significantly (RM two-way ANOVA: P < .0001) 653 

attenuated compared to control cells (DF = 1, F-value = 56.1). F. The mean (± SEM) durations 654 

of repetitive firing during the 0.7 s depolarizing current injections are plotted against depolarizing 655 

current injection amplitude and reveals Tsc1mut/mut cells have an impaired capacity to sustain 656 

repetitive firing compared to control cells (RM two-way ANOVA: P < .05; DF = 1, F-value = 4.3).   657 

Figure 2. Action potential waveforms recorded from Tsc1mut/mut Purkinje neurons are 658 

significantly different from those recorded from control cells.  A. Representative action 659 

potential records from adult control (black) and Tsc1mut/mut (magenta) Purkinje neurons are 660 

overlayed for comparison. B. The mean (± SEM) action potential threshold voltage is 661 

significantly more positive in Tsc1mut/mut cells (magenta squares) compared to control (black 662 

circles) cells (Welch’s unpaired t-test: P < 0.0001). C. The mean (± SEM) amplitude of the 663 

action potential waveform in Tsc1mut/mut cells is significantly (Welch’s unpaired t-test: p = 0.0256) 664 

reduced compared to the mean (± SEM) amplitude of control cells. D. Action potential duration 665 

values are significantly larger in Tsc1mut/mut cells compared to controls (Welch’s unpaired t-test: 666 

P < 0.0001), (control N = 13, n = 32; Tsc1mut/mut N = 6, n = 21). 667 

Figure 3. Nav currents are similar in neonatal Tsc1mut/mut and control Purkinje neurons. In 668 

panel A., a representative micrograph of a dissociated neonatal (P15) Purkinje neuron with a 669 

glass microelectrode used for patch recording is shown. B. Representative voltage-clamp 670 

records of evoked INa during various depolarizing voltage steps are shown from a neonatal 671 

control Purkinje neuron. Voltage commands are presented above the current records in 672 

corresponding colors. C. The mean (± SEM) peak transient sodium current (INaT) is plotted 673 

against voltage for control (N = 5, n = 9; black circles) and Tsc1mut/mut (N = 3, n = 11; magenta 674 

squares) cells and reveals no difference in the amplitudes of peak INaT evoked across 675 

depolarizing voltage steps (RM two-way ANOVA). Similarly, in panel D., plots of the mean (± 676 

SEM) normalized conductance values (G/GMax) against voltage indicate control and Tsc1mut/mut 677 

neonatal cells have similar voltage dependence of activation (RM two-way ANOVA). Boltzmann 678 

fits of control and Tsc1mut/mut normalized (mean) conductance values have V1/2 values of -57 mV 679 

and -56.9 mV, respectively.  The mean (± SEM) time constant of INaT inactivation (τ; see 680 

Methods) is plotted against voltage in E. RM two-way ANOVA analysis of these values revealed 681 

no significant difference across genotypes. F. The voltage-dependence of INaT steady-state 682 
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inactivation was assessed by initially stepping cells to various conditioning voltages before 683 

stepping cells to a common (-20 mV) test potential in which peak evoked INaT was measured. In 684 

the representative trace, command voltages are shown above the current trace records in 685 

corresponding colors. G. Mean (± SEM) normalized INaT (I/IMax) values, measured during the 686 

common -20 mV voltage step, are plotted against the preceding conditioning voltage for control 687 

(N = 4, n = 9, black circles) and Tsc1mut/mut (N = 3, n = 11, magenta squares) cells, revealing no 688 

difference in the voltage-dependence of INaT steady-state inactivation (RM two-way ANOVA). 689 

Boltzmann fits of control and Tsc1mut/mut mean I/IMax plots have V1/2 values of -64.4 mV and –66.8 690 

mV, respectively.   691 

Figure 4. Peak Nav currents are reduced in adult Tsc1mut/mut Purkinje neurons. A. Adult 692 

Purkinje neurons were recorded in acutely isolated parasagittal cerebellar slices. In the 693 

micrograph, a microelectrode (outlined in black) is shown patching a Purkinje neuron (outlined 694 

in blue). B. To measure Nav currents in intact Purkinje neurons, a pre-pulse voltage protocol 695 

(see Methods) was used measure Nav current properties in the soma and proximal neurite. 696 

Representative Nav currents evoked using a protocol to measure the voltage dependence of 697 

INaT activation are shown with the command voltage steps shown above the evoked current 698 

traces in corresponding colors. C. The normalized peak Nav conductance (G/GMax) plotted 699 

against activation voltage reveals the voltage-dependence of Nav conductance activation is 700 

similar in control and Tsc1mut/mut Purkinje neurons. Boltzmann fits of control and Tsc1mut/mut mean 701 

conductance values have V1/2 values of -48 mV and -45.9 mV, respectively. D. The mean (± 702 

SEM) peak INaT values plotted against voltage, however, are significantly (P = .007, RM two-way 703 

ANOVA) reduced in Tsc1mut/mut cells compared to control cells (control N = 6, n = 22, black 704 

circles; Tsc1mut/mut N = 6, n = 16, magenta squares). E. Plots of the normalized peak INaT (I/IMax) 705 

evoked at a common -20 mV voltage step, against the conditioning voltage (see Figure 3F) 706 

reveal no change in the voltage-dependence of INaT steady-state inactivation (control: N = 5, n = 707 

18; black circles; Tsc1mut/mut: N = 5, n = 13; magenta squares). Boltzmann fits of control and 708 

Tsc1mut/mut mean I/IMax plots have V1/2 values of -72.1 mV and -72.6 mV, respectively.  F. A plot of 709 

the time constant of INaT inactivation (τ; see Methods) against the activating voltage step reveals 710 

control (N = 6, n = 22; black circles) and Tsc1mut/mut (N = 6, n = 16; magenta squares) Purkinje 711 

neuron INaT inactivation kinetics are not significantly different (RM two-way ANOVA). 712 

Figure 5. Anti-pan Nav and anti-ankyrinG immunofluorescence is reduced at the axon 713 

initial segment of Tsc1mut/mut Purkinje neurons. A. Secondary antibody fluorescent labeling 714 

was used to localize and measure the intensity of anti-pan Nav (A. 2.) and anti-ankyrinG (A. 3.) 715 

labeling in Purkinje neurons labeled by Cre-dependent tdTomato expression (A. 4.) shown in 716 

magenta. Combined images are shown in image A.1. with anti-pan Nav (green) and anti-717 

ankyrinG (red) dual labeling at Purkinje neuron AIS appearing yellow. Images in A. were 718 

acquired from an adult control animal. In panel B., anti-pan Nav and anti-ankyrinG labeling are 719 

presented and compared directly between individual Purkinje neurons from control (upper) and 720 

Tsc1mut/mut (lower) animals with merged (B. 1.), single channel anti-pan Nav (B. 2.), and single 721 

channel anti-ankyrinG (B. 3.) presented in panels 1, 2, and 3. The mean (± SEM) intensity 722 

values of anti-ankyrinG  (C.) and anti-pan Nav (D.) immunofluorescence are plotted against 723 

distance along the AIS of control (black circles) and Tsc1mut/mut (squares) Purkinje neurons. Line 724 

scans were used to localize intensity measurements to the AIS (see Methods). For intensity 725 

measures along the AIS of each cell, an area under the curve (AUC) value was used to 726 

determine the integrated fluorescence intensity of the anti-pan Nav or anti-ankyrinG signal at the 727 

cell AIS. Plots of these values reveal significantly (P < .0001, Student’s unpaired t-test) reduced 728 
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anti-ankyrinG (E.) and anti-pan Nav (F.) signals at the AIS of Tsc1mut/mut Purkinje neurons (N = 729 

4, n = 28) compared to Purkinje neurons from control animals (N = 4, n = 31). 730 

Figure 6. Heterozygous Tsc1 deletion (Tsc1mut/+) results in slight reductions in anti-731 

ankyrinG and anti-pan Nav labeling at the Purkinje neuron AIS. A. The mean (± SEM) 732 

fluorescence intensity values of anti-ankyrinG (A.) and anti-pan Nav (B.) immunolabeling along 733 

the AIS of Tsc1mut/+ Purkinje neurons (N = 3, n = 64) were compared to intensity values from 734 

control Purkinje neurons (N = 4, n = 31). Analyses of these data via area under the curve (AUC) 735 

measurements for individual cells revealed slight, but significantly lower (Welch’s unpaired t-736 

test, P < .01) integrated fluorescence intensity of anti-ankyrinG (C.) and anti-pan Nav (D.) 737 

labeling along the AIS of Tsc1mut /+  Purkinje neurons compared to control cells.   738 

Figure 7. Heterozygous Tsc1 deletion (Tsc1mut/+) does not affect Purkinje neuron firing. A. 739 

Spontaneous repetitive firing was recorded in 5-8 week-old wild type control (black) and 740 

Tsc1mut/+ (blue) Purkinje neurons. Measurements of repetitive firing during spontaneous activity, 741 

plotted in B. (unpaired Student’s t-test), or during depolarizing current injections, plotted in C. 742 

(RM two-way ANOVA), reveal the deletion of a single Tsc1 allele does not significantly affect 743 

spontaneous and evoked firing frequency. Similarly, action potential waveform properties of 744 

Tsc1mut/+ Purkinje neurons, including the action potential duration (D.), amplitude (E.), and action 745 

potential threshold voltage (F.), are not significantly different (unpaired Student’s t-test) from 746 

measurements in wild type control cells (wild type: N = 13, n = 32 ; Tsc1mut/+: N = 6, n = 21).   747 

Figure 8. Action potential derivative analyses reveal altered action potential initiation and 748 

propagation in Tsc1mut/mut Purkinje neurons. A. Representative action potential waveforms 749 

are presented from 6 week-old control (black) and Tsc1mut/mut (magenta) Purkinje neurons. In the 750 

A1 and A2 panels (below), plots time-locked with the control and Tsc1mut/mut action potentials 751 

show the corresponding voltage 1st-derivative (dV/dt, A1) and voltage 2nd-derivative (dV2/dt, A2). 752 

The green arrow highlights the hitch in the dV/dt plot during the action potential upstroke. 753 

Asterisks in A2 denote spike initiation in the AIS (first) and after a short delay, in the somatic 754 

compartment (see Methods). B. Across cells, this delay, measured using 2nd-derivative plots, 755 

was determined to be significantly longer in Tsc1mut/mut cells compared to wild type controls 756 

(Welch’s unpaired t-test, P = .0012; wild type controls: N = 13, n = 32 ; Tsc1mut/mut: N = 6, n = 757 

21). In C., representative phase plots corresponding to the action potentials presented in panel 758 

A. are shown.  D. The maximum dV/dt during the action potential upstroke is significantly 759 

(unpaired Student’s t-test, P < .0001) reduced Tsc1mut/mut cells compared to wild type controls. 760 

Figure 9. Partial Nav channel block causes similar changes to the action potential 761 

waveform as those measured in Tsc1mut/mut cells. A. Measures of spontaneous action 762 

potential were performed in control Purkinje neurons before (black) and after (red) applying 1 763 

nM tetrodotoxin (TTX). TTX is a selective Nav channel blocker and 1 nM TTX partially blocks 764 

Purkinje neuron Nav channels resulting in significant changes to the action potential waveform. 765 

B. Changes include a significant (P < .05) depolarizing increase in the action potential threshold 766 

voltage, (C.) a significant increase in the action potential duration (P < .01), (D.) and a 767 

significantly  reduced action potential amplitude (P < .01). E. – F. Analyses of action potential 1st 768 

and 2nd derivatives revealed TTX exposure significantly (P < .01) reduces peak dV/dt and 769 

increases (P < .01) the delay between the second derivative peaks. Paired Student’s t-tests 770 

were used for pre- and post-TTX comparisons. Experiments were performed on 6 Purkinje 771 

neurons in cerebellar slices from two (N = 2) 6 week-old wild type animals.    772 
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