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Abstract

Trigeminal neuralgia is a rare and debilitating disorder that affects one or more branches of the trigeminal nerve, leading
to severe pain attacks and a poor quality of life. It has been reported that the Cay3.1 T-type calcium channel may play an
important role in trigeminal pain and a recent study identified a new missense mutation in the CACNAIG gene that encodes
the pore forming al subunit of the Cay3.1 calcium channel. The mutation leads to a substitution of an Arginine (R) by a
Glutamine (Q) at position 706 in the I-II linker region of the channel. Here, we used whole-cell voltage-clamp recordings
to evaluate the biophysical properties of Cay3.1 wild-type and R706Q mutant channels expressed in tsA-201 cells. Our data
indicate an increase in current density in the R706Q mutant, leading to a gain-of-function effect, without changes in the
voltage for half activation. Moreover, voltage clamp using an action potential waveform protocol revealed an increase in
the tail current at the repolarization phase in the R706Q mutant. No changes were observed in the voltage-dependence of
inactivation. However, the R706Q mutant displayed a faster recovery from inactivation. Hence, the gain-of-function effects
in the R706Q Cay 3.1 mutant have the propensity to impact pain transmission in the trigeminal system, consistent with a
contribution to trigeminal neuralgia pathophysiology.
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Abbreviations

TN Trigeminal neuralgia
WT Wild type

component for TN [13, 19]. TN is classified as “classi-
cal,” when a neurovascular compression of the trigeminal
root leads to morphological changes; “idiopathic,” when

VGCCs Voltage-gated calcium channels the cause is unknown; and “secondary,” which is usually
associated with other neurological disease such as multiple
sclerosis [9, 14, 19].

Introduction Recent studies have identified several new missense

Trigeminal neuralgia (TN) is the most common type of
craniofacial neuropathic pain, and it is defined as a sudden
unilateral severe shock-like pain in one or more branches
of the trigeminal nerve [4, 14]. TN is a rare condition, with
a prevalence of 4 to 8 cases per 100,000 patients/year with
some reported familial occurrences, suggesting a genetic
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variants in ion channels in TN patients, including some
that could be involved in regulating neuronal excitability
in trigeminal ganglion neurons [10-12, 25]. This includes
voltage-gated calcium channels (VGCCs) which allow
depolarization-induced calcium influx that in turn triggers
different calcium-dependent processes such as neurotrans-
mitter release, and the regulation of neuronal excitability
[18, 27]. T-type calcium channels contribute to both of these
processes, and their dysregulation has been associated with
various chronic pain states [17]. Moreover, mutations in the
CACNAIH gene that encodes the Cay3.2 calcium channels
have been associated with TN and shown to cause a gain-of-
function of channel activity [16].

Among the mutations previously described, a new mis-
sense variant in the CACNA G gene that encodes the Cay 3.1
channel was reported in a single patient [11]. This variant
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contains a substitution of an arginine (R) at position 706
to glutamine (Q), with a possibly damaging prediction by
PolyPhen2 [1]. This substitution is located in the domain
I-1I linker region of the Cay;3.1 channel, a region involved
in channel gating and trafficking (Fig. 1) [3, 29]. Here,
we investigated the electrophysiological properties of this
R706Q variant, demonstrating that this mutation causes a
gain-of-function in channel activity.

Methods
Molecular cloning

Site-directed mutagenesis using a wild-type (WT) human
Cay3.1 subunit clone in pcDNA3.1 (kindly provided by Dr.
Terrance Snutch) was performed using PCR (Pfu polymer-
ase) along with forward and reverse mutagenesis primers for
insertion of the R706Q missense mutation. The constructs
were analyzed by DNA sequencing after the mutagenesis
protocol.

Cell culture and cDNA transfection

Human embryonic kidney tsA-201 cells were cultured in
standard DMEM medium supplemented with 10% fetal
bovine serum (heat inactivated) and 50 U/ml penicillin
and 50 pg/ml streptomycin. Cells were kept at 37 °C in a
humidified incubator with 5% CO,. Cells were transiently
transfected with 3 pg of hCay3.1 WT or R706Q cDNA, and
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Fig.1 Schematic representation of the Cay 3.1 channel with approximate
location of the R706Q mutation. The Cay3.1 channel is composed of 4
transmembrane domains (DI-IV), and each domain is composed of 6
transmembrane segments. The fourth segment (S4) is positively charged
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0.5 pg of eGFP cDNA using the calcium phosphate method
[30]. To avoid batch to batch and day to day variability,
Cay3.1 WT or R706Q mutant were transfected on the same
day, with a total of 8 transfections, with both WT and mutant
channels tested on the same day.

Electrophysiology recordings

Whole-cell voltage-clamp recordings in tsA-201 cells were
performed 72 h post transfection at room temperature (2224
°C). Currents were recorded using an Axopatch 200B ampli-
fier linked to a computer equipped with pClamp 11.2 soft-
ware. Patch pipettes were filled with an internal solution
containing (in mM): 130 CsCl, 2.5 MgCl,, 10 HEPES, 5
EGTA, 0.5 Mg-GTP 3, and Na-ATP (pH 7.4 adjusted with
CsOH). The external solution contained (in mM): 10 BaCl,,
125 CsCl, 1 MgCl,, 10 HEPES, and 10 glucose (pH7.4
adjusted with CsOH). The linear leak component of the
current was corrected using a P/4 subtraction protocol and
current traces were digitized at 10 kHz and filtered at 2 kHz.
Junction potentials were left uncorrected because they were
very small (~ 3 mV in tsA-201 cells).

Current density-voltage (IV) relation curves were
obtained from the peak current of 140 ms depolarizing
pulses between — 80 and + 20 mV in 5 mV increments from
a holding potential of — 110 mV. The current density—volt-
age relationship was obtained by dividing the peak current
at each voltage by the cell capacitance. Data from individual
cells were fitted using the following Boltzmann equation: I
= ((Vp = View) X G /(1 + exp((V,, — V)/k,) where I is
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and is responsible for sensing changes in voltage. The fifth and sixth seg-
ments (S5 and S6) form the pore region. The R706Q mutation is located
in the intracellular loop that links DI and DII
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the peak current, V, and V., is the membrane potential and
the reversal potential, respectively, G, ,, is the maximum
conductance, V, is the voltage for half activation, and k, is
the slope factor. Conductance curves were obtained from the
IV curves by dividing the peak current at each depolarizing
step by the driving force according to the equation: G = I/
(V,, — V,.,) and normalized against the maximum conduct-
ance (G,,,,). Time constants of activation and inactivation
(T, and T, ) Were obtained by mono-exponential fits to the
rising phase and the decaying of the current.

Action potential waveforms were obtained from mouse
trigeminal ganglion recordings, and cells were clamped at a
holding potential of — 60 mV which was close to the meas-
ured resting membrane potential of TG neurons. The total
charge movement was calculated as the integral of the area
under the current evoked by the protocol. Two charge move-
ments were calculated, from O to 12 ms and 12.5 to 20 ms
(ramp and tail current, respectively).

Steady-state inactivation curves were obtained by applying
1-s conditioning pre-pulses from — 100 to— 15 mV in 5 mV
increments followed by a 50-ms test pulse to — 30 mV. Curves
were fitted with the equation: I, .1i,eq = 1/(1 + exp(—(V,,
— V)/k,)) where V, is the potential for half inactivation and
ky, is the slope factor. Recovery from inactivation was evalu-
ated by applying two test pulses (P1 and P2) from a holding
potential of — 110 mV; a 2-s P1 pulse and a 150-ms P2 pulse,
at—20 mV that were separated by an interval ranging from 1
ms to 8 s. P2/P1 was plotted as a function of time and fitted
using the following equation: Fractional recovery = Alx(1-
exp(-t/tpg) + A2x (1-exp(-t/ q,y), Where T, and Ty, are
the recovery time constants and Al and A2 are the relative
normalized fractional amplitudes of the fast and slow recovery
components.

slow

Statistical analysis

Electrophysiology data were analyzed using Clampfit 11.2
software (Molecular Devices) and fitted using GraphPad
Prism version 9 (GraphPad Software). D'Agostino-Pearson
normality test was performed. Statistical analysis was per-
formed using two-tailed Student’s ¢ test. All averaged data
are plotted as mean + SEM, and the results were considered
statistically significant if p < 0.05.

Results

The R706Q missense variant increases Ca,3.1
channel current density

tsA-201 cells were transfected with human Cay3.1 WT
channels or the R706Q mutant (Fig. 1) and then subjected
to patch clamp analysis. Representative traces for each

condition are shown in Fig. 2(A). Current density-voltage
curves for wild type and mutant revealed that the R706Q
mutant exhibited an increase in current density (Fig. 2(B)).
Corroborating the data in the IV curve, an increase in
the peak current density was observed with the mutant
(Fig. 2(D)). When we analyzed the maximum conductance,
we observed an increase in channel conductance in the
R706Q mutant compared to WT (Table 1). No significant
changes were observed in the voltage for half activation and
the time constant for activation (Fig. 2(C, E) and Table 1).

R706Q increases ion flux in response to action
potential-like stimuli

In step protocols, we observed that the R706Q mutant
increased the channel current density (Fig. 2(C and D)). To
investigate of the effect of the mutation in a more physi-
ological context, we examined the movement of Ba** using
an action potential-voltage-clamp protocol, using an action
potential waveform (Fig. 3(A)) recorded from a trigeminal
ganglion neuron [16]. Overall, we observed an increase in
Ba”* influx in the R706Q mutant compared to Cay3.1 WT
(Fig. 3(B)). An increase in barium current was observed
at the ramp phase (from 0 to 12 ms) of the action potential
(Fig. 3(C)) and at the repolarization phase (from 12.5 to 20
ms) (Fig. 3(D)). Moreover, the tail current in the R706Q
mutant was significantly larger when compared to Cay3.1
WT channels (Fig. 3(E)).

The R706Q mutation increases the recovery
from inactivation

Steady-state inactivation curves were recorded to assess
channel availability. No significant difference was observed
in the voltage for half inactivation or slope between the con-
ditions (Fig. 4(A) Table 1). On the other hand, analysis of
recovery from inactivation demonstrated a gain-of-function
in the R706Q mutant, with the mutant channel exhibiting a
faster recovery from inactivation (Fig. 4(B), Table 1). No
major difference was observed in the inactivation kinetics
(Fig. 4(C)).

Discussion

Some mutations in the CACNAIG gene have been associ-
ated with cerebellar ataxia and epilepsy [7, 22, 32]. A pre-
vious study reported a new missense variant in the CAC-
NAIG gene in a single patient with trigeminal neuralgia
[11]. It is important to highlight that the same patient also
harbors a gain-of-function mutation in the CACNAIA gene
that encodes Cay2.1 channels [15] and hence it is unclear
to what extent the two channels contribute to the clinical
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Fig.2 The R706Q mutation
increases channel current den-
sity. (A) Representative whole
cell current traces recorded in
response to depolarizing steps
from — 80 to + 20 mV from a
holding potential of — 110 mV
from tsA-201 cells express-
ing Cay3.1 WT or R706Q
channels. (B) Average current
density—voltage (IV) curves for
cells expressing Cay3.1 WT or
R706Q channels. (C) Voltage
dependence of activation. Acti-
vation curves were constructed
based on the parameters
obtained from the IV curves.
(D) Average peak current
density from cells expressing

Cay3.1 WT or R706Q channels.

(E) Time constant of current
activation as a function of volt-
age. Numbers in parentheses
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Table 1 Biophysical properties of Cay3.1 WT and R706Q channels
Va Gmax Vh Tslow Tfasl
Cay3.1WT  —-4048+1.18 —-557+020 1.39+0.16 —-6896+1.76 4.05+0.08 1059.00 +406.70  181.40 = 53.23
R706Q —-4095+1.09 -501+022 221+021** —-66.57+122 4.06+0.07 213.60+ 14.50* 56.47 + 5.99%

Parameters of voltage for half activation (V,, mV), activation slope factor (k, mV), maximum conductance (G,
vation (V,, mV), inactivation slope factor (k,, mV) and time constants (slow and fast) for recovery from inactivation (t

nS/pF), voltage for half inacti-
ms) for Cay3.1

max?

slow and fast>

WT and R706Q channel were obtained from the current— voltage, steady-state inactivation and recovery from inactivation curves from Figs. 2
and 4. Data are expressed as mean + SEM, two-tailed Student’s t test *p<0.05, **p<0.01 vs Cay3.1 WT.
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Fig.3 The R706Q mutation increases Ba’* influx in response to
an action potential waveform. (A) Action potential waveform from
mouse trigeminal ganglion neuron. (B) Current density in response
to action potential waveform for each condition. (C) Ba®>* flux dur-
ing the ramp phase (from 0 to 12 ms). (D) Ba?* movement during the

repolarization phase (from 12.5 to 20 ms). (E) Peak tail current den-
sity. Numbers in parentheses represent the number of cell recordings
per variant. Data are expressed as mean + SEM, two-tailed Student’s
ttest *p < 0.05, **p < 0.01 vs. CaV3.1 WT
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Fig.4 R706Q displays a faster recovery from inactivation. (A) »

Steady-state inactivation curves for Cay3.1 WT and R706Q channels.
The data were fitted with the Boltzmann equation. (B) Time course of
recovery from inactivation for Cay3.1 WT and R706Q channels. The
solid lines are bi-exponential fits. (C) Time constant of current inacti-
vation kinetics as a function of voltage. Numbers in parentheses rep-
resent the number of cell recordings per variant. Data are expressed
as mean + SEM., asterisks denote statistical significance (¢ test)

phenotype, and whether there is synergism in the effects of
the two mutations. Not all individuals with Cay3.1 gain-of-
function mutations present with trigeminal neuralgia. This
may be due to splice isoform specific functional effects of
such mutations, or alternatively the specific biophysical
properties that are altered by the mutations that may or may
not manifest themselves strongly within in the specific firing
properties of trigeminal neurons.

The R706Q missense variant is located in the I-IT linker
region, an important region in T-type calcium channels that
is involved in channel trafficking, and this may explain the
increase in current density [2, 3, 26, 29]. Indeed, previous
findings showed that single-nucleotide polymorphisms in the
I-1I linker region of T-type channels increase the channel's
cell surface expression levels [29]. The increase in current
density observed in the R706Q Cay3.1 channel could thus
be due to an increase in channel trafficking, but alternatively
through changes in single channel conductance and/or maxi-
mum open probability. The latter possibility would not be
without precedent, since a previous study from our group
demonstrated that a single point mutation in the I-II linker
region of the Cay,3.2 channel increases current density with-
out changing channel trafficking [16].

The major contribution of T-type channels during the
action potential is at the repolarizing phase, where the strong
driving force creates a tail current that supports substantial
ion influx [5, 21]. This increase in ion influx in the R706Q
mutant could potentially trigger the hyper-activation of vari-
ous calcium-dependent signaling pathways as well as alter-
ations in low threshold neurotransmitter release [31]. The
recovery from inactivation is a critical property of T-type
calcium channels, as recovery from inactivation is closely
linked to rebound bursting [23]. The faster recovery from
inactivation observed here would thus be consistent with
an increase in trigeminal neuron excitability and thus the
clinical pain phenotype. Moreover, during rapid trains of
action potentials, a more rapid recovery from inactivation
would be expected to lead to less accumulation of inacti-
vated channels, thus leading to maintenance of T-type chan-
nel mediated calcium entry [6]. That said, we note that there
is heterogeneity in the firing properties of trigeminal gan-
glion neurons, including burst firing, and the physiological
impact of the observed biophysical alterations may therefore
vary with neuronal subtype [20, 24, 28]. Also, in line with a
potential role of Cay,3.1 in trigeminal neuralgia is evidence
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from Cay,3.1 null mice. In a model of trigeminal neuropathic
pain, Cay 3.1 null mice still develop mechanical hyperalge-
sia, however, to a lesser degree when compared to wild type
littermates [8], which then may suggest that a gain-of-func-
tion in these channels may have the opposite effect.

In summary, the R706Q variant is the first Cay3.1 channel
mutation to be associated with a chronic pain condition. Our
functional analysis of the Cay3.1 variant revealed an overall
gain-of-function that could contribute to trigeminal pain. It
is important to highlight that the analysis was conducted
in a heterologous system, providing only a snapshot of the
phenotype of the mutation. Therefore, additional analysis in
native tissues will be necessary to further validate these find-
ings. Nonetheless, the Cay 3.1 calcium channel may emerge
as a potential target for treating trigeminal neuralgia.
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