1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neurobiol Dis. Author manuscript; available in PMC 2025 April 15.

-, HHS Public Access
«

Published in final edited form as:
Neurobiol Dis. 2025 April ; 207: 106856. doi:10.1016/j.nbd.2025.106856.

Tscl deletion in Purkinje neurons disrupts the axon initial
segment, impairing excitability and cerebellar function

Samuel P. Brown?,
Achintya K. Jenal,

Joanna J. Osko,

Joseph L. Ransdell”
Department of Biology, Miami University, Oxford, OH 45056, United States

Abstract

Loss-of-function mutations in tuberous sclerosis 1 (7SCI) are prevalent monogenic causes of
autism spectrum disorder (ASD). Selective deletion of 7scZ from mouse cerebellar Purkinje
neurons has been shown to cause several ASD-linked behavioral impairments, which are linked to
reduced Purkinje neuron repetitive firing rates. We used electrophysiology methods to investigate
why Purkinje neuron-specific 7scZ deletion ( 7sc2™//mut) impairs Purkinje neuron firing. These
studies revealed a depolarized shift in action potential threshold voltage, an effect that we link

to reduced expression of the fast-transient voltage-gated sodium (Nav) current in 7sc2mue/mut
Purkinje neurons. The reduced Nav currents in these cells was associated with diminished
secondary immunofluorescence from anti-pan Nav channel labeling at Purkinje neuron axon initial
segments (AIS). Anti-ankyrinG immunofluorescence was also found to be significantly reduced
at the AIS of Tsc1™¥mut pyrkinje neurons, suggesting Tscl is necessary for the organization and
functioning of the Purkinje neuron AIS. An analysis of the 1st and 2nd derivative of the action
potential voltage-waveform supported this hypothesis, revealing spike initiation and propagation
from the AIS of Tsc2™u/mut pyrkinje neurons is impaired compared to age-matched control
Purkinje neurons. Heterozygous 7scI deletion resulted in no significant changes in the firing
properties of adult Purkinje neurons, and slight reductions in anti-pan Nav and anti-ankyrinG
labeling at the Purkinje neuron AIS, revealing deficits in Purkinje neuron firing due to 7scZ
haploinsufficiency are delayed compared to age-matched 7sc2™“//mut pyrkinje neurons. Together,
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these data reveal that the loss of 7scZ impairs Purkinje neuron firing and membrane excitability
through the dysregulation of proteins essential for AlS organization and function.
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1. Introduction

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder, affecting multiple
organ systems, with particularly severe and progressive impairments to the nervous system
(Crino et al., 2006), often manifesting as seizures (Holmes et al., 2007), cognitive deficits
(Marcotte and Crino, 2006), and behavioral abnormalities. TSC is caused by loss of
function mutations in either 7SC1 or 75C2 (European Chromosome 16 Tuberous Sclerosis
Consortium, 1993; Au et al., 2007), which results in exaggerated mammalian target of the
rapamycin complex 1 (MTORC1) signaling (Tee et al., 2002, 2003; Wullschleger et al.,
2006). This increase in mMTORCL1 activity drives excessive protein synthesis through S6K1
and 4E-BP1 effector molecules and lipid synthesis through the activation of transcription
factors (Fingar et al., 2002). 41-69 % of individuals diagnosed with TSC exhibit autism-like
cluster manifestations and 40-50 % are diagnosed with autism spectrum disorder (ASD)
(Wiznitzer, 2004; Jeste et al., 2008; de Vries et al., 2023). ASD is a neurodevelopmental
disorder in which the etiology is often unknown, but can include a combination of genetic
and environmental factors (Diaz-Anzaldia and Diaz-Martinez, 2013; Port et al., 2014). ASD
symptoms are strongly linked with deficits in the functioning of the cerebellum (Wang et
al., 2014; Stoodley et al., 2017; Gibson et al., 2023). Post-mortem studies of individuals
diagnosed with ASD have linked the disorder with reduced numbers of cerebellar Purkinje
neurons (Bailey et al., 1998; Stoodley, 2014) and in animal models, attenuated excitability
in cerebellar Purkinje neurons has been directly linked to ASD-like behavioral phenotypes
(Kalume et al., 2007; Tsai et al., 2012; Cupolillo et al., 2016; Peter et al., 2016). Across
cerebellar circuits, Purkinje neurons function to integrate incoming sensory information and
are the sole output neurons of the cerebellar cortex (Palkovits et al., 1972; Andersen et al.,
1992). Purkinje neurons fire repetitive action potentials spontaneously, providing consistent
GABAergic inhibition to deep cerebellar nuclei neurons (Ito et al., 1964; Obata et al.,

1967, 1970). Studies using animal models have consistently revealed targeted disruptions

to Purkinje neuron intrinsic firing properties drive a multitude of impairments in behaviors
reliant on cerebellar functioning (Levin et al., 2006; Shakkottai et al., 2009; Shakkottai et al.,
2011; Tsai et al., 2012, 2018; Bosch et al., 2015; Dell’Orco et al., 2015; Jones et al., 2016;
Peter et al., 2016; Ransdell et al., 2017).

To investigate the role of Tscl in the functioning of cerebellar Purkinje neurons, a Cre-
recombinase-LoxP recombination strategy (Orban et al., 1992) was used to selectively
delete 7scZ from mouse Purkinje neurons (Barski et al., 2000; Zhang et al., 2004; Tsai
etal., 2012). Interestingly, the homozygous deletion of 7scZ in Purkinje neurons resulted
in mice, referred to here as 7sc1™¥mut \yith several ASD-like behavioral phenotypes
that included impairments in motor functioning, social interactions, vocalizations, and
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exaggerated repetitive behaviors. These behavioral deficits were linked to attenuated
repetitive firing in 7sc2™“/mut pyrkinje neurons and eventual (and progressive) Purkinje
neuron apoptosis (Tsai et al., 2012, 2018; Lawson et al., 2024). Heterozygous 7scI deletion
from Purkinje neurons ( 7sc2™7*) was also shown to cause attenuated Purkinje neuron
firing and ASD-like behavioral phenotypes (Tsai et al., 2012, 2018; Lawson et al., 2024),
although these impairments were found to be less severe than those measured in 7sc2/m¥/mut
mice. Attenuated intrinsic excitability of 7sc2™//mut pyrkinje neurons could be rescued

via intraperitoneal injections of rapamycin, an acute inhibitor of mMTORCL1 signaling, if
rapamycin treatments were started by 6 weeks of age, suggesting the impaired firing of
Tsc1mumut pyrkinje cells may reflect reversible changes in the expression and/or gating
properties of ion channels (Tsai et al., 2018).

We investigated the underlying causes of the reduced repetitive firing in 7sczmuwmut
Purkinje neurons. While 7scZ deletion is often associated with exaggerated protein
expression and cell growth (Wullschleger et al., 2006), our experiments reveal 7sc1mu/mut
Purkinje neurons have diminished anti-pan Nav channel immunofluorescence at the Purkinje
neuron AlS, which corresponds with reduced Nav currents and impaired action potential
initiation and propagation at the axon initial segment (AIS). At the AIS of Tsczmut/mut
Purkinje neurons, we also measured reduced anti-ankyrinG immunofluorescent labeling.
AnkyrinG is a critical cytoskeletal regulator of AIS segment organization and function,
which has been directly linked to the recruitment and clustering of Nav channels at the AIS
of Purkinje neurons (Zhou et al., 1998; Jenkins and Bennett, 2001). These data shed light
on the pathophysiology of the 7sc2™/mMt mouse model and provide new insights into how
loss-of-function mutations in 7SCZ may lead to deficits in neuronal membrane excitability
and cerebellar circuit function.

2. Methods

2.1. Animals

All animal experiments were performed in accordance with protocols approved by the
Miami University Institutional Animal Care and Use Committee guidelines. Experiments
utilized male and female wild type C57BL/6 J mice and transgenic lines with a C57BL/6 J
strain background. For neonatal dissociation experiments, animals were P15-16 and sex was
unknown. For all other experiments (brain slice current-clamp, brain slice voltage-clamp,
and immunofluorescence), animal numbers, sex, and ages are described in Supplemental
Table 1. Within each genotype (wild type, 7sc2™%* and Tsc1™Wmil) no sex-specific
differences were measured in firing frequency (Supplemental Fig. 1) or other action
potential properties. Sex-specific differences were not assessed in voltage-clamp and
immunofluorescence experiments due to insufficient animal numbers (see Supplemental
Table 1).

Tsc1 was selectively deleted from mouse cerebellar Purkinje neurons by crossing 7sc2
floxed animals ( 7sc1f0X/flox Kwiatkowski et al., 2002) (Jackson laboratory, strain # 005680)
with hemizygous transgenic animals expressing Cre-recombinase on the L7/Pcp2 promoter-
strain B6. Cg-Tg(Pcp2-cre)3555Jdhu/ (Zhang et al., 2004) (Jackson laboratory, strain #
010536). Cre-recombinase positive animals were also crossed with the Ail4 Cre-reporter
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strain (Jackson Laboratory, strain # 007914), resulting in tdTomato expression in Cre-
recombinase positive cells (see Supplemental Fig. 2).

2.2. Control groups

Age-matched wild type animals were used as controls for current-clamp electrophysiology
experiments. Purkinje neurons from L7/Pcp2 Cre-positive animals, as well as 7sc1/0X/

flox. Cre-negative animals, were previously shown to have similar repetitive firing properties
as wild type Purkinje neurons (Tsai et al., 2012). For voltage-clamp experiments using
dissociated neonatal cells, control cells were taken from L7/Pcp2 Cre-positive animals. In
voltage-clamp experiments using adult Purkinje neurons (in acute cerebellar slices), control
group cells were taken from both wild type animals as well as 7sc170X/floX. Cre-negative
animals. Nav current properties in these control groups were determined to be statistically
similar (Supplemental Fig. 3) and the reported results from these control groups are
combined. Immunofluorescence studies used both wild type and L7/Pcp2 Cre-positive;Ail4
Cre-reporter animals as control groups. Immunofluorescence intensity measures associated
with anti-pan Nav and anti-ankyrinG labeling were also determined to be similar between
control groups (Supplemental Fig. 4) and data from these control groups are combined.

2.3. Preparation of acute cerebellar slices

Mice were anesthetized using an intraperitoneal injection of 1 mL/kg ketamine (10 mg/mL)/
xylazine (0.25 mg/mL) cocktail and perfused transcardially with 25 mL cutting solution
containing (in mM): 240 sucrose, 2.5 KCI, 1.25 NaH,POy,, 25 NaHCO3, 0.5 CaCl,, and

7 MgCls. Brains were rapidly dissected, glued to a specimen tube, and submerged in
warmed agarose dissolved in cutting solution. 350 um parasagittal slices were cut in ice-
cold cutting solution saturated with 95 % O,/5 % CO» using a Compresstome VF-300
vibratome (Precisionary Instruments). Slices were placed on stretched nylon mesh in
oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 2.5 KClI,
1.25 NaH,POy, 25 NaHCOs3, 2 CaCl,, 1 MgCl,, and 25 dextrose at pH 7.4 (~300 mOsM/L)
for 25 min at 33 °C. Slices were then incubated in room temperature ACSF for at least 35
min before electrophysiological recordings. Purkinje neurons were identified in the Purkinje
neuron layer of cerebellar sections using a SliceScope Pro 3000 (Scientifica). During
electrophysiology experiments, warmed (32-33 °C) oxygenated-ACSF was continuously
perfused.

2.4. Acute dissociation of neonatal Purkinje neurons

For neonatal voltage-clamp experiments, mice were anesthetized using an intraperitoneal
injection of a ketamine/xylazine cocktail as described above. Post-anesthesia, mice were
decapitated, and the brain was rapidly dissected and placed in ice-cold dissociation solution
containing (in mM): 82 NaySOy, 30 K,SO4, 5 MgCl,, 10 HEPES, 10 glucose, and 0.001
% phenol red (at pH 7.4). A scalpel was used to separate and mince the cerebellar vermis
into small tissue chunks. Cerebellar tissue was then transferred to a dissociation solution
containing 3 mg/mL protease XXIV at 33 °C for 15 min. Minced cerebellar tissue was

then transferred to a dissociation solution containing 1 mg/mL bovine serum albumin and

1 mg/mL trypsin inhibitor and incubated at room temperature for 5 min before being
transferring to ACSF saturated with 95 % O,/5 % CO, on stretched nylon mesh for 35 min.
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Before recordings, an aliquot of cerebellar tissue was dissociated by triturating tissue pieces
with fire-polished glass pipettes.

2.5. Current- and voltage-clamp recordings

Whole-cell patch-clamp recordings used glass microelectrodes (borosilicate standard wall,
1.5 mm outer diameter, 0.86 mm inner diameter, Harvard Bioscience) with 2-4 MQ
resistance values, pulled on the day of the experiment using a P-1000 Flaming/Brown
Micropipette Puller (Sutter Instrument). Electrodes for current-clamp studies were filled
with an internal solution containing (in mM): 144 K-gluconate, 0.2 EGTA, 3 MgCl,, 10
HEPES, 4 MgATP, 0.5 NaGTP, at pH 7.4 (~300 mOsMY/L). Prior to patching, electrode

tip potentials were zeroed. During current-clamp experiments, recorded voltages were
corrected for a 17.5 mV liquid junction potential in real-time. Spontaneous and evoked
action potentials were recorded using a dPatch amplifier and SutterPatch software (Sutter
Instruments). Action potential threshold voltages were calculated as the voltage measured
when dV/dt is >10 mV/100 ps or when 25 % of the maximum action potential dV/dt is
reached, whichever is smaller. Action potential duration (APD) was calculated as the time
interval from the pass of the threshold voltage during the action potential upstroke until
the pass of the threshold voltage during action potential downstroke. Each action potential
measurement from a given cell was recorded as the average across 20 consecutive action
potentials in a spontaneously firing cell. Evoked action potentials were recorded during a
current-clamp protocol with an initial =500 pA (100 ms) current injection before steps to
0 pA, or various depolarizing current steps, for 700 ms. To measure the delay between
spike generation in the AIS (occurring first) and secondary spike initiation in the somatic
compartment, the second derivative of the voltage signal (dV2/dt) was plotted against time
using Clampfit software (Molecular Devices). In this second derivative plot, two positive
peaks, reflecting spike initiation at the AIS and somatic compartment, respectively, occur in
time with the action potential upstroke. Difference in time between these peaks (delay) was
measured and used for analysis.

Whole-cell voltage-clamp recordings in adult slice Purkinje neurons and in dissociated
neonatal Purkinje neurons were performed at room temperature (22 °C) and used 1-3 MQ
microelectrodes filled with internal solution containing (in mM): 105 CsCl, 15 TEA-CI,

5 4-AP, 1 CaCly, 2 MgCl,, 10 EGTA, 4 MgATP, 10 HEPES, and 8 NaCl at pH 7.4

(~300 mOsMY/L). In these experiments, Nav currents were recorded in a reduced sodium
ASCF containing (in mM): 50 NaCl, 75 TEA-CI, 2.5 KCI, 1.25 NaH,POy,, 25 NaHCOs3,
2 CaCly, 1 MgCl,, 0.2 CdCl,, and 25 dextrose (~300 mOsMY/L), saturated with 95 %
0,/5 % CO,. In recordings from adult Purkinje neurons in acute cerebellar slices, Nav
currents were measured under appropriate space-clamp conditions using a prepulse protocol
that was developed by Milescu et al. (2010) and previously used to measure Nav currents
in adult Purkinje neurons in cerebellar slices (Bosch et al., 2015; Ransdell et al., 2017).
To measure the voltage-dependence of Nav current activation, cells were first depolarized
(typically to 0 mV) for 1 ms to drive activation and inactivation of Nav channels in the
somatic compartment as well as in the distal neurites. A subsequent repolarizing step to
—-60 mV (for 1 ms) enabled recovery of a portion of these inactivated Nav channels, and

a final depolarizing step was used to measure the Nav current properties of recovered Nav
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channels (at varying voltages) under appropriate space-clamp conditions. To measure the
voltage-dependence of Nav current steady-state inactivation, a similar prepulse strategy was
used, however, in this protocol, the repolarizing step driving Nav channel recovery from
inactivation was varied and used as a conditioning voltage step. Evoked Nav currents were
measured after the conditioning voltage step during a final depolarizing step to —20 mV. The
persistent/steady-state component of the evoked Nav currents were digitally subtracted prior
to analysis of the fast-transient Nav current (Ina1)- InaT inactivation kinetics was assessed
by fitting the inactivating portion of Iyt with a first-order exponential function. From these
fits, the time constant of current decay (tau, t) was recorded across voltages. Normalized
Nav current (I/1pax) and normalized Nav conductance (G/Gpax) are plotted as a function of
the conditioning voltage or the test voltages, respectively, to assess the voltage-dependence
of Nav channel activation and steady-state inactivation. These plots were fitted using the
Boltzmann sigmoidal equation below:

G/Gipax O Ul = exp [(Via — Vi)/K]

where V) is the membrane potential, V1, is the membrane potential of half-maximal
activation and k is the slope factor.

Imaging

Secondary antibody immunolabeling was used to measure the fluorescence intensity of
anti-pan Nav and anti-ankyrinG labeling at the AIS of cerebellar Purkinje neurons. Adult
mice were anesthetized with 1 mL/kg intraperitoneal injection of ketamine/xylazine cocktail
and perfused transcardially with 1x PBS followed by 1 % formaldehyde in 0.1 M PB at pH
7.4. After dissection, the cerebellum was separated from the cortex and was embedded in
optimal cutting temperature compound (OCT, Fisher HealthCare) and then frozen. Sagittal
cerebellar sections (25 pum) were dry mounted onto positively-charged glass slides (Epredia)
using a Leica cryostat at =14 to —16 °C. Wells around tissue sections were created using
clear nail polish in preparation for antibody labeling.

Cerebellar sections were washed with 1x PBS three times and then incubated in a blocking
buffer containing 7.5 % goat serum and 0.25 % Triton X-100 (Fisher BioReagents) for
1-1.5 h at 4 °C. After decanting, primary antibodies were incubated on tissue sections
overnight (mouse anti pan Nav: 1:1000, Sigma-Aldrich; mouse anti-ankyrinG (19G2a):
1:500, Sigma-Aldrich; rabbit anti-Calbindin: 1:20000, Novus) at 4 °C. Primary antibodies
were then decanted and washed three times with 1x PBS, and then incubated with a solution
that contained secondary antibodies and 1 % BSA and 0.25 % Triton X-100 for 1.5 h

at room temperature (goat anti-mouse Alexa 488: 1:250, Sigma-Aldrich; goat anti-mouse
CF 647: 1:500, Sigma-Aldrich; goat anti-rabbit CF 568: 1:167, Sigma-Aldrich). After
decanting the final time, tissue sections were washed with 1x PBS three times and a 5 min
incubation period after each wash. Slides were dried and mounted using Vectashield (Vector
Laboratories) and a glass coverslip. Calbindin secondary immunolabeling or tdTomato
expression in Cre-positive animals (from the Ail4 Cre-reporter strain) were used to identify
AIS labeling of Purkinje neurons.
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Confocal microscopy images were acquired using a Zeiss LSM-710 microscope utilizing a
63x oil-immersion or 20x objective lens. Z-stack images were acquired at a fixed interval of
1 um and the images were analyzed with ImageJ (NIH) using maximum intensity projected
CZl files.

Fluorescence intensity was measured by drawing line scans of secondary anti-ankyrinG
labeling along the AIS, beginning at the somatic compartment and ending at the termination
of fluorescence signal associated with anti-ankyrinG labeling. Background fluorescence
was subtracted by measuring the mean secondary antibody fluorescence in the somatic
compartment and subtracting this value from each sampled intensity value along the AIS.
Fluorescence intensity was plotted against distance (from the beginning of the line scan).
For each cell, a 5-point rolling mean was used to determine final intensity values (after
background subtraction). To calculate mean intensity values, distance measurements were
aligned across cells at the sample corresponding to 10 % of the peak anti-ankyrinG
fluorescence signal (nearest the soma). Area under the fluorescence intensity curve (AUC)
was calculated for each cell using Prism (GraphPad) and compared across experimental
groups.

2.7. Statistical analysis

Electrophysiological data and action potential analyses were performed using SutterPatch
software. Current traces were analyzed using Clampfit in the pCLAMP 11 software suite
(Molecular Devices). Statistical analyses were performed using Prism (GraphPad). Tests,
Pvalues, cell numbers, and animal numbers are described in Figure legends. Repeated
measure (RM) two-way ANOVAs used Geisser-Greenhouse’s correction. Prior to running
unpaired Student’s #tests, an F-test was used to determine if group variance was similar. If
the F-test P-value was <0.05, the unpaired Student’s t-test included a Welch’s correction,
which is noted in the text.

3. Results

3.1. Tscl deletion in Purkinje neurons results in impaired action potential firing

To selectively delete 7scZ from mouse cerebellar Purkinje neurons, a Cre-LoxP
recombination strategy (depicted in Fig. 1A) was used. Hemizygous L7/Pcp2-Cre animals,
which express Cre recombinase under the control of the mouse Purkinje cell-specific L7
promoter (Zhang et al., 2004; Saito et al., 2005), were crossed with 7s¢Z mutant animals
with JoxPsites flanking exons 17 and 18 of the 7scZ gene. To verify selective Cre expression
in the Purkinje neuron layer, progeny from this cross were bred with the Ail4 tdTomato
Cre-reporter strain (Jackson Laboratory, strain # 007914; Madisen et al., 2010). From these
crosses, we verified robust and selective Cre-mediated tdTomato expression in neonatal (Fig.
1 Al.) and adult Purkinje neurons (see Supplemental Fig. 2) in cerebella isolated from male
and female animals.

Test group animals that were homozygous for the mutant 7scZ floxed allele and that
expressed Cre-recombinase selectively in Purkinje neurons, referred to henceforth as
Tsc1muvmut gnimals, were used for patch-clamp electrophysiology studies and were
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compared directly with wild type controls. Parasagittal cerebellar brain sections were acutely
isolated from adult (5-8 week-old) animals for whole cell Purkinje neuron current-clamp
recordings at physiological temperatures. In these records, we assessed spontaneous (Fig.
1B) and evoked (Fig. 1D) Purkinje neuron firing in control and 7sc2™//mut pyrkinje
neurons. These recordings revealed 7sc2™““mut pyrkinje neurons have spontaneous firing
frequencies that are significantly attenuated compared to wild type Purkinje neurons (Fig.
1C). Evoked firing frequencies were measured during 0.7 s depolarizing current injections
applied immediately after a — 500 pA hyperpolarizing current injection (used to silence
spontaneous electrical activity, see Fig. 1D). These protocols also revealed a significantly
lower mean (+SEM) evoked firing frequency in 7sc2™/mut pyrkinje neurons compared to
measurements from wild type Purkinje neurons (Fig. 1E). During evoked firing tests, the
mean (£SEM) durations of repetitive firing (during each 0.7 s depolarizing current injection)
were found to be significantly lower in 7sc24¥mut pyrkinje neurons (Fig. 1F), revealing a
reduced capacity to sustain high rates of evoked repetitive firing in these cells.

Using the gap-free current-clamp recordings of spontaneously firing cells, we compared
action potential waveform properties, presented as representative records in Fig. 2A, and
identified notable differences in 7sc2¥mut pyrkinje neuron action potentials. Compared to
wild type controls, the mean (xSEM) action potential threshold voltage was significantly
more depolarized in 7sc2™/mMi cells (Fig. 2B), and the action potential amplitude in these
cells was significantly lower than amplitudes measured in wild type controls (Fig. 2C).
Additionally, the mean duration of 7sc2™/mut pyrkinje neuron action potentials (APD)
was significantly longer than action potentials measured in wild type cells (Fig. 2D). From
these data, we hypothesized that changes in the expression and/or gating properties of
voltage-gated ion channels were responsible for the impaired membrane excitability of
Tsc1mtmut pyrkinje neurons.

Loss of Tscl affects Nav currents in adult cerebellar Purkinje neurons

The depolarized shift in the action potential threshold voltage suggested there may be
changes in the voltage-dependence of Nav channel activation, or in the expression of
voltage-gated sodium channels. To explore this hypothesis, we first measured the properties
of Nav currents in Purkinje neurons acutely dissociated from neonatal (P15-16) control

and TscIMUVmut gnimals. A representative micrograph of a dissociated Purkinje neuron
(with patch electrode) is presented in Fig. 3A. Acute dissociation of these cells enable

the removal of long neurite projections, particularly the axonal projection, which improves
membrane space clamp such that the very fast (and large) Nav currents can be appropriately
measured. Also, to improve Nav current measurements, the extracellular ACSF (bath)
included reduced (50 mM) sodium chloride and pharmacological blockers for potassium and
calcium conductances (see Methods). The voltage-dependence of the fast-transient sodium
current (IngT) activation was measured by applying depolarizing voltage steps from a — 90
mV holding potential (Fig. 3B). Measurements of the mean peak In,T across depolarizing
voltage steps revealed control and 7sc2™““mut pyrkinje neurons have IngT currents which
activate at similar voltages and that are similar in amplitude (Fig. 3C). Iya7 conductance
values were calculated from peak Iy, measurements using the sodium reversal potential
(see Methods). A plot of the mean normalized peak Nav conductance (G/Gmax) against the
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respective depolarizing voltage step also indicates the voltage-dependence of Nav channel
activation is similar in control and 7scZ™UUMut pyrkinje neurons (Fig. 3D). The kinetics

of IngT fast-inactivation was measured by fitting Iy, decay with a first-order exponential
function across voltage-steps. In Fig. 3E, the mean (£ SEM) time constants (t) from these
fits are plotted for each of the depolarizing voltage-steps, revealing no significant difference
between control and 7sc2™/Mit cells, To measure the voltage-dependence of Iyt Steady-
state inactivation, varying (100 msec) conditioning voltage steps were applied prior to a
common (-20 mV) voltage step used to evoke and measure the proportion of Iy, available
for activation (Fig. 3F). In Fig. 3G, the mean (£ SEM) peak InqT Value, normalized to
maximal I, (across voltages) for each cell, is plotted against the associated conditioning
voltage step. From these plots, no difference was measured in the voltage-dependence of
InaT Steady-state inactivation between control and 7sc2™“¥mut cells, Importantly, these Nav
current properties were measured in neonatal (P15-16) Purkinje neurons. Using crosses with
the Ail4 Cre-reporter line (see Methods) we established Cre-recombinase driven by the L7/
Pcp2 promotor is robustly expressed in P15-16 Purkinje neurons (Fig. 1 Al). Conversely, in
P9 L7/Pcp2-Cre-positive animals, Cre-mediated tdTomato expression is not yet evident (data
not shown), indicating the effects of Cre-mediated 7scZ deletion, especially as it relates to
expression of ion channel proteins, may not yet occur in neonatal Purkinje neurons.

Because measurements of attenuated action potential firing in 7sc2™//mut pyrkinje neurons
were acquired from animals 5-8 weeks old, we were interested in testing if 75cZ deletion
drives changes in Nav current properties from adult Purkinje neurons. The methods used for
Purkinje neuron dissociation are not successful in adult (>P21) animals, and so to measure
Nav currents from adult (5-8 week-old) Purkinje neurons, we performed voltage-clamp
experiments on intact Purkinje neurons in acutely isolated cerebellar slices (Fig. 4A). In
these voltage-clamp studies, to limit the contamination of Nav current records by escaped
sodium-mediated spikes from distal neurites, we used a prepulse protocol that was first
developed and utilized by Milescu et al. (2010), and that has been successfully used for Nav
measurements in adult Purkinje neurons (Bosch et al., 2015). Using these voltage-clamp
protocols, membranes are first depolarized to drive Nav channels into the fast-inactivated
kinetic state. A subsequent brief repolarization step is used to enable the recovery of

a portion of the inactivated Nav channels near the electrode, and finally, a third voltage-
step is used to evoke and measure Nav currents under appropriate space-clamp. These
pre-pulse voltage-command protocols (also described in Methods) were used to measure
the voltage-dependence of Iy, activation (Fig. 4B) and Iy, Steady-state inactivation.
Between 7scIMumut and control Purkinje neurons, we measured no differences in the
voltage-dependence of Iy,T activation, which is evident from Fig. 4C, which shows the
mean normalized Nav conductances measured at various test voltages in control and
Tsc1mut/mut pyrkinje neurons. However, the mean (+SEM) peak |y, measured during
these depolarizing voltage steps was found to be significantly lower in 7sc2m//mut ce|ls
compared to control cells (Fig. 4D). Similar to the voltage-clamp results from dissociated
Purkinje neurons, no differences were measured in the voltage-dependence of Iy, steady-
state inactivation (Fig. 4E) or in the kinetics of In,T decay (Fig. 4F). Together, these data
indicate IngT gating properties are similar in control and 7sc2™“/mut adylt Purkinje neurons,
however, InaT peak amplitudes are significantly reduced in 7sc2™umut ce|ls, suggesting
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7sc1 deletion may affect the expression and/or localization of Nav channels in 7sczmu@/mut
cells.

3.3. Integrated anti-ankyrinG and anti-pan Nav immunofluorescence are diminished at the
AIS of Tsc1mut/mut pyrkinje neurons

To explore if the reduced amplitude of peak IngT in 75c2™//Mut cells (Fig. 4D) reflects

a change in the expression properties of Nav channels, secondary immunofluorescence
was used to label Nav channels expressed along the Purkinje neuron AIS. AnkyrinG
secondary immunofluorescence was used as a marker for the Purkinje neuron AlS.
Calbindin immunofluorescence or Cre-mediated tdTomato expression (in Ail4 crossed
mice, see Methods), were used to identify immunolabeling on membranes specific to
Purkinje neurons. In Fig. 5A, immunolabeling in a parasagittal cerebellar section from

a Cre-positive control animal (crossed with the Ail4 Cre-reporter line) is shown. Anti-

pan Nav channel immunofluorescence (shown in green, panel 2) is co-localized with anti-
ankyrinG fluorescence (red, panel 3) along the AIS segment extending from Purkinje neuron
somata (/magenta, panel 4). The combined image is shown in panel 1 of Fig. 5A with
co-localized anti-pan Nav and anti-ankyrinG immunofluorescence along Purkinje neuron
AISs appearing yellow. In Fig. 5B, the fluorescence signal of pan-Nav and anti-ankyrinG
secondary immunolabeling are compared between the AIS of an adult Purkinje neuron
from a control animal (upper panels) and a 7sc2™““mut animal (lower panels). Using line-
scans drawn along the AlS region extending from the Purkinje neuron soma, we measured
the intensity values of anti-pan Nav and anti-ankyrinG immunofluorescence and plotted
these intensity values against distance from the Purkinje neuron soma. The mean (£SEM)
intensity values for anti-ankyrinG (Fig. 5C) and anti-pan Nav (Fig. 5D) immunofluorescence
are clearly diminished along the AIS of 7scz™U/mut cells compared to controls. From these
plots, we calculated the integrated fluorescence intensity at the AIS by measuring the area
under the curve (AUC), which revealed significantly reduced anti-ankyrinG (Fig. 5E) and
anti-pan Nav (Fig. 5F) labeling in 7sc2muvmut ce||s,

3.4. Heterozygous Tscl deletion causes slight changes in AIS immunofluorescence and
does not affect membrane excitability

We tested if the selective deletion of a single 7scZ allele also affects the integrated
anti-ankyrinG and anti-pan Nav immunofluorescence intensity along the AlS. In these
experiments, comparing AlS labeling in control and heterozygous ( 7sc2™/*;Cre-positive)
Purkinje neurons, we measured significant reductions in the mean (+SEM) integrated
intensity of both anti-ankyrinG (Fig. 6A, B) and anti-pan Nav (Fig. 6C, D) labeling
(P<0.01, Welch’s unpaired £test). Mean (SEM) anti-ankyrinG and anti-pan Nav
channel integrated AIS immunofluorescence from 7sc2™%* cells was also determined

to be significantly (P< 0.0001, Welch’s unpaired t-test) higher than values measured in
Tsc1mutmut cells (plotted in Fig. SE, F).

We tested if 7sc2™%* Purkinje neurons have deficits in repetitive firing (representative
firing shown in Fig. 7A) that, similar to the immunofluorescence measurements, are
intermediate to the firing deficits measured in wild type control and 7sc2™“/mut (Fig.

2) Purkinje neurons. However, these experiments revealed 7scI™/* Purkinje neurons are

Neurobiol Dis. Author manuscript; available in PMC 2025 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

Page 11

similar to wild type control cells in measures of intrinsic excitability. In Fig. 7, the mean
(xSEM) spontaneous and evoked repetitive firing frequencies are plotted and are similar
between wild type control and 7scZ™/* Purkinje neurons (Fig. 7B, C). Additionally, action
potential waveform measurements, including the action potential threshold voltage, APD,
and action potential amplitudes (Fig. 7D, E, F), are also similar between these groups.

3.5. Action potential derivative plots reveal action potential initiation at the AIS is
impaired in Tsc1Mut/mut pyrkinje neurons

The AIS in Purkinje neurons functions as the site of action potential generation/initiation
(Khalig and Raman, 2006). Purkinje neuron action potentials propagate to vestibular and
deep cerebellar nuclei, driving GABA release onto post-synaptic cells. Action potentials
also back-propagate into the Purkinje neuron soma causing a secondary (somatic) spike
waveform. AIS (primary) and somatic (secondary) spikes can be resolved through analysis
of the first and second derivative of the action potential waveforms (Stuart and Hausser,
1994; Bean, 2007; Meeks and Mennerick, 2007). Because our findings suggest 7scz
deletion affects Purkinje neuron firing properties via Nav channel localization at the AlS,
we examined 2nd derivative plots of action potential waveforms from 7sc1™M//mut gng
control Purkinje neurons to determine if spike initiation and backpropagation into the
somatic compartment are affected. Representative action potentials (Fig. 8A), with the
corresponding 1st (AZ, dV/dt) and 2nd (A2, dV2/dt) derivative voltage plots (time-locked
with action potential traces), are shown for control and 7sc2™“¥mut cyrrent-clamp records.
In 7sc1muvmut cells, the 1st derivative plot over time (dV/dt) reveals a pronounced hitch,
(highlighted by the green arrow) during the upstroke of the curve. In the Tsc2m/mut 2nd
derivative record, this hitch in the 1st derivative plot corresponds with a clear separation
between two positive peaks that reflect spike initiation in the AIS (first peak) and in the
somatic compartment (second peak). Asterisks highlight the positive peaks in the second
derivative voltage plots (A2). Compared to similar plots from a control Purkinje neuron,
there is a notable increase in the delay between action potential generation at the AIS

and in the soma. The delay between spike generation is quantified by measuring the time
between the two peaks of the the 2nd derivative plots. The mean (+ SEM) delay between
AlS and somatic spikes is significantly longer in 7sc2™“/mut pyrkinje neurons compared to
wild type controls (Fig. 8B), suggesting an impairment in the back propagation of spikes
generated in the AIS into the somatic compartment of these neurons. It is also evident from
the first derivative representative plots (Fig. 8 Al) that the maximal dV/dt is reduced in
Tsc1mut/mut cells, This effect is directly evident in phase plots in which dV/dt is plotted
against voltage for 7sc1™M//mit and control cells (shown in Fig. 8C). In Fig. 8D, the peak
dV/dt values for action potentials recorded from wild type control and 7sc2Mt/mut ce||s
are plotted, revealing 7sc2™//mut pyrkinje neurons indeed have significantly lower mean
(x SEM) peak dV/dt values, which is consistent with the reduced In,T and anti-pan Nav
labeling measured at the AIS of 7sc2™//mut pyrkinje neurons. Longer APD in Tsc1muvmut
cells (presented in Fig. 2D) also corresponds with action potentials from these cells having
significantly reduced slope values (compared to control cells) during the action potential
upstroke (measured as maximum dV/dt, Fig. 8D, Table 1). It is also notable that the
minimum dV/dt, reflective of action potential downstroke slope, is significantly reduced

in Tsc1mutmut ce||s (see Table 1), which may reflect changes in the expression and/or gating
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properties of other ionic currents/channels necessary for action potential termination and/or
changes in membrane passive properties and cell morphology. Consistent with Tsai et al.
(2012), calbindin fluorescent labeling revealed mean (£ SEM) soma area is significantly (P
=0.0012) greater in 7sc2™¥mut pyrkinje neurons compared to controls (see Supplemental
Fig. 5).

3.6. Partial Nav channel block recapitulates effects of Tscl deletion on Purkinje neuron
action potential waveforms

Nav channels expressed along the AlS are the site of action potential generation and regulate
the repetitive firing frequencies in cerebellar Purkinje neurons (Khalig and Raman, 2006;
Bosch et al., 2015). Homozygous 7scZ deletion in Purkinje neurons resulted in reduced
anti-pan Nav labeling at the AlS, which corresponded to attenuated repetitive firing as

well as reduced peak Nav currents measured in adult 7sc2™““mut pyrkinje neurons. To
explore if Nav channels are directly responsible for these changes, we used subsaturating
concentrations of the selective Nav channel blocker TTX to test how partial Nav channel
block/loss affects action potential properties in control Purkinje neurons. Partial Nav channel
block resulted in similar changes to the action potential waveform as those measured in
Tsc1muvmit cells (Fig. 9A). Across six wild type cells, 1 nM TTX resulted in a significant
depolarized shift in the action potential threshold voltage (Fig. 9B), an increase in APD

(Fig. 9C), and reduced action potential amplitude (Fig. 9D). Additionally, the maximum
dV/dt in the action potential waveform was significantly reduced after TTX exposure (Fig.
9E) and the delay between spike initiation in the AIS and somatic compartment, measured
from 2nd derivative action potential plots, was significantly increased (Fig. 9F) after TTX
exposure. These changes in the action potential waveform after partial Nav channel block
suggest reduced Nav channel expression/availability at the AIS of Tsc1mWmit ce|ls is a
major contributor to the impaired excitability of these cells. It is important to note, however,
that partial Nav channel block (under 1 nM TTX) causes Purkinje neurons to transition

from a state of sustained repetitive firing to exhibiting intermittent quiescence, which is
followed by several seconds repetitive action potential firing that often includes intermittent
calcium spikes (data not shown). This effect of TTX on Purkinje neuron firing is a clear
deviation from the reduced repetitive firing frequency measured in 7sc2/™“/mut pyrkinje
neurons, which exhibits continuous action potential firing and lacks small amplitude calcium
spikes. These differences may reflect that 7sc deletion drives additional changes, beyond
reduced Nav channel expression, that may impact Purkinje neuron excitability, and that the
acute block (by TTX) of voltage-gated Nav channels impairs Purkinje neuron capacity for
sustained repetitive action potential firing.

4. Discussion

Deletion of 7sc1 selectively in cerebellar Purkinje neurons results in multiple ASD-like
behavioral phenotypes that are linked to attenuated Purkinje neuron firing (Tsai et al., 2012,
2018; Lawson et al., 2024). TSC1 and TSC2, known as hamartin and tuberin, respectively,
combine to form a protein complex that acts as a GTPase activating protein (GAP) for

the small GTPase Rheb, effectively inhibiting its activity and subsequently downregulating
the mTORC1 pathway (Kwiatkowski, 2003). The diverse and varying symptoms linked
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to tuberous sclerosis are driven by global autosomal dominant loss-of-function mutations
in 7SC1 or 7SC2 (European Chromosome 16 Tuberous Sclerosis Consortium, 1993;
Crino et al., 2006; Au et al., 2007), which may cause different and potentially more
numerous deficits in Purkinje neuron and cerebellar circuit function than those measured
in 7sc1muvmut gnimals. Across cell types, however, inactivation of either 7scZ or 7sc2
results in exaggerated mTORC1 signaling and excessive cellular growth and metabolism
(Wullschleger et al., 2006; Inoki and Guan, 2009), which can, over time, drive stress-
mediated apoptosis (Ng et al., 2011). Purkinje neurons in the 7scZ™/mut model are no
exception. 7scI™Umut pyrkinje neurons have increases in soma size, greater numbers

of dendritic spines, and reduced survival in animals =8 weeks-old (Tsai et al., 2012).

In younger (6 week-old) 7sc2MV/mut gnimals, as well as in heterozygote 7scZ deletion
(Tsc1™#*) animals, no significant changes in Purkinje neuron survival were detected by
Tsai et al. (2012). In the present study, 7scI™/¥mut mice were bred on a C57BL/6 J strain
background, which is different from 7scZ mutant mice used in Tsai et al. (2012), which
were of mixed genetic backgrounds (C57BI/6 J, 129 SvJae, BALB/cJ). The distinct strain
backgrounds may result in differences in Purkinje neuron pathology, such as the progression
of Purkinje neuron apoptosis, which has not been characterized in the strain used here.
The distinct strain backgrounds may also account for the differences in the properties

of 7scI mutant membrane excitability identified in Tsai et al. (2012) and in the current
study. For instance, in heterozygous 7s5cI mutant Purkinje neurons (4—6 weeks-old), Tsai
et al. (2012) measured clear reductions in action potential firing, while we measured no
significant changes. Membrane capacitance is a common measure of membrane surface
area (Golowasch et al., 2009). In our current-clamp recordings from mutant ( 7sc2/mu/mut
and 7sc1™%*) Purkinje neurons, average membrane capacitance values were higher than
wild type control cells, but not significantly different (Table 1). Using immunofluorescent
labeling of Purkinje neurons, we determined the mean soma area of 6-—8 week-old
Tsc1muvmut ce|ls s significantly greater than control Purkinje neurons (see Supplemental
Fig. 5). In Tsc1mu/mut ce||s, taken from 5 to 7 week-old animals, we measured significantly
attenuated repetitive firing frequency compared to wild type controls, suggesting the ASD-
related behavioral phenotypes previously measured in these 7sc2™““mMut gnimals are at least
initially, a result of attenuated Purkinje neuron firing. In these current-clamp studies, mean
firing frequencies did not differ between male and female animals or between cells taken
from younger (<6 week-old) and older (>6 week-old) animals (within both wild type and
Tsc1mut/mut datasets, see Supplemental Fig. 1).

We investigated the biophysical/molecular mechanisms underlying 7sc2™/mut pyrkinje
neuron deficits in repetitive firing and uncovered diminished peak Nav current and reduced
secondary fluorescent labeling of Nav channels at the axon initial segment (AIS) of

adult 7sc2mumut cells. Using subsaturating concentrations of the selective Nav channel
blocker TTX, we determined an acute partial block of Nav channels in wild type Purkinje
neurons results in changes in the action potential waveform that mirror those measured in
Tsc1mut/mut cels, The AlS has previously been shown to be the site of action potential
initiation and is critical for regulating repetitive simple spike activity in mouse Purkinje
neurons (Khaliq and Raman, 2006; Bosch et al., 2015). In 7sc2™“¥mut pyrkinje neurons,
we found an increased delay in the propagation of action potentials from the AIS into

Neurobiol Dis. Author manuscript; available in PMC 2025 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

4.1.

Page 14

the somatic compartment. AnkyrinG, a cytoskeletal linker protein and critical organizer of
the AIS, was also found to have reduced secondary immunofluorescence at the AlS of
Tsc1™MUmut pyrkinje neurons, suggesting the reduced Nav channels/currents may reflect a
more general dysregulation and function of the AIS in Tsczmu/mut ce||s,

Molecular mechanisms of impaired firing in Tsc1l mutants

Tuberous sclerosis is an autosomal dominant disorder caused by global loss-of-function
mutations in 7SC1 or 75C2 (Northrup, 1992). In the presented data, we detected no changes
in the intrinsic excitability of 7scZ™/%* Purkinje neurons from 5 to 8 week-old mice, and
significant (although slight) reductions in anti-pan Nav and anti-ankyrinG labeling along the
AIS of TscI™M/ animals. Tsai et al. (2012) previously measured attenuated spontaneous
and evoked firing frequencies of 7sc2™/* cells from 4 to 6 week-old animals, and these
changes in excitability corresponded with deficits in social interaction behavior (measured
in 7-9 week-old mice), although no deficits in motor coordination (assessed via the rotarod
assay) or in gait were measured (Tsai et al., 2012). In a previous investigation, we also
determined balance and motor coordination were not impaired in 9-11 week-old 7sc2m/*
animals, while social interaction deficits were measured in 9-11 week-old 7sc2™/%* males
(Lawson et al., 2024). Given that we measured significantly reduced anti-pan Nav and anti-
ankyrinG AlS immunofluorescence in 7scI™“%* cells, it is surprising we did not measure

a firing deficit in 5-8 week-old 7sc2™“%* Purkinje neurons. It is possible changes driven

by 7sc1 haploinsufficiency in Purkinje neurons are progressive and will eventually cause
AIS dysfunction in older 7sc2™/* cells. Our measurements of firing and AIS organization
were confined to Purkinje neurons within lobules 11-V1 of the spinocerebellum (vermis and
paravermis) and so it is also possible that Purkinje neurons in the cerebellar hemispheres are
differentially affected by heterozygous 7scI deletion.

In these studies, the attenuated firing of 7sc2™/mut pyrkinje neurons was linked to impaired
initiation and propagation of action potentials at the AIS, and reduced anti-ankyrinG and
anti-pan Nav integrated immunofluorescence at the Purkinje neuron AlS. However, other
factors may also contribute to this reduced excitability. We found 7sc2™/mut cells have
significantly lower input resistance compared to control cells (Table 1, Tsai et al., 2012),
which may contribute to or cause the reduced maximum and minimum dV/dt values (action
potential slope) measured in these cells. While the reported changes in membrane input
resistance were taken from the Purkinje neuron somatic compartment, changes in AlS
morphology and/or leak channel expression may reduce input resistance within the AIS

and directly impact action potential generation. mMTORCL1 inhibition has previously been
shown to cause increases in calcium-activated potassium current (Ixca) in CA1 pyramidal
neurons (Springer et al., 2014). If this mechanism is conserved in Purkinje neurons, targeted
deletion of 7scZ, and the resulting increase in mTORCL activity, may result in reduced

Ikca and contribute to the impaired firing of 7sc2™/mit cells, Additionally, there may be
some level of Purkinje neuron death/apoptosis, even in 6 week-old 7sc2M//mut gnimals.
Purkinje neuron axon collaterals have been shown to form synapses on neighboring Purkinje
cells in the parasagittal plane (Witter et al., 2016), and thus, a loss of these synapses due

to neighboring cell death may affect the firing properties of 7sc2™//mut pyrkinje neurons.
However, because these synapses between Purkinje cells are inhibitory (Ito et al., 1964;
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Obata et al., 1967), we would not expect a loss of these synaptic inputs to drive reduced
membrane excitability.

Similar to its role in AIS structure/function, ankyrinG is thought to be critical for

the functional clustering of ion channels and scaffolding proteins at axonal nodes
(Dzhashiashvili et al., 2007; Yang et al., 2007; Gasser et al., 2012), however, in peripheral
sensory neurons, it was found that selective ankyrinG deletion results in compensatory
expression of ankyrin-R and Bl-spectrin at nodal junctions, rescuing the clustering of Nav
channels at these nodes (Ho et al., 2014). The effect of 7scZ deletion on the organization
and functioning of axonal nodes has not been investigated in Purkinje neurons (or other
neuronal cell types). Voltage-gated sodium and potassium channels are clustered at nodal
and paranodal junctions along the axons of Purkinje cells, which is necessary for spike
propagation and GABA release onto vestibular and DCN post-synaptic terminals (Barron et
al., 2018). Importantly, if there is a loss of Nav channel expression along Purkinje neuron
axonal nodes, it would suggest circuit deficits in the 7sc2“/mt mouse model might also (or
primarily) be driven by the failure of action potential propagation in Purkinje neuron axons.

Dysregulated axon initial segment in Tsc1™Mut/Mut pyrkinje neurons

AnkyrinG functions as a molecular scaffold that recruits cytoskeletal and channel proteins
to the AIS and other neuronal compartments (Yoon et al., 2022). Silencing ankyrinG
expression results in the loss of the AIS and causes axons to acquire dendritic characteristics
(Hedstrom et al., 2008). The longest isoform of ankyrinG (480 kDa) interacts with
endbinding proteins to drive AlS formation and establish neuronal polarity (Fréal et al.,
2016). As a functional organizer of the AIS, ankyrinG is essential for recruiting other AIS
proteins, including pIV-spectrin and Nav channels. While BIV-spectrin localization depends
on its interaction with ankyrinG, disrupting BlV-spectrin does not affect ankyrinG or the
ankyrinG-mediated clustering of Nav channels (Yang et al., 2007). We also know targeted
deletion of Fgrfi4, an accessory subunit which binds and regulates Nav channels, as well

as targeted deletion of Scn8a, which encodes the Nav1.6 pore-forming a subunit, does

not affect the expression/localization of ankyrinG at the Purkinje neuron AlS (Xiao et al.,
2013; Bosch et al., 2015). These previous reports, which together highlight ankryinG as

the primary organizer of the AlS, suggest the diminished anti-pan Nav immunofluorescence
at the AIS of Tsc1™¥mut pyrkinje neurons may be directly caused by reduced ankyrinG
expression.

Intracellular Fgfl14 (iFgfl4) interacts with Nav channels, regulating the voltage-dependence
of Nav channel steady-state inactivation (Bosch et al., 2015; Ransdell et al., 2024). In the
voltage-clamp experiments presented in Figs. 3 and 4, we found no changes in Nav channel
gating properties, including the voltage-dependence of steady-state inactivation, suggesting
iFgfl4-mediated regulation, and other mechanisms of post-translational regulation of Nav
channel gating remain intact in 7sc2™“/mut pyrkinje neurons. The lack of a change in Nav
channel gating was surprising due to the measured depolarized shift in the action potential
threshold voltage in 7sc2m¥mut cells (Fig. 2B), which suggested a potential change in the
voltage-dependence of Nav channel activation. Application of subsaturating TTX, resulting
in the partial and selective block of Nav channels, also resulted in a depolarized shift in
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action potential threshold voltage, indicating a loss of Nav channels/Nav current can also
underlie a depolarized shift in action potential threshold voltage.

Moving forward, to more accurately investigate changes in AlS properties in 7sc mutant
Purkinje neurons, super-resolution microscopy techniques such as STORM may provide
additional detail, especially if performed across sequential age groups, to delineate if
reduced ankyrinG expression at the AIS precedes changes in sodium channel alpha subunit
expression. Identifying how these changes correspond with morphological changes, firing
properties, and Purkinje neuron survival may also shed light on the primary drivers of
Purkinje neuron apoptosis in this model.

It is not clear why 75sc1 deletion, and potentially the exaggerated activity of mTORC1,
results in ankyrinG dysregulation. To date, there has not been a direct association of
mTORC1 signaling with ankyrinG expression/localization. However, ankyrinG at the AIS
of primary cortical neurons has been shown to be negatively regulated by activation of

the NF-xB transcription factor (Konig et al., 2017). NF-xB is a ubiquitously expressed
transcription factor maintained in its inactive form in the cytosol, and on activation, is
translocated into the nucleus (Bonizzi and Karin, 2004). NF-xB activation relies on 1xB
kinase (IKK) activity (Liu et al., 2012), which has also been demonstrated to phosphorylate
and increase mTORC1 activity (Dan et al., 2007, 2014). In a tumor cell model of tuberous
sclerosis, increases in mMTORCL1 activity have been shown to also activate IKK/ NF-xB (Gao
et al., 2015). The convergence of these pathways suggests exaggerated mTORC1 activity
after 7sc1 deletion (Tsai et al., 2012) may result in a corresponding increase in the activation
of NF-xB, driving reduced ankyrinG expression.

Our data bring into question if 7scZ deletion in other neuronal cell types has a conserved
deleterious effect on the functioning of the AIS. Across cell types, the loss of 7sc1

appears to have varying effects on neuronal firing, although results from these studies

have typically revolved around changes to synaptic strength/function. For instance, loss of
Tsc in hippocampal neurons was found to drive hyperexcitability in hippocampal cultures
via reduced synaptic inhibition onto excitatory pyramidal neurons (Bateup et al., 2013). In
layer 2/3 cortical pyramidal neurons, 7scI deletion results in reduced inhibitory synaptic
currents mediated by GABA receptors but has no effect on excitatory currents. In the
striatum, however, 7sc deletion was shown to selectively enhance the intrinsic excitability
in striatonigral, but not striatopallidal neurons. The increased excitability of striatonigral
cells was associated with significantly reduced inwardly rectifying potassium currents and
an increase in membrane input resistance (Benthall et al., 2018). In 7sc2™/mut pyrkinje
neurons, we found mean input resistance was significantly reduced (Table 1), an effect

also reported by Tsai et al. (2012). Notably, the rheobase current in the 7scZ knockout
striatonigral neurons was significantly reduced, suggesting the AIS in these cells remains
functional and is potentially more excitable than wild type controls, which, when considered
with the results from Purkinje neurons presented here, indicates the effects of 7scZ deletion
on neuronal intrinsic excitability are likely cell-type specific.
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Fig. 1. Tscl deletion causes reduced repetitive firing in adult cerebellar Purkinje neurons.
A. Tsc1 was selectively deleted from mouse cerebellar Purkinje neurons by crossing 7sc

floxed mice with a transgenic line in which the L7/Pcp2 promoter directs hemizygous Cre-
recombinase expression (see Methods). To verify Purkinje neuron specific Cre-recombinase
expression, Cre-positive animals were also crossed with a Cre-reporter strain in which
Cre-mediated recombination drives tdTomato expression. In panel AZ, robust and selective
tdTomato fluorescence is found in the Purkinje neuron layer of a sagittal cerebellar slice (see
Methods) taken from a neonatal (P15) Cre-positive animal. B. Representative spontaneous
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action potential records are shown from Purkinje neurons in acute cerebellar slices from
adult control (top, black) and Tsc1™U¥mut (hottom, magenta) animals. C. In Tsczmut/mut
cells, the mean (x SEM) spontaneous firing frequency is significantly lower compared to
control cells (Welch’s unpaired #test: 2< 0.0001; control N'= 13, n= 32; Tsc1muv/mut ny
=6, n=21). D. Representative evoked firing records are also shown from control (top,
black) and Tsc1muvmut (hottom, magenta) cells. E. Mean (+ SEM) evoked firing frequencies
are plotted against current injections and reveal evoked firing in 7sc2™4/mut ce|ls is also
significantly (RM two-way ANOVA: P < 0.0001) attenuated compared to control cells (DF
=1, F-value = 56.1). F. The mean (x SEM) durations of repetitive firing during the 0.7 s
depolarizing current injections are plotted against depolarizing current injection amplitude
and reveals 7sc1™u¥mut ce|ls have an impaired capacity to sustain repetitive firing compared
to control cells (RM two-way ANOVA: P< 0.05; DF = 1, F-value = 4.3). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. Action potential waveforms recorded from Tsc1mut/mut Purkinje neurons are significantly
different from those recorded from control cells.

A. Representative action potential records from adult control (b/ack) and Tsc1mut/mut
(magenta) Purkinje neurons are overlayed for comparison. B. The mean (£ SEM) action
potential threshold voltage is significantly more positive in 7sc2™/mut cells (magenta
squares) compared to control (b/ack circles) cells (Welch’s unpaired t-test: P < 0.0001).

C. The mean (+ SEM) amplitude of the action potential waveform in 7sc2M“W/mu ce|ls is
significantly (Welch’s unpaired t-test: p=0.0256) reduced compared to the mean (x SEM)
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amplitude of control cells. D. Action potential duration values are significantly larger in
Tsc1mut/mut cel|s compared to controls (Welch’s unpaired t-test: P < 0.0001), (control N =
13, n = 32; Tsc1muwmut Nj= 6 n = 21). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Nav currents are similar in neonatal Tsc1Mutmut ang control Purkinje neurons.
In panel A., a representative micrograph of a dissociated neonatal (P15) Purkinje neuron

with a glass microelectrode used for patch recording is shown. B. Representative voltage-
clamp records of evoked In, during various depolarizing voltage steps are shown from a
neonatal control Purkinje neuron. Voltage commands are presented above the current records
in corresponding colors. C. The mean (+ SEM) peak transient sodium current (InaT) IS
plotted against voltage for control (N=5, n=9; black circles) and Tsc1m™¥mut (N=3 n=
11; magenta squares) cells and reveals no difference in the amplitudes of peak Iyt €voked
across depolarizing voltage steps (RM two-way ANOVA). Similarly, in panel D., plots of
the mean (= SEM) normalized conductance values (G/Gpax) against voltage indicate control
and Tsc1™Wmut neonatal cells have similar voltage dependence of activation (RM twoway
ANOVA). Boltzmann fits of control and 7sc2™““mMut normalized (mean) conductance values
have V1o values of =57 mV and — 56.9 mV, respectively. The mean (+x SEM) time constant
of IyaT inactivation (t; see Methods) is plotted against voltage in E. RM two-way ANOVA
analysis of these values revealed no significant difference across genotypes. F. The voltage-
dependence of I\, steady-state inactivation was assessed by initially stepping cells to
various conditioning voltages before stepping cells to a common (=20 mV) test potential

in which peak evoked Iyat Was measured. In the representative trace, command voltages

are shown above the current trace records in corresponding colors. G. Mean (x SEM)
normalized Inat (/1pmax) Values, measured during the common —20 mV voltage step, are
plotted against the preceding conditioning voltage for control (N =4, n =9, black circles)
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and Tsc1muvmut (N =3 n =11, magenta squares) cells, revealing no difference in the
voltage-dependence of Iy,T steady-state inactivation (RM two-way ANOVA). Boltzmann
fits of control and 7sc2™//Mut mean 1/lyax plots have V1), values of —-64.4 mV and —66.8
mV, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 4. Peak Nav currents are reduced in adult Tsc1mut/mut Purkinje neurons.
A. Adult Purkinje neurons were recorded in acutely isolated parasagittal cerebellar slices. In

the micrograph, a microelectrode (outlined in black) is shown patching a Purkinje neuron
(outlined in blue). B. To measure Nav currents in intact Purkinje neurons, a pre-pulse
voltage protocol (see Methods) was used measure Nav current properties in the soma and
proximal neurite. Representative Nav currents evoked using a protocol to measure the
voltage dependence of Iy, activation are shown with the command voltage steps shown
above the evoked current traces in corresponding colors. C. The normalized peak Nav
conductance (G/Gax) plotted against activation voltage reveals the voltage-dependence
of Nav conductance activation is similar in control and 7sc2™/¢mut pyrkinje neurons.
Boltzmann fits of control and 7sc2™//Mut mean conductance values have V1, values of
-48 mV and — 45.9 mV, respectively. D. The mean (x SEM) peak Iyt values plotted
against voltage, however, are significantly (P= 0.007, RM two-way ANOVA) reduced in
Tsc1mut/mut cel|s compared to control cells (control N= 6, n= 22, black circles, Tsc1muv/mut
N =6, n= 16, magenta squares). E. Plots of the normalized peak InaT (I/1max) €voked at
a common —20 mV voltage step, against the conditioning voltage (see Fig. 3F) reveal no
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change in the voltage-dependence of Iyt Steady-state inactivation (control: N =5, n=18;
black circles, Tsc1MWmut- N =5 n=13: magenta squares). Boltzmann fits of control and
Tsc1MUVmut mean 1/1yax plots have 1/, values of =72.1 mV and — 72.6 mV, respectively.
F. A plot of the time constant of Iy, inactivation (t; see Methods) against the activating
voltage step reveals control (N = 6, n = 22; black circles) and TscIM/MI(N =6, n = 16;
magenta squares) Purkinje neuron lygT inactivation kinetics are not significantly different
(RM two-way ANOVA). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 5. Anti-pan Nav and anti-ankyrinG immunofluorescence is reduced at the axon initial
segment of Tsc1MUYMUt pyrkinje neurons.

A. Secondary antibody fluorescent labeling was used to localize and measure the intensity
of anti-pan Nav (A. 2.) and anti-ankyrinG (A. 3.) labeling in Purkinje neurons labeled by
Cre-dependent tdTomato expression (A. 4.) shown in magenta. Combined images are shown
in image A.1. with anti-pan Nav (green) and anti-ankyrinG (red) dual labeling at Purkinje
neuron AlS appearing yellow. Images in A. were acquired from an adult control animal.

In panel B., anti-pan Nav and anti-ankyrinG labeling are presented and compared directly
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between individual Purkinje neurons from control (ygper) and Tsc2™¥mut (fower) animals
with merged (B. 1.), single channel antipan Nav (B. 2.), and single channel anti-ankyrinG
(B. 3.) labeling shown. White arrows in B. 1. upper and lower panels call attention to

the junctions between AlSs (yellow) and Purkinje neuron somata (magenta). The mean (£
SEM) intensity values of anti-ankyrinG (C.) and anti-pan Nav (D.) immunofluorescence are
plotted against distance along the AIS of control (black circles) and Tsc1™Ymit (sguares)
Purkinje neurons. Line scans were used to localize intensity measurements to the AIS (see
Methods). For intensity measures along the AIS of each cell, an area under the curve (AUC)
value was used to determine the integrated fluorescence intensity of the anti-pan Nav or
anti-ankyrinG signal at the cell AlS. Plots of these values reveal significantly (£ < 0.0001,
Student’s unpaired #test) reduced anti-ankyrinG (E.) and anti-pan Nav (F.) signals at the
AIS of Tsc1mutmut pyrkinje neurons (N = 4, 7= 28) compared to Purkinje neurons from
control animals (N = 4, n=31). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6. Heterozygous Tscl deletion (TsclmUt/+) results in slight reductions in anti-ankyrinG and
anti-pan Nav labeling at the Purkinje neuron AlS.

A. The mean (x SEM) fluorescence intensity values of anti-ankyrinG (A.) and anti-pan Nav
(B.) immunolabeling along the AIS of 7sc2™/% Purkinje neurons (N = 3, 7= 64) were
compared to intensity values from control Purkinje neurons (N = 4, n = 31). Analyses of
these data via area under the curve (AUC) measurements for individual cells revealed slight,
but significantly lower (Welch’s unpaired t-test, < 0.01) integrated fluorescence intensity
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of anti-ankyrinG (C.) and anti-pan Nav (D.) labeling along the AIS of 7sc2™/* purkinje
neurons compared to control cells.
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A. Spontaneous repetitive firing was recorded in 5-8 week-old wild type control (b/ack)

and 7sc1™% (blue) Purkinje neurons. Measurements of repetitive firing during spontaneous
activity, plotted in B. (unpaired Student’s t-test), or during depolarizing current injections,
plotted in C. (RM two-way ANOVA), reveal the deletion of a single 7scZ allele does

not significantly affect spontaneous and evoked firing frequency. Similarly, action potential
waveform properties of 7sc2“* Purkinje neurons, including the action potential duration
(D.), amplitude (E.), and action potential threshold voltage (F.), are not significantly
different (unpaired Student’s t-test) from measurements in wild type control cells (wild

type: N=13, n=32; TscI™¥*: N =6, n= 21). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Neurobiol Dis. Author manuscript; available in PMC 2025 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Brown et al. Page 35
A. |\ B -
> l
[S o
Q | =
= 30+ e Control
g [ | rscfmuvmw
0.1 ms “_; -
aa:» Bpm
L 20 B
[ =
£ o
Al. 5 . | g
= 0.004 1 % : ¥
5 10+ 0 000,80, EgH
2 s
< 0.002 { I
= A /| %% o
L —4 /
2 0.000 | . 0
g || "II
T |
o -0.002 A 0.1 ms |I |'I D ® Control
\ 600 - . B Tgoymutimut
A2. ]
) 7 - goo{ [
0.0005 S 400- .
= T - o ]
3 . ® Tooo{ %4888
> o) % 200 - 3 gﬁi &
o ] A ."‘! }".. ) 2 £ %3 L™
= 0.0000 ey ' | | eriatpsisheidrm 7] S400
= o £400 °
2 ] | | ¥ 04 = o
o | 2 3 s
3 ] |||' s “ugs
& , -200 H
5 ]
-0.0005- i
1 Ll 1 ] G
80 60 -40 20 0
Voltage (mV)

Fig. 8. Action potential derivative analyses reveal altered action potential initiation and

propagation in Tsc1MUYMUt pyrkinje neurons.

A. Representative action potential waveforms are presented from 6 week-old control (b/ack)
and TscI™Wmut (magenta) Purkinje neurons. In the AZ and A2 panels (below), plots
time-locked with the control and 7sc2/¢mut action potentials show the corresponding
voltage 1st-derivative (dV/dt, AZ) and voltage 2nd-derivative (dV2/dt, A2). The green arrow
highlights the hitch in the dV/dt plot during the action potential upstroke. Asterisks in A2
denote spike initiation in the AIS (first asterisk) and after a short delay, in the somatic
compartment (see Methods). B. Across cells, this delay, measured using 2nd-derivative
plots, was determined to be significantly longer in 7sc2“/mut cells compared to wild type
controls (Welch’s unpaired t-test, 7= 0.0012; wild type controls: N = 13, n = 32; Tsc1™/
mut: N = 6, n = 21). In C., representative phase plots corresponding to the action potentials
presented in panel A. are shown. D. The maximum dV/dt during the action potential
upstroke is significantly (unpaired Student’s t-test, P < 0.0001) reduced 7sc1mu/mut ce||s
compared to wild type controls. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 9. Partial Nav channel block causes similar changes to the action potential waveform as
those measured in Tsc1MUYMUt cg|js,

A. Measures of spontaneous action potentials were performed in control Purkinje neurons
before (black) and after (red) applying 1 nM tetrodotoxin (TTX). TTX is a selective Nav
channel blocker and 1 nM TTX partially blocks Purkinje neuron Nav channels resulting

in significant changes to the action potential waveform. B. Changes include a significant
(P<0.05) depolarizing increase in the action potential threshold voltage, (C.) a significant
increase in the action potential duration (P < 0.01), (D.) and a significantly reduced action
potential amplitude (P < 0.01). E. — F. Analyses of action potential 1st and 2nd derivatives
revealed TTX exposure significantly (P < 0.01) reduces peak dV/dt and increases (P <
0.01) the delay between the second derivative peaks. Paired Student’s #tests were used for
pre- and post-TTX comparisons. Experiments were performed on 6 Purkinje neurons in
cerebellar slices from two (N = 2) 6 week-old wild type animals. (For interpretation of the
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references to colour in this figure legend, the reader is referred to the web version of this
article.)
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