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BRIEF REPORT

Transcriptomic analysis of glycan-processing genes in the dorsal root ganglia of
diabetic mice and functional characterization on Cav3.2 channels
Robin N. Stringera,b, Joanna Lazniewskaa, and Norbert Weiss a

aInstitute of Organic Chemistry and Biochemistry, Czech Academy of Sciences, Prague, Czech Republic; bThird Faculty of Medicine, Charles
University, Prague, Czech Republic

ABSTRACT
Cav3.2 T-type calcium channels play an essential role in the transmission of peripheral nociception in the
dorsal root ganglia (DRG) and alteration of Cav3.2 expression is associated with the development of
peripheral painful diabetic neuropathy (PDN). Several studies have previously documented the role of
glycosylation in the expression and functioning of Cav3.2 and suggested that altered glycosylation of the
channel may contribute to the aberrant expression of the channel in diabetic conditions. In this study,
we aimed to analyze the expression of glycan-processing genes in DRG neurons from a leptin-deficient
genetic mouse model of diabetes (db/db). Transcriptomic analysis revealed that several glycan-
processing genes encoding for glycosyltransferases and sialic acid-modifying enzymes were upregu-
lated in diabetic conditions. Functional analysis of these enzymes on recombinant Cav3.2 revealed an
unexpected loss-of-function of the channel. Collectively, our data indicate that diabetes is associated
with an alteration of the glycosylation machinery in DRG neurons. However, individual action of these
enzymes when tested on recombinant Cav3.2 cannot explain the observed upregulation of T-type
channels under diabetic conditions.

Abbreviations: Galnt16: Polypeptide N-acetylgalactosaminyltransferase 16; B3gnt8: UDP-GlcNAc:
betaGal beta-1,3-N-acetylglucosaminyltransferase 8; B4galt1: Beta-1,4-galactosyltransferase 1;
St6gal1: Beta-galactoside alpha-2,6-sialyltransferase 1; Neu3: Sialidase-3
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Introduction

It is well established that increased expression of the
low-voltage-activated Cav3.2 T-type calcium channel
within neurons of the dorsal root ganglia contribute
to the sensitization of nociceptive sensory fibers in
response to hyperglycemia associated with diabetes,
leading to painful symptoms of peripheral diabetic
neuropathy [1–3]. This notion is further exemplified
by the observation that pharmacological blockade of
T-type channels alleviates diabetes-induced hyperal-
gesia in a leptin-deficient genetic mouse model of
diabetes (ob/ob) [4]. Furthermore, it has been
reported that removal of terminal sialic acid moieties
from complex glycan structures can normalize T-type
currents in DRG neurons isolated from ob/ob mice,
and reverse neuropathic pain in vivo [5], suggesting
that glycosylation of Cav3.2 could possibly represent
an underlying mechanisms contributing to the
enhanced expression of the channel during diabetes.

Protein glycosylation is a posttranslational modifi-
cation that refers to the co-valent addition of a sugar

molecule oligosaccharide (glycan) to specific residues
within the target protein. It is an essential chemical
process that contributes to the proper maturation,
sorting, and functioning of proteins including ion
channels [6,7], and several studies have documented
the importance of glycosylation for the expression of
Cav3.2 channels [8,9]. However, the underlying cellu-
lar mechanisms by which Cav3.2 channel may
undergo aberrant glycosylation during diabetes have
remained unknown.

In this study, we aimed to specifically analyzed
the transcriptomic profile of glycan-modifying
enzymes in DRG neurons from diabetic db/db
mice and assess the effect of these enzymes on
the expression of recombinant Cav3.2 channels.

Materials and methods

Animals

8 weeks old male db/dbmice and their control hiber-
nates were purchased from Janvier Labs and were
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kept under standard conditions for 3 weeks to allow
sufficient adaptation. The mean glycemia values mea-
sured using a glucocard X-meter ARKAY from blood
samples drawn from the tail were 8.2 ± 0.6 mmol/L
for wild-type animals (n = 6) and 29.9 ± 0.7 mmol/L
for db/db animals (n = 7).

Transcriptomic analysis

Transcriptomic analysis of glycan-modifying enzymes
was performed on total RNA harvested from the
dorsal root ganglia (lumbar L4/L6) of wild-type and
db/dbmice using the Glycosylation RT2 Profiler PCR
Array (Qiagen) according to the manufacturer’s
instructions. The PCR array and qRT-PCR were per-
formed on a LightCycler® 480 (Roche)with the follow-
ing PCR conditions: 95°C for 5 min, 40 cycles at 95°C
for 15 sec, 60°C for 15 sec, and 72°C for 20 sec. Each
test was run three times and the mean values were
taken to eradicate any discrepancies. 84 key genes
encoding glycan-processing enzymes were analyzed
and included glycosyltransferase and glycosidase for
several important sugars (galactose, glucose,mannose,
N-acetylgalactosamine, N-acetylglucosamine, fucose
and sialic acid).

Plasmid cDNA constructs

The cDNA construct encoding for the human Cav
3.2 wild-type in pcDNA3.1 was previously
described [10]. The plamid cDNAs encoding for
the human glycan-modifying enzymes Galnt16,
B3gnt8, B4galt1, St6gal1, and Neu3 in pCMV3
were purchased from Sino Biological.

Cell culture and heterologous expression

Human embryonic kidney tsA-201 cells were
grown in high glucose DMEM medium supple-
mented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin (all media were purchased
from Invitrogen) and maintained under standard
conditions. Cells were transfected using the cal-
cium/phosphate method using 2.5 ± g of Cav3.2
plasmid and 2.5 ± g of plasmid encoding for the
glycan-modifying enzymes. For transfections using
the channel alone, 2.5 ± g of empty pcDNA3
vector was added to the mixture to maintained
the total amount of cDNA.

Electrophysiology

Patch clamp recording of T-type currents in tsA-
201 cells expressing Cav3.2 channels was per-
formed 72 h after transfection in the whole-cell
configuration at room temperature (2224°C) as
previously described [11]. The external solution
contained (in millimolar): 5 BaCl2, 5 KCl, 1
MgCl2, 128 NaCl, 10 TEA-Cl, 10 D-glucose, 10
4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (pH 7.2 with NaOH). Patch pipettes
were filled with an internal solution containing (in
millimolar): 110 CsCl, 3 Mg-ATP, 0.5 Na-GTP, 2.5
MgCl2, 5 D-glucose, 10 EGTA, and 10 HEPES (pH
7.4 with CsOH), and had a resistance of 2–4 MΩ.
Recordings were performed using an Axopatch
200B amplifier (Axon Instruments) and acquisi-
tion and analysis were performed using pClamp
10 and Clampfit 10 software, respectively (Axon
Instruments). The linear leak component of the
current was corrected online and current traces
were digitized at 10 kHz and filtered at 2 kHz.
The voltage dependence of activation of Cav3.2
channels was determined by measuring the peak
T-type current amplitude in response to 150 ms
depolarizing steps to various potentials applied
every 10 s from a holding membrane potential of
−100 mV. The current-voltage relationship (I/V)
curve was fitted with the following modified
Boltzmann Equation (1):

I Vð Þ ¼ Gmax
V � Vrevð Þ

1þ exp V0:5�Vð Þ
k

(1)

with I(V) being the peak current amplitude at the
command potential V, Gmax the maximum con-
ductance, Vrev the reversal potential, V0.5 the half-
activation potential, and k the slope factor. The
voltage dependence of the whole-cell Ba2+ conduc-
tance was fitted with the following modified
Boltzmann Equation (2):

G Vð Þ ¼ Gmax

1þ exp ð V0:5�Vð Þ
k

(2)

with G(V) being the Ba2+ conductance at the com-
mand potential V.

The voltage dependence of the steady-state inac-
tivation of Cav3.2 channels was ascertained by
measuring the peak T-type current amplitude in
response to a 150 ms depolarizing step to −20 mV
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applied after a 5 s-long conditioning prepulse ran-
ging from −120 mV to −30 mV. The current
amplitude obtained during each test pulse was
normalized to the maximal current amplitude
and plotted as a function of the prepulse potential.
The voltage dependence of the steady-state inacti-
vation was fitted with the following two-state
Boltzmann function (3):

I Vð Þ ¼ Imax

1þ exp V�V0:5ð Þ
k

(3)

with Imax as the maximal peak current amplitude
and V0.5 as half-inactivation voltage.

The recovery from inactivation was determined
using a double-pulse protocol from a holding
potential of −100 mV. The cell membrane was
depolarized for 2 s at 0 mV (inactivating prepulse)
to ensure complete inactivation of the channel,
and then to −20 mV for 150 ms (test pulse) after
an increasing time period (interpulse) ranging
between 0.1 ms and 2 s at −100 mV. The peak
current from the test pulse was plotted as a ratio of
the maximum prepulse current versus interpulse
interval. The data were fitted with the following
single-exponential function (4):

I
Imax

¼ A� 1� exp
�t
τ

� �
(4)

where τ denotes the time constant of channel
recovery from inactivation.

Statistical analysis

Data values are presented as mean ± S.E.M. for
n measurements. Statistical analysis was performed
using GraphPad Prism 7. Statistical significance
was determined using a one-way ANOVA test
and datasets were considered significantly different
for p ≤ 0.05.

Results

Expression of glycan-processing enzymes in the
dorsal root ganglia of diabetic mice

In order to assess the expression of glycan-
processing enzymes in diabetic conditions, we per-
formed a differential transcriptomic analysis on the
dorsal root ganglia isolated from a transgenic mouse

model of diabetes (db/db) versus wild-type animals
(Figure 1). 19 out of 84 enzymes analyzed were
found significantly upregulated (p < 0.05) in diabetic
conditions (Figure 2am). The majority of these
enzymes (53%) belonged to the family of glycosyl-
transferases (Galnt1, Galnt4, Galnt12, Galnt16,
B3gnt8, Gcnt1, Mgat4 c, Uggt2, B3glct, and
B4galt1) that catalyze the transfer of saccharide moi-
eties from an activated nucleotide sugar to
a nucleophilic glycosyl acceptor molecule. In addi-
tion, 16% belonged to the family of mannosidases
(Man1a, Man2a1, andMan2b1) that hydrolyze man-
nose moieties; 16% to the family of fucosidases/fuco-
syltransferases (Fuca1, Fut8, and Pofut2); 5% to the
family of galactosides/glucosidases/hexosaminidases
(Ganab); and 10% to the family of sialidases/sialyl-
transferases (St6gal1, and Neu3) involved in the pro-
cessing of sialic acid moieties from complex glycan
structures (Figure 2m). In contrast, we did not
observe any enzymes that were significantly down-
regulated.

Functional effect of glycan-processing enzymes
on the expression of recombinant Cav3.2
channels

Next, we aimed to assess the functional impact of
up-regulated glycan-modifying enzymes on
recombinant Cav3.2 channels expressed in tsA-
201 cells. Six enzymes responsible for the proces-
sing of the glycan structure at different stages were
assessed: Galnt16 (N-acetylgalactosaminyltran
sferase) responsible for catalyzing the initial addi-
tion of N-acetylgalactosamine to a serine or threo-
nine residue on early protein precursors [12];
B3gnt8 (N-acetylglucosaminyltransferase) respon-
sible for the elongation of the polylactosamine
chains on tetraantennary N-glycans [13]; B4galt1
(Galactosyltransferase) which catalyzes the addi-
tion of galactose moieties to N-acetylglucosamine
of complex N-glycans in the Golgi apparatus [14];
St6gal1 (Sialyltransferase) responsible for catalyz-
ing the final transfer of sialic acid moieties from
CMP-sialic acid to galactose acceptor substrates
[15]; and Neu3 (sialidase) expressed in the plasma
membrane and responsible for removing sialic
acid moieties from glycoproteins and glycolipids,
acting in the opposite way of St6gal1 [16].
Representative T-type current traces recorded
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from cells co-expressing Cav3.2 with glycosyltrans-
ferases (Galnt16, B3gnt8, or B4galt1) and sialic
acid-modifying enzymes (St6gal1 or Neu3) are
shown in Figure 3a in response to 150 ms depo-
larizing steps ranging between −90 mV and
30 mV from a holding potential of −100 mV.
Unexpectedly, co-expression of glycosyltrans-
ferases with Cav3.2 nearly abolished T-type cur-
rents. For instance, the maximal T-type
conductance (Gmax) in cells expressing Cav3.2
with Galnt16, B3gnt8, and B4galt1 was reduced
by 98% (p = 0.0001) (20 ± 20 pS/pF, n = 14),
92% (p = 0.0003) (67 ± 28 pS/pF, n = 5), and
80% (p = 0.0002) (165 ± 21 pS/pF, n = 7), respec-
tively, compared to cells expressing Cav3.2 alone
(821 ± 68 pS/pF, n = 37) (Figure 3b,c). We also
observed a significant decrease of Gmax in cells co-
expressing the sialyltransferase St6gal1 by 52%
(p = 0.0028) (395 ± 74 pS/pF, n = 13) (Figure
3ac and Table 1). In contrast, we did not observe
a significant alteration (p = 0.7542) of Gmax in cells
co-expressing the sialidase Neu3 (921 ± 104 pS/pF,
n = 24) (Figure 3ac and Table 1). Altogether, these
data indicate that some of the glycan-processing
enzymes tested here can have a potent influence

on the expression of Cav3.2 that is consistent with
a loss-of-channel function.

Electrophysiological properties of Cav3.2
channels in the presence of sialic acid-processing
enzymes

Previous studies have shown that the terminal
sialic acid moiety attached to complex glycan
structures can affect the gating of voltage-gated
ion channels [17]. Therefore, we further assessed
the voltage-dependence of activation and inacti-
vation of Cav3.2 channels in the presence of the
sialyltransferase St6gal1 and sialidase Neu3. The
mean half-activation potential in cells expressing
St6gal1 was shifted by 4.9 mV (p = 0.0001)
toward depolarized potentials (−38.7 ± 0.7 mV,
n = 13) compared to cells expressing the channel
alone (−43.6 ± 0.6 mV, n = 37) (Figure 4a,b and
Table 1). In contrast, co-expression of Neu3 had
no significant effect of the voltage-dependence of
activation of Cav3.2. Furthermore, neither St6gal1
nor Neu3 altered the voltage-dependence of inac-
tivation (Figure 4c,d and Table 1) or the recovery
from inactivation of Cav3.2 channels (Figure 4e,f

Figure 1. Schematic representation of the transcriptomic analysis process. (a) Total RNA harvested from the dorsal root ganglia
(lumbar L4/L6) of wild-type and db/db mice and subjected to the Glycosylation RT2 Profiler PCR Array to analyze the expression level
of 84 genes encoding for glycan-processing enzymes.
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and Table 1). Altogether, these data indicate that
increased sialylation activity tends to negatively
modulate recombinant Cav3.2 channels when
expressed in tsA-201 cells.

Discussion

Increased expression of Cav3.2 in primary afferent
nociceptive fibers is causally linked to the

Figure 2. Summary of the transcriptomic profiling of glycan-modifying genes in the dorsal root ganglia of db/db mice. Data are presented
as fold change compared to wild-type animals for (a) N-acetylgalactosaminyltransferases, (b) N-acetylglucosaminyltransferases, (c)
Glucosyltransferases, (d) Galactosyltransferases, (e) Mannosyltransferases, (f) Sialyltransferases, (g) Galactosides/Glucosidases/
Hexosaminidases, (h) Mannosidases, (i) Sialidases, (j) Fucosidases/Fucosyltransferases, (k) Mannose-6-Phosphate synthesis/catabolism,
and (l) other glycosylation genes. Enzymes indicated in bold were functionally characterized on Cav3.2 channels. (m) Summary of up-
regulated genes.
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development of peripheral painful neuropathy asso-
ciated with nerve injury [18–20], antineoplastic
drugs [21–23], inflammation [24,25], and diabetes
[1,3]. Several studies have unraveled some of the
mechanisms underlying the pathological expression
of Cav3.2 and alteration of the posttranslational reg-
ulation of the channel including ubiquitinylation
[26], SUMOylation [27] and phosphorylation
[28,29]. Defects in these processes have emerged as
some of the primary reasons leading to enhanced
expression of the channel. Furthermore, altered

glycosylation of Cav3.2 was proposed to contribute
to the sensitization of nociceptive fibers in response
to hyperglycemia associated with diabetes [5]. In this
study, we show using a differential transcriptomic
approach that several glycan-modifying enzymes are
upregulated in DRG neurons from db/dbmice com-
pared to wild-type animals. These results are consis-
tent with previous studies reporting an alteration of
glycan-processing enzymes in the kidney of diabetic
mice [30]. Several of these enzymes contribute to the
processing of important sugars including glucose,

Figure 3. Influence of glycan-modifying enzymes on the functional expression of Cav3.2 channels. (a) Representative T-type current
traces recorded from cells expressing Cav3.2 alone (black traces) and in combination with Galnt16 (green traces), B3gnt8 (purple
traces), B4galt1 (orange traces), St6gal1 (red traces), Neu3 (blue traces) glycan-modifying enzymes in response to 150 ms
depolarizing steps ranging between −90 mV and 30 mV from a holding potential of −100 mV. (b) Corresponding mean peak
current density-voltage (I/V) relationship. (c) Corresponding mean maximal macroscopic conductance (Gmax) values obtained from
the fit of the I/V curves with the modified Boltzmann equation (1).

Table 1. Electrophysiological properties of human Cav3.2 channels expressed in tsA-201 cells in the presence of sialic acid-processing
enzymes.

Activation Inactivation RFI

Channel V0.5 (mV) k (n) Gmax (pS/pF) (n) V0.5 (mV) k (n) τ (ms) (n)

Cav3.2 −43.6 ± 0.6 4.5 ± 0.2 37 820 ± 68 37 −68.3 ± 0.9 2.9 ± 0.7 13 447 ± 34 11
+St6gal1 −38.7 ± 0.7* 5.5 ± 0.3 13 395 ± 74* 13 −70.7 ± 1.6 3.2 ± 0.3 8 550 ± 48 8
+Neu3 −41.8 ± 0.9 5.3 ± 0.2* 24 921 ± 104 24 −66.6 ± 1.3 3.7 ± 0.2 16 422 ± 39 7
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galactose, mannose, and fucose, and therefore altera-
tion of their expression level could potentially alter
the processing and maturation of the glycan struc-
tures. Furthermore, we found that several enzymes

involved in the processing of the terminal sialic acid
moieties found in complex glycan structures were
upregulated in diabetic conditions. This aspect is
particularly relevant in the context of PDN since

Figure 4. Influence of sialic acid-processing enzymes on the electrophysiological properties of Cav3.2 channels. (a) Mean normalized
voltage-dependence of T-type current activation for cells expressing Cav3.2 alone (black circles) and in combination with Neu3 (blue
circles) or St6gal1 (red circles). (b) Corresponding mean half-activation potential values obtained from the fit of the activation curves
with the modified Boltzmann Equation (2). (c,sd) Legend same as for (a,b) but for the voltage-dependence of steady state
inactivation. Half-inactivation potential values was obtained from the fit of the inactivation curves with the two-state Boltzmann
function (3). (e) Mean normalized recovery from inactivation kinetics. (f) Corresponding mean time constant values of recovery from
inactivation obtained from the fit of the recovery curves with the single-exponential function (4).
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enzymatic removal of sialic acid moieties with neur-
aminidase was reported to normalize T-type cur-
rents in DRG neurons isolated from diabatic mice
and to alleviate PDN in vivo [5]. Furthermore, sialy-
lation was reported to contribute to the hyperexcit-
ability of DRG neurons following peripheral nerve
injury [31]. However, our functional analysis on
recombinant Cav3.2 channels did not provide evi-
dence in support of a role for these enzymes in the
upregulation of Cav3.2 when co-expressed individu-
ally with the channel. For instance, co-expression of
glycosyltransferases Galnt16, B3gnt8, and B4galt1
with Cav3.2 produced an almost complete loss of
functional expression of the channel. However, sev-
eral studies have previously shown that glycosyl-
transferases can form heterodimers that contribute
to their subcellular expression, enzymatic activity,
efficient biosynthesis of glycan chains, trafficking
through intracellular vesicles, and substrate specifi-
cities [32]. For instance, binding of B3gnt8 appears
to cause a conformational change in the catalytic site
of B3gnt2 and increases its enzymatic activity [33].
Therefore, we cannot exclude that overexpression of
individual enzymes with Cav3.2 in tsA-201 cells as
performed in our study may not fully capture the
more complex situation in DRG neurons where the
expression several genes encoding for glycan-
modifying enzymes is altered at the same time and
there could be synergetic effects among the various
players. Furthermore, tsA-201 cells were grown in
high glucose medium which represents another vari-
able that could have influenced the phenotypic effect
of these enzymes on Cav3.2 channels. In contrast to
glycosyltransferases, co-expression of the sialyltrans-
ferase St6gal1 produced a relatively mild decreased
expression of the channel with a depolarized shift of
the voltage-dependence of activation, indicating that
sialylation contributes to the functioning of Cav3.2.
However, co-expression of the neuraminidase Neu3
that removes sialic acid moieties did not altered
expression of the channel, nor its gating properties.
These results are consistent with previous studies
showing that application of neuraminidase on tsA-
201 cells expressing Cav3.2 channels did not alter
channel function [8], which could suggest a low
basal level of sialylation in these cells.

Altogether, this study identified several glycan-
modifying genes whose expression is altered in DRG
neurons under diabetic condition. However, we did

not find evidence for a role of these enzyme in the up-
regulation of Cav3.2 channels. At this stage, we cannot
exclude that expression of glycan-modifying enzymes
in DRG neurons may have produced a different phe-
notypic effect on Cav3.2 and this aspect would deserve
further investigations in native conditions.
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Electrophysiological and computational 
analysis of  Cav3.2 channel variants associated 
with familial trigeminal neuralgia
Emilio R. Mustafá1†  , Eder Gambeta2†  , Robin N. Stringer1,3†  , Ivana A. Souza2, Gerald W. Zamponi2*   and 
Norbert Weiss1*   

Abstract 

Trigeminal neuralgia (TN) is a rare form of chronic neuropathic pain characterized by spontaneous or elicited parox-
ysms of electric shock-like or stabbing pain in a region of the face. While most cases occur in a sporadic manner and 
are accompanied by intracranial vascular compression of the trigeminal nerve root, alteration of ion channels has 
emerged as a potential exacerbating factor. Recently, whole exome sequencing analysis of familial TN patients identi-
fied 19 rare variants in the gene CACNA1H encoding for  Cav3.2T-type calcium channels. An initial analysis of 4 of these 
variants pointed to a pathogenic role. In this study, we assessed the electrophysiological properties of 13 additional 
TN-associated  Cav3.2 variants expressed in tsA-201 cells. Our data indicate that 6 out of the 13 variants analyzed 
display alteration of their gating properties as evidenced by a hyperpolarizing shift of their voltage dependence of 
activation and/or inactivation resulting in an enhanced window current supported by  Cav3.2 channels. An additional 
variant enhanced the recovery from inactivation. Simulation of neuronal electrical membrane potential using a com-
putational model of reticular thalamic neuron suggests that TN-associated  Cav3.2 variants could enhance neuronal 
excitability. Altogether, the present study adds to the notion that ion channel polymorphisms could contribute to the 
etiology of some cases of TN and further support a role for  Cav3.2 channels.

Keywords: Trigeminal neuralgia, Ion channel, Calcium channel, CACNA1H, Cav3.2 channel, Channelopathy

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Trigeminal neuralgia (TN) also referred as “tic dou-
loureux” is a rare form of chronic neuropathic pain 
syndrome originating from the trigeminal nerve that 
supplies sensation to the face. TN is characterized by 
recurrent and chronic paroxysms of electric shock-like 

or stabbing pain in the orofacial region (for reviews see 
[1, 2]). The pain usually lasts from a few seconds to a few 
minutes and may be so intense that it triggers involun-
tary wincing, hence the term tic. Most cases of TN are 
sporadic but familial forms exist and are likely to be 
underestimated [3]. In both situations, the etiology of TN 
remains largely unknown and neurovascular compres-
sion of the trigeminal root nerve represents the primary 
theory for the underlying cause of the disease. However, 
the observation that many TN patients do not show any 
sign of neurovascular compression, and conversely that 
individuals with compression do not necessarily develop 
symptoms, suggested the existence of additional factors. 
Hence, an alteration of neuronal excitability resulting 
from abnormal functioning of ion channels has emerged 
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as a potential underlying mechanism [4–7] and consist-
ent with this notion, the sodium channel blockers car-
bamazepine and oxcarbazepine represent the first line 
therapy in TN [8]. Moreover, alterations of the expression 
of several ion channels including sodium, calcium, and 
potassium channels have been reported in TN patients 
[9] as well as in preclinical rodent models [10–17]. In 
addition, rare polymorphisms in ion channel genes were 
identified in TN patients [18–20] suggesting the exist-
ence of predisposing genetic factors and gain-of-function 
mutations (GoF) were reported for  Nav1.6 [18],  Cav2.1 
[21], TRPM7 [22, 23], and TRPM8 channels [24].

Recently, TN-associated polymorphisms in the gene 
CACNA1H encoding  Cav3.2 calcium channels were 
reported [25].  Cav3.2 channels belong to the subfamily 
of low-voltage-activated T-type channels and are widely 
expressed throughout the nervous system where they 
play an essential role in the control of neuronal excitabil-
ity [26]. Importantly,  Cav3.2 is expressed in all structures 
of the trigeminal pathway including trigeminal ganglion 
sensory neurons [27, 28], the spinal trigeminal nucleus 
(SpV) [17] as well as several thalamic nuclei such as the 
ventroposterior nucleus (VPM) [29] that receives pro-
jections from the SpV. Hence,  Cav3.2 channels may be of 
direct relevance for the transmission of trigeminal sen-
sory information and a role for  Cav3.2 in TN-like syn-
drome was reported in a preclinical rodent model [17].

In this study, we aimed to provide a comprehen-
sion analysis of TN-associated CACNA1H vari-
ants with regard to their impact on the functioning 
of  Cav3.2 channels. Of the 19 variants reported [25], 
four had already been assessed for their impact on the 

biophysical properties of  Cav3.2 channels and revealed 
a variant-dependent effect such that G563R and P566T 
produced a GoF of the channel, E286K caused a mild 
loss-of-function (LoF), and H526Y did not cause any 
alteration [17, 30]. We now report the functional char-
acterization of 13 additional variants. Seven of these 
variants are located within cytoplasmic regions of 
 Cav3.2 including the N-terminal region (P30L), the 
loop connecting domains II and III (Q1049H and 
P1120L), the loop connecting domains III and IV 
(P1605H), the linker connecting transmembrane seg-
ments S2-S3 of domain IV (R1674), and the C-terminal 
region (P2280H and E2291K). Four additional variants 
are mapped within important structural determinants 
of the channel including the transmembrane segment 
S1 of domain II (I799V and A802V), the end of the S4 
voltage-sensor of domain IV (R1736C), and the fourth 
pore-forming loop (D1779Y). The two remaining vari-
ants are localized within the extracellular linkers con-
necting transmembrane segments S3-S4 of domain I 
(S187L) and S1-S2 of domain II (E819K) (Fig. 1). Elec-
trophysiological analysis of recombinant TN-associated 
 Cav3.2 variants in tsA-201 cells revealed a significant 
alteration in the gating properties of 7 out of the 13 
variants analyzed. In addition, introduction of these 
variants in a computational model of reticular thalamic 
neuron (nRT) enhanced rebound burst firing of action 
potentials. Taken together, these data suggest that 
altered gating of TN-associated  Cav3.2 variants may 
enhance neuronal excitability which could potentially 
contribute to the etiology of TN.

Fig. 1 Schematic representation of the membrane topology of  Cav3.2 depicting the amino acid position of TN-associated variants characterized in 
this study
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Materials and methods
Plasmid cDNA constructs and site‑directed mutagenesis
The  Cav3.2 variants were generated by site directed 
mutagenesis performed by GenScript using the wild-type 
human  Cav3.2 (containing exon 26) in pcDNA3.1 (kindly 
provided by Dr. Terrance Snutch) as template. The fidelity 
of all constructs was confirmed by full-length sequencing 
of the coding region.

Cell culture and heterologous expression
Human embryonic kidney tsA-201 cells were grown in 
DMEM medium supplemented with 10% fetal bovine 
serum and 1% penicillin/streptomycin (all media pur-
chased from Invitrogen) and maintained under standard 
conditions at 37 °C in a humidified atmosphere contain-
ing 5%  CO2. Heterologous expression was performed by 
transfecting cells with 5 μg of plasmid cDNAs encoding 
for  Cav3.2 variants and empty pEGFP vector as transfec-
tion marker using the calcium/phosphate method.

Patch clamp electrophysiology
Patch clamp recordings of T-type currents in tsA-201 
cells expressing  Cav3.2 variants were performed 72  h 
after transfection in the whole-cell configuration at room 
temperature (22–24  °C) in a bath solution containing 
(in millimolar): 10  BaCl2, 125 CsCl, 1  MgCl2, 10 D-glu-
cose, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES) (pH 7.4 with CsOH). Patch pipettes were 
filled with a solution containing (in millimolar): 110 
CsCl, 3  Mg-ATP, 0.5 Na-GTP, 2.5  MgCl2, 5 D-glucose, 
10 EGTA, and 10 HEPES (pH 7.4 with CsOH), and had 
a resistance of 2–4MΩ. The calculated liquid junction 
potential was about −  2.6  mV and therefore was cor-
rected from the recordings. Recordings were performed 
using an Axopatch 200B amplifier (Axon Instruments) 
and acquisition and analysis were performed using 
pClamp 10 and Clampfit 10 softwares, respectively (Axon 
Instruments). The linear leak component of the current 
was corrected using a P/4 subtraction protocol and cur-
rent traces were digitized at 10 kHz and filtered at 2 kHz.

The voltage dependence of activation of  Cav3.2 chan-
nels was determined by measuring the peak of the T-type 
current in response to 140  ms depolarizing steps from 
−  80  mV to + 20  mV in 5  mV increments preceded by 
a 200 ms hyperpolarizing prepulse to − 110 mV from a 
holding membrane potential of − 100 mV. The current–
voltage relationship (I/V) curve was fitted with the fol-
lowing modified Boltzmann Eq. (1):

(1)I(V ) = Gmax
(V − V rev)

1+ exp (V 0.5−V )
k

with I(V) being the peak current amplitude at the com-
mand potential V, Gmax the maximum conductance, Vrev 
the reversal potential, V0.5 the half-activation potential, 
and k the slope factor. The voltage dependence of the 
whole-cell T-type channel conductance was calculated 
using the following modified Boltzmann Eq. (2):

with G(V) being the T-type channel conductance at the 
command potential V.

The voltage dependence of the steady-state inactiva-
tion of  Cav3.2 channels was determined by measuring 
the peak T-type current amplitude in response to a 50 ms 
depolarizing step to -30 mV applied after a 1 s-long con-
ditioning prepulse ranging from -110  mV to -15  mV in 
5  mV increments. The current amplitude obtained dur-
ing each test pulse was normalized to the maximal cur-
rent amplitude and plotted as a function of the prepulse 
potential. The voltage dependence of the steady-state 
inactivation was fitted with the following two-state Boltz-
mann function (3):

with Imax corresponding to the maximal peak current 
amplitude and V0.5 to the half-inactivation voltage.

The recovery from inactivation was assessed using a 
double-pulse protocol preceded by a 50 ms-long hyper-
polarizing prepulse to -110 mV from a holding potential 
of -100 mV. The cell membrane was depolarized for 2 s at 
-20 mV (inactivating prepulse) to ensure complete inacti-
vation of the channel, and then to -20 mV for 150 ms (test 
pulse) after an increasing time period (interpulse) rang-
ing between 1 ms and 8 s at -110 mV. The peak current 
from the test pulse was plotted as a ratio of the maximum 
prepulse current versus interpulse interval. The data were 
fitted with the following single-exponential function (4):

where τ is the time constant for channel recovery from 
inactivation.

Computational modeling
Simulation of thalamic reticular neuron (nRT) firing was 
performed using the NEURON simulation environment 
(https:// sense lab. med. yale. edu/ Model DB/) [31] in the 
three-compartment model previously described [32]. 

(2)G(V ) =
Gmax

1+ exp (V 0.5−V )
k

(3)I(V ) =
Imax

1+ exp (V−V 0.5)
k

(4)
I

Imax
= A× (1− exp

−t

τ
)

https://senselab.med.yale.edu/ModelDB/
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The electrophysiological properties of wild-type and TG-
associated  Cav3.2 variants obtained experimentally were 
modeled using Hodgkin-Huxley equations as previously 
described [33] and introduced into the model. To take 
into account the relative expression of Cav3.2 channels 
in nRT neurons (about 40% of  Cav3.2 and 60% of  Cav3.3 
[34]) and the heterozygous nature of TN-associated 
 Cav3.2 variants, only 20% of the T-type channel conduct-
ance described in the original model was altered with 
experimental values obtained for WT and TN-associated 
 Cav3.2 variants. The simulation was performed at a hold-
ing potential set to -70 mV and the electrical membrane 
potential of the virtual soma was monitored in response 
to a 200ms-long hyperpolarizing and depolarizing cur-
rent injection in order to assess rebound and tonic firing, 
respectively.

Statistical analysis
Average data are presented as mean ± S.E.M. for n 
measurements. Statistical analysis was performed using 
GraphPad Prism 8. A Kolmogorov–Smirnov normal-
ity test was performed and statistical significance was 
assessed using Kruskal–Wallis test with Dunn’s post-
test. Datasets were considered significantly different for 
p ≤ 0.05.

Results
Expression of TN‑associated Cav3.2 variants
To assess the functional impact of TN-associated CAC-
NA1H variants, tsA-201 cells were transiently trans-
fected with plasmids encoding human  Cav3.2 wild-type 
(WT) and TN-associated variants for electrophysiologi-
cal analysis. Whole-cell patch clamp recordings in tsA-
201 cells expressing wild-type (WT) and TN-associated 
 Cav3.2 variants revealed that all variants were function-
ally expressed and generated a characteristic low-volt-
age-activated T-type current similar to WT channels 
(Fig.  2a–n, left panels). The maximal whole-cell macro-
scopic T-type channel conductance (Gmax) obtained from 
the fit of the current–voltage relationships (Fig.  2a–n, 
right panels) revealed no significant difference between 
cells expressing  Cav3.2 variants compared to cells 
expressing the WT channel except for the R1674H vari-
ant were Gmax was reduced by 56% (p = 0.0185) (Fig. 2o 
and Table 1).

TN‑associated CACNA1H variants alter the gating 
properties of Cav3.2 channels
Next, we aimed to assess the gating properties of TN-
associated  Cav3.2 variants. First, we analyzed the 

voltage dependence of activation of the channels. In 6 
(S187L, A802V, E819K, P1120L, P2280H, and E2291K) 
out of the 13 variants analyzed, the mean half-acti-
vation potential of the T-type current was signifi-
cantly shifted toward more hyperpolarized potentials 
by −  8.0  mV (E2291K, p = 0.0268) up to −  15.0  mV 
(P2280H, p < 0.0001) relative to WT channels which is 
consistent with a GoF of the channels (Fig.  3a–o and 
Table 1). In addition, a significant decrease of the acti-
vation slope factor (k) was observed for S187L, A802V, 
E819K, and P2280H variants suggesting an increased 
coupling between the channel voltage-sensor and the 
pore opening again consistent with a GoF which may 
be particularly relevant for voltage changes close to the 
resting membrane potential where first openings of the 
channel occur (Table 1). To gain additional insights into 
the electrophysiological properties of TN-associated 
 Cav3.2 variants, we then assessed their voltage depend-
ence of inactivation. A statistically significant hyperpo-
larizing shift of the voltage dependence of inactivation 
by -12.6  mV (p = 0.0015) relative to WT channels was 
observed for the P2280H variant and a similar trend 
albeit not statistically significant was observed for 
S187L (−  8.6  mV, p = 0.8716) and A802V variants 
(− 9.2 mV, p = 0.3699) whereas the remaining variants 
remained unaltered (Fig. 4a–o and Table 2). The altera-
tion of the voltage dependence of inactivation is con-
sistent with a LoF of the channel variants although the 
extent to which it may affect channel activity will largely 
depend on the resting membrane potential of cells, with 
a more pronounced effect in cells with a comparatively 
depolarized resting potential. In contrast, the kinetics 
of recovery from inactivation were accelerated by 2.7-
fold for A802V (p = 0.0001) and by 3.5-fold for Q1049H 
variants (p = 0.0005) compared to WT channels, and 
a similar trend (albeit not statistically significant) was 
observed for several other variants indicative of a GoF 
(Fig. 5a–o and Table 2).

Cav3.2‑dependent window current is altered by 
TN‑associated CACNA1H variants
Because several TN-associated  Cav3.2 variants showed 
alterations in the voltage dependence of activation and/
or inactivation, we aimed to assess the impact on the 
T-type window current by visualizing the overlapping 
area between the activation and inactivation curves 
(Fig.  6a–g). In all TN-associated  Cav3.2 variants for 
which the voltage dependence of activation and/or 
inactivation was altered, the window current was dis-
placed toward more hyperpolarized potentials with 
the peak-voltage shifted by −  5  mV (P1120L) up-to 
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−  12  mV (P2280H) (Fig.  6h). This effect was accom-
panied by an increased magnitude of the window cur-
rent (except for the P2280H variant) ranging from 14% 
(E2291K) up-to 165% increase (P1120L) (Fig. 6i).

TN‑associated Cav3.2 variants increase neuronal firing in a 
computational model of thalamic neurons
Given that  Cav3.2 channels are highly expressed in tha-
lamic neurons where they play an essential role in 

Fig. 2 Expression of TN-associated  Cav3.2 variants. a Representative whole-cell T-type current traces recorded in tsA-201 cells expressing  Cav3.2 
wild-type (WT) in response to 140 ms depolarizing steps to values ranging between − 80 mV and + 20 mV (left panel). Corresponding mean 
current–voltage relationship (I/V) (right panel) fitted with the modified Boltzmann function (1). b‑n Legend same as (a) but for cells expressing 
TN-associated  Cav3.2 variants. The dashed line depicts the I/V curve of the WT channel for comparison. o Corresponding mean maximal 
macroscopic conductance (Gmax) values obtained from the fit of the I/V curves
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regulating neuronal excitability [35] and considering that 
the thalamus is a key relay station in the trigeminal sen-
sory pathway [36], we aimed to simulate the functional 
consequence of TN-associated  Cav3.2 variants on neu-
ronal electrical activities using a computational model 
of reticular thalamic neuron (nRT). The simulation was 
performed with  Cav3.2 variants for which an alteration 
of the voltage dependence of activation and/or inactiva-
tion was observed and the original model was altered in 
order to account for the relative contribution of  Cav3.2 
channels to the overall native T-type conductance and 
also to account for the heterozygous nature of TN-asso-
ciated  Cav3.2 variants (see Methods). Simulation of the 
neuronal membrane potential showed that hyperpolar-
izing current injections triggered rebound burst firing 
with WT as well as with TN-associated  Cav3.2 variants 
(Fig. 7a–g). However, the minimum current necessary to 
trigger rebound firing (rheobase) was significantly less for 
TN-associated  Cav3.2 variants (except A802V) compared 
to WT channels (Fig. 7h). Moreover, the firing frequency 
was increased (Fig. 7i). In contrast, when the firing was 
triggered with depolarizing current injections there was 
no major effect between WT and TN-associated  Cav3.2 
variants (Fig. 7j–r).

Discussion
Polymorphisms in the CACNA1H gene have been 
reported in a number of human disorders [37] and GoF 
mutations in  Cav3.2 are linked to primary aldosteronism 
(PA) [38–40] and idiopathic generalized epilepsy (IGE) 
[41]. In contrast, LoF mutations were documented in 

autism spectrum disorders [42], neuromuscular disor-
ders [43–45], and developmental and epileptic encepha-
lopathy [46].

In this study, we report the functional characteriza-
tion of 13  Cav3.2 missense variants identified in TN 
patients. Patch clamp recordings of T-type currents in 
tsA-201 cells expressing recombinant TN-associated 
 Cav3.2 variants showed that all variants were functional 
with no significant alteration in their maximal macro-
scopic conductance except for the R1674H variant for 
which the conductance was reduced. This effect was 
not further investigated but may have been caused by a 
decreased trafficking of the channel to the plasma mem-
brane and/or decreased stability. In contrast, of the 13 
 Cav3.2 variants analyzed, 6 variants (S187L, A802V, 
E819K, P1120L, P2280H, and E2291K) displayed altera-
tions in their gating properties evidenced by a recurrent 
hyperpolarized shift of the voltage dependence of acti-
vation consistent with a GoF of the channels. An addi-
tional acceleration of the recovery from inactivation 
was also observed for A802V and Q1049H. Although 
these variants showed similar alterations in their gat-
ing properties, they did not segregate into a particu-
lar region of  Cav3.2. Nonetheless, some of the channel 
molecular determinants containing TN-associated vari-
ants are known to contribute to the gating of  Cav3.2. 
For instance, the II-III loop containing variant P1120L 
and the C-terminus containing variants P2280H and 
E2291K were previously reported to affect the volt-
age dependence of T-type channels [47–49]. Moreover, 
the GoF effect of TN-associated variants in the C-ter-
minus of  Cav3.2 is reminiscent of what was reported 

Table 1 Steady-state activation properties of TN-associated human  Cav3.2 variants expressed in tsA-201 cells

Activation

CaV3.2 Gmax (nS/pF) p V0.5 (mV) p k (mV) p (n)

WT 0.84 ± 0.07 − 38.17 ± 0.80 6.38 ± 0.35 38

P30L 0.77 ± 0.11  > 0.9999 − 44.18 ± 1.24 0.1251 4.70 ± 0.51 0.2024 15

S187L 1.01 ± 0.15  > 0.9999 − 51.63 ± 2.56  < 0.0001 3.47 ± 0.50 0.0006 17

I799V 0.65 ± 0.10 0.6889 − 41.78 ± 1.58 0.5519 5.62 ± 0.69  > 0.9999 19

A802V 0.85 ± 0.09  > 0.9999 − 48.82 ± 1.14  < 0.0001 3.56 ± 0.45 0.0015 14

E819K 0.66 ± 0.12  > 0.9999 − 48.19 ± 2.97 0.0208 4.31 ± 0.53 0.0491 14

Q1049H 0.70 ± 0.11  > 0.9999 − 41.88 ± 2.42  > 0.9999 4.99 ± 0.67 0.7660 14

P1120L 0.91 ± 0.13  > 0.9999 − 49.55 ± 3.17 0.0106 4.23 ± 0.56 0.1175 10

P1605H 0.76 ± 0.06  > 0.9999 − 34.53 ± 1.60  > 0.9999 8.17 ± 0.34 0.2336 15

R1674H 0.37 ± 0.07 0.0185 − 38.23 ± 2.30  > 0.9999 6.49 ± 0.99  > 0.9999 8

R1736C 0.60 ± 0.05 0.8669 − 32.42 ± 1.38 0.4164 7.39 ± 0.29  > 0.9999 15

D1779Y 0.72 ± 0.11  > 0.9999 − 33.86 ± 1.12  > 0.9999 8.08 ± 0.27 0.2457 15

P2280H 1.12 ± 0.16  > 0.9999 − 53.12 ± 2.31  < 0.0001 3.87 ± 0.37 0.0159 11

E2291K 0.81 ± 0.15  > 0.9999 − 46.13 ± 2.01 0.0268 4.91 ± 0.69 0.1754 17



Page 7 of 14Mustafá et al. Molecular Brain           (2022) 15:91  

for several variants associated with (IGE) and PA [40, 
50]. Importantly, when introduced into a computa-
tional model of nRT neuron, the 6 variants reduced the 
threshold for rebound burst firing implying an overall 

GoF effect. This is consistent with previous findings in 
various types of neurons showing that upregulation of 
T-type channel activity underlies reduced threshold for 
rebound burst firing [51–55]. While our modeling was 

Fig. 3 Activation properties of TN-associated  Cav3.2 variants. a Mean normalized voltage dependence of activation of wild-type (WT)  Cav3.2 
channels fitted with the modified Boltzmann function (2). b–n Legend same as (a) but for TN-associated  Cav3.2 variants. The dashed line depicts the 
activation curve of the WT channel for comparison. o Corresponding mean half-activation potential (V1/2 activation) values obtained from the fit of 
the conductance curve
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performed in a computational model of nRT neurons, 
it may anticipate some of the possible effects of TN-
associated  Cav3.2 variants on the functioning of the 
trigeminal pathway for several reasons. First, although 

T-type dependent rebound burst firing has yet to be 
shown in trigeminal ganglion (TG) sensory neurons, it 
has been documented in dorsal root ganglion sensory 
neurons [56] and it is a possibility that it does also occur 

Fig. 4 Inactivation properties of TN-associated  Cav3.2 variants. a Mean normalized voltage dependence of steady-state inactivation of wild-type 
(WT)  Cav3.2 channels fitted with the two-state Boltzmann function (3). b–n Legend same as a but for TN-associated  Cav3.2 variants. The dashed 
line depicts the inactivation curve of the WT channel for comparison. o Corresponding mean half-inactivation potential (V1/2 inactivation) values 
obtained from the fit of the inactivation curve
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in TG neurons. Second, a low-threshold calcium con-
ductance (presumably mediated by T-type channels) 
leading to calcium spikes and rebound burst firing has 
been reported in neurons of the brain stem trigeminal 
nuclei [57]. Third, the trigeminal pathway gates through 
the thalamus in particular via the VPM where T-type 
channels contribute to rebound burst firing [58]. And 
finally, alteration of thalamocortical rhythmic activities 
mediated by T-type channels has been implicated in the 
development of trigeminal pain [14]. Hence, all of these 
aspects suggest that alteration of rebound burst firing 
caused by TN-associated  Cav3.2 variants could poten-
tially contribute to the sensitization of the trigeminal 
pathway. In addition, alteration of the channel gating 
properties resulted in a hyperpolarizing displacement 
of the voltage dependence of the window current which 
implies an increased passive influx of calcium around 
the resting membrane potential of cells. Consider-
ing that the voltage range of the window current is an 
important determinant of neuronal electrical activities 
and calcium oscillations [59], this may further contrib-
ute to enhance neuronal activity. These data are consist-
ent with a previous report showing that re-expression 
of a GoF TN-associated  Cav3.2 variant in cultured TG 
neuron increased neuronal excitability [17]. The ques-
tion then remains as to why TN patients harboring GoF 
 Cav3.2 variants did not show signs of IGE or PA. It is 
a possibility that the gating alterations caused by these 
variants and affecting only the rebound burst firing in 
the absence of general alteration of the tonic firing is 
not enough to cause additional disease phenotypes.

In conclusion, our functional analysis of 13  Cav3.2 vari-
ants identified in TN patients revealed an overall GoF 
of the channel for 7 of these variants that could poten-
tially contribute to the sensitization of the trigeminal 
pathway. Although these gating effects are reminiscent 
of what was previously reported for TN-associated vari-
ants in  Nav1.6 [18],  Cav2.1 [21], TRPM7 [22, 23], and 
TRPM8 channels [24], it is important to consider that 
our functional analysis in a heterologous expression 
system provides only a snapshot of the phenotype of a 
mutation. Hence, additional analysis of these variants 
in native conditions will be necessary to further validate 
these findings. Moreover, it is a possibility that the vari-
ants for which we did not observe any gating alteration 
will show different phenotypes in a more complex physi-
ological environment. Finally, although most of the gat-
ing alterations were in general consistent with a GoF of 
the channel, it is important to consider that one variant 
was associated with a LoF suggesting that GoF pheno-
types in ion channels may not represent a universal fea-
ture in TN. For instance, the expression level of SCN9A 
 (Nav1.7) and SCN10A  (Nav1.8) is reduced in gingival tis-
sue of TN patients [9], as well as in preclinical models of 
TN [11] implying a LoF phenotype, although this mecha-
nism may occur as a protective mechanism to normalize 
neuronal excitability. Nonetheless, it is striking to note 
that all patients exhibiting idiopathic TN with concomi-
tant continuous pain (iTN-2) harbored GoF  Cav3.2 vari-
ants. In contrast, all  Cav3.2 variants identified in patients 
with congenital TN and concomitant pain (cTN-2) did 
not cause any alteration of the channel (Table 3). While 

Table 2 Steady-state inactivation and recovery from inactivation properties of TN-associated human  Cav3.2 variants expressed in tsA-
201 cells

Inactivation Recovery from inactivation

CaV3.2 V0.5 (mV) p k (mV) p (n) τ (ms) p (n)

WT − 61.61 ± 1.75 − 4.48 ± 0.22 19 644 ± 49 15

P30L − 65.95 ± 2.67  > 0.9999 − 4.75 ± 0.44  > 0.9999 7 705 ± 200  > 0.9999 5

S187L − 70.21 ± 3.99 0.8716 − 4.10 ± 0.34  > 0.9999 7 400 ± 39 0.6749 6

I799V − 64.22 ± 1.71  > 0.9999 − 4.27 ± 0.51  > 0.9999 10 382 ± 76 0.1542 8

A802V − 70.79 ± 3.80 0.3699 − 4.16 ± 0.39  > 0.9999 6 241 ± 28 0.0001 10

E819K − 65.31 ± 2.86  > 0.9999 − 5.18 ± 0.55  > 0.9999 9 335 ± 38 0.1564 5

Q1049H − 65.68 ± 1.74  > 0.9999 − 4.44 ± 0.28  > 0.9999 7 185 ± 24 0.0005 5

P1120L − 64.38 ± 3.53  > 0.9999 − 3.64 ± 0.57  > 0.9999 7 489 ± 197 0.4634 6

P1605H − 61.32 ± 0.51  > 0.9999 − 5.10 ± 0.19  > 0.9999 12 470 ± 46  > 0.9999 10

R1674H − 63.29 ± 2.49  > 0.9999 − 6.05 ± 1.04  > 0.9999 7 397 ± 103 0.3918 6

R1736C − 62.48 ± 0.73  > 0.9999 − 5.50 ± 0.11 0.0191 12 665 ± 68  > 0.9999 7

D1779Y − 64.23 ± 1.07  > 0.9999 − 5.03 ± 0.11  > 0.9999 12 662 ± 58  > 0.9999 8

P2280H − 74.22 ± 1.89 0.0015 − 4.56 ± 0.37  > 0.9999 10 334 ± 42 0.0724 7

E2291K − 65.27 ± 1.83  > 0.9999 − 4.23 ± 0.19  > 0.9999 11 429 ± 80 0.3967 8



Page 10 of 14Mustafá et al. Molecular Brain           (2022) 15:91 

additional studies are necessary to assess the exact role of 
 Cav3.2 in the processing of trigeminal sensory informa-
tion, our data add to the notion that rare CACNA1H vari-
ants may contribute to the etiology of TN. In that respect, 
the T-type channel blocker valproic acid was shown to be 

effective to mitigate pain in some TN patients [60] sug-
gesting that other antiepileptic T-type channel blockers 
ethosuximide, zonizamide, and nimodipine [26] should 
also be considered especially in patients resistant to first 
line therapies.

Fig. 5 Recovery from inactivation properties of TN-associated  Cav3.2 variants. a Mean normalized recovery from inactivation kinetic of wild-type 
(WT)  Cav3.2 channels fitted with the single-exponential function (4). b–n Legend same as (a) but for TN-associated  Cav3.2 variants. The dashed line 
depicts the recovery from inactivation of the WT channel for comparison. o Corresponding mean time constant τ values of recovery obtained from 
the fit of the recovery from inactivation curve
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Fig. 6 Window current of TN-associated  Cav3.2 variants. a Window current of wild-type (WT)  Cav3.2 illustrated by the overlap of the mean 
activation and inactivation curves. b‑g Legend same as (a) but for TN-associated  Cav3.2 variants. The dashed line depicts the window current of the 
WT channel for comparison. h Corresponding peak-voltage values of the window current: WT (− 51.6 mV), S187L (− 60.5 mV), A802V (− 56.8 mV), 
E819K (− 56.9 mV), P1120L (− 56.7 mV), P2280H (− 63.8 mV), E2291K (− 57.0 mV). i Corresponding magnitude values of the window current 
measured as the area under the curve: WT (2.5 a.u.), S187L (4.2 a.u.), A802V (3.1 a.u.), E819K (4.5 a.u.), P1120L (6.5 a.u.), P2280H (2.5 a.u.), E2291K (2.8 
a.u.)

Fig. 7 Computer simulation of nRT neuron firing. a Representative electrical membrane potential of the virtual soma containing wild-type (WT) 
 Cav3.2 channels in response to a 200 ms-long hyperpolarizing current injection of − 0.65 nA (left panel) and corresponding number of spikes 
during the rebound as a function of the current injected (right panel). b–g Legend same as a but for TN-associated  Cav3.2 variants. The dashed 
line depicts the number of spikes for WT channels for comparison. h Minimum current injection (rheobase) necessary to trigger rebound action 
potentials: WT (− 0.585 nA), S187L (− 0.568 nA), A802V (− 0.606 nA), E819K (− 0.561 nA), P1120L (− 0.528 nA), E2280H (− 0.471 nA), and E2291K 
(− 0.559 nA). i Rebound firing frequency at -0.65 nA current injection: WT (15 Hz), S187L (35 Hz), A802V (10 Hz), E819K (45 Hz), P1120L (55 Hz), 
E2280H (55 Hz), and E2291K (20 Hz). J–p Legend same as a–g but for depolarizing current injections. Representative membrane potentials are 
shown in response to 0.2 nA current injection. q Minimum current injection (rheobase) necessary to trigger tonic action potentials: WT (0.0257 
nA), S187L (0.0258 nA), A802V (0.0260 nA), E819K (0.0255 nA), P1120L (0.0251 nA), E2280H (0.0254 nA), and E2291K (0.0255 nA). r Action potential 
frequency at 0.2 nA current injection: WT (170 Hz), S187L (180 Hz), A802V (170 Hz), E819K (180 Hz), P1120L (185 Hz), E2280H (175 Hz), and E2291K 
(175 Hz)

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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Secretory carrier-associated membrane 
protein 2 (SCAMP2) regulates cell surface 
expression of T-type calcium channels
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Lubica Lacinova4  and Norbert Weiss1,2,3,4*  

Abstract 

Low‑voltage‑activated T‑type  Ca2+ channels are key regulators of neuronal excitability both in the central and periph‑
eral nervous systems. Therefore, their recruitment at the plasma membrane is critical in determining firing activity 
patterns of nerve cells. In this study, we report the importance of secretory carrier‑associated membrane proteins 
(SCAMPs) in the trafficking regulation of T‑type channels. We identified SCAMP2 as a novel  Cav3.2‑interacting protein. 
In addition, we show that co‑expression of SCAMP2 in mammalian cells expressing recombinant  Cav3.2 channels 
caused an almost complete drop of the whole cell T‑type current, an effect partly reversed by single amino acid muta‑
tions within the conserved cytoplasmic E peptide of SCAMP2. SCAMP2‑induced downregulation of T‑type currents 
was also observed in cells expressing  Cav3.1 and  Cav3.3 channel isoforms. Finally, we show that SCAMP2‑mediated 
knockdown of the T‑type conductance is caused by the lack of  Cav3.2 expression at the cell surface as evidenced 
by the concomitant loss of intramembrane charge movement without decrease of total  Cav3.2 protein level. Taken 
together, our results indicate that SCAMP2 plays an important role in the trafficking of  Cav3.2 channels at the plasma 
membrane.

Keywords: Ion channels, Calcium channels, T‑type channels, Cav3.2 channels, Secretory carrier‑associated membrane 
protein 2, SCAMP2, Trafficking
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Through their ability to pass calcium ions  (Ca2+) near 
the resting membrane potential, low-voltage-activated 
T-type channels have an important physiological role in 
shaping firing activity patterns of nerve cells, both in the 
central and peripheral nervous system. The implication 
of T-type channels in the control of neuronal excitabil-
ity is partly defined by the density of channels embed-
ded in the plasma membrane. Therefore, a number of 
molecular mechanisms and signaling pathways come into 
play to underly precise control of cell surface expression 

of T-type channels [1] and defects whether genetic or 
acquired can lead to severe neuronal conditions [2, 3].

Secretory carrier-associated membrane proteins 
(SCAMPs) form a family of integral membrane pro-
teins essentially expressed in the trans-Golgi network 
and recycling endosome membranes where they regu-
late vesicular trafficking and vesicle recycling processes 
[4]. Of the five known mammalian SCAMPs, SCAMP2 
shows a ubiquitous expression pattern including in neu-
ronal tissues where SCAMP2 transcripts are observed for 
instance in the cerebellum, thalamus, hippocampus, and 
spinal cord (https:// www. prote inatl as. org/ ENSG0 00001 
40497- SCAMP2/ tissue). SCAMP2 consists of four trans-
membrane helices with cytoplasmic amino- and car-
boxy-termini and a so-called E peptide located between 
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transmembrane helices 2 and 3 essential for mediating 
SCAMP2 function [5]. This E domain is highly conserved 
among SCAMP isoforms and represents an essential 
molecular determinant for SCAMP2-mediated inhibition 
of exocytosis [6]. Only a few reports have documented 
the role of SCAMP2 in the regulation of ion channels and 
transporters [7–10]. In the present study, we aimed to 
assess the functional role of SCAMP2 in the regulation of 
T-type channels.

To address this issue, we assessed whether  Cav3.2 
channels and SCAMP2 associate at the protein level. 
Co-immuniprecipitation from tsA-201 cells express-
ing recombinant HA-tagged  Cav3.2 and Myc-tagged 
SCAMP2 using an anti-HA-antibody precipitated 
SCAMP2-Myc with  Cav3.2-HA revealing the existence 
of a  Cav3.2/SCAMP2 protein complex (Fig. 1a). We note 
that co-immunoprecipitation experiments from total cell 
lysates do not address whether this interaction is direct 
or not and it is a possibility that formation of  Cav3.2/
SCAMP2 protein complex may also involve another 
intermediate protein. Next, we aimed to analyze the 
functional effect of SCAMP2 on  Cav3.2 channels. Patch-
clamp recordings from tsA-201 cells expressing  Cav3.2 
showed that co-expression of SCAMP2 produces an 
almost complete drop of the whole-cell T-type current 
(Fig.  1b and c). For instance, the maximal macroscopic 
conductance (Gmax) was reduced by 91% (p < 0.0001) 
in cells co-expressing SCAMP2 (61 ± 18 pS/pF, n = 18) 
compared to cells expressing  Cav3.2 alone (692 ± 62 pS/
pF, n = 25) (Fig.  1d). Alanine mutagenesis of the E pep-
tide of SCAMP2 at cysteine 201 (C201A) and tryptophan 
202 (W202A) reduced this effect to 64% (p = 0.0269) and 
39% (p < 0.0001) inhibition, respectively, indicating that 
SCAMP2-induced knockdown of  Cav3.2 currents is at 
least partly mediated by the E peptide (Fig. 1b–d). These 
data also indicate that the reduction in  Cav3.2 current 
density in the presence of SCAMP2 is not merely due 
to the co-expression of just any protein given that the 
W202A mutant construct has no big effect. With regard 

to the effect of SCAMP2 on the other T-type channel 
isoforms, co-expression of SCAMP2 in cells expressing 
recombinant  Cav3.1 and  Cav3.3 reduced Gmax by 35% 
(p < 0.0001) and 98% (p < 0.0001) respectively (Fig. 1e and 
f and Additional file 1: Fig. S1) indicative of a differential 
susceptibility to SCAMP2-dependent modulation  (Cav3.3 
≈  Cav3.2 >  Cav3.1). Next, we aimed to assess the underly-
ing mechanism by which SCAMP2 induced knockdown 
of the T-type conductance. The alteration of the T-type 
conductance in the presence of SCAMP2 could origi-
nate from an overall decreased level of  Cav3.2 proteins or 
from a reduced expression of the channel in the plasma 
membrane. Western blot analysis from total cell lysates 
showed that  Cav3.2 protein levels were not decreased 
by the presence of SCAMP2. Instead, we observed a 
non-significant trend toward higher expression lev-
els which may have arisen from a lower rate of vesicu-
lar exocytosis therefore preventing the channel from 
being targeted to the proteasomal degradation machin-
ery (Fig. 1g and h). In contrast, recording of intramem-
brane charge movements (Q) that provide an accurate 
assessment of the number of channels embedded in the 
plasma membrane revealed an 85% decrease (p < 0.0001) 
of Qmax in cells expressing SCAMP2 (from 6.1 ± 0.7 fC/
pF, n = 16 to 0.9 ± 0.2 fC/pF, n = 17) (Fig.  1i and j) indi-
cating a decreased channel expression at the cell surface. 
Moreover, while the kinetics of intramembrane charge 
movements remained unaltered (Fig. 1k), the Gmax/Qmax 
dependency in the presence of SCAMP2 was reduced 
by 52% (p < 0.0001) (from 0.169 ± 0.007 pS/fC, n = 16 
to 0.080 ± 0.014 pS/fC, n = 11) suggesting an additional 
alteration of the coupling between the activation of the 
voltage-sensor and the pore opening of the channel 
(Fig.  1l). This observation is consistent with a previous 
report showing that besides to be concentrated primar-
ily in intracellular membranes, SCAMP2 is also found in 
the plasma membrane [11] and therefore could poten-
tially modulate the gating of the channel in addition to its 
insertion in the membrane. We note that the reduction 

Fig. 1 SCAMP2 regulates T‑type channel expression. a Co‑immunoprecipitation of Myc‑tagged SCAMP2 (SCAMP2‑Myc) from tsA‑201 cells 
co‑transfected with HA‑tagged  Cav3.2 channel  (Cav3.2‑HA). The upper panel shows the result of the co‑immunoprecipitation of SCAMP2‑Myc 
with  Cav3.2‑HA using an anti‑HA antibody. The lower panels show the immunoblot of Cav3.2‑HA and SCAMP2‑Myc from total cell lysates using an 
anti‑HA and anti‑Myc antibody, respectively. HC, heavy chain antibody; LC, light chain antibody. This experiment was performed four times from 
independent transfections and  Cav3.2/SCAMP2 interaction was consistently observed. b Representative T‑type current traces from tsA‑201 cells 
expressing  Cav3.2 alone (black traces) and in combination with wild‑type SCAMP2 (blue traces), as well as with C201A (purple traces) and W202A 
(orange traces) SCAMP2 mutants in response to 150 ms depolarizing steps varied from − 90 mV to + 30 mV from a holding potential of − 100 mV. 
c Corresponding mean current/voltage (I/V) relationships. d Corresponding mean maximal macroscopic conductance values (Gmax) obtained 
from the fit of the I/V curves with the modified Boltzmann Eq. (1). e–f Mean Gmax values for tsA‑201 cells expressing  Cav3.1 and  Cav3.3 channels, 
respectively. g. Immunoblot of  Cav3.2‑HA expressed in tsA‑201 cells in the absence (−) and presence (+) of SCAMP2‑Myc. The immunoblot shows 
the results of three independent sets of transfections. h Corresponding mean expression levels of  Cav3.2‑HA normalized to actin. i Representative 
intramembrane charge movement traces recorded at the ionic reversal potential from cells expressing  Cav3.2 alone (black trace) and in the 
presence of SCAMP2 (blue trace). The doted lines depict the time course of the intramembrane charge mouvement integral. j Corresponding mean 
maximal intramembrane charge movement values (Qmax). k Corresponding mean 10–90% rise time values calculated from the integral time course 
shown in i. l Corresponding mean Gmax/Qmax values

(See figure on next page.)
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of Qmax combined with the reduction of Gmax/Qmax of the 
small fraction of channels that still reached the plasma 
membrane in the presence of SCAMP2 is very similar 
to the reduction of the maximal T-type conductance we 
previously observed (91%, Fig. 1d).

Several  Cav3.2 interacting proteins including KLHL1 
[12], USP5 [13], Stac1 [14], calnexin [15], and Rack-1 [16] 
have been reported to modulate the sorting and traffick-
ing of the channel to the plasma membrane. In this study, 
we reported SCAMP2 as a novel  Cav3.2-interacting part-
ner and potent repressor of the expression of the chan-
nel at the cell surface. Further investigations will be 
necessary to fully explore the importance of this regula-
tion in native conditions. Importantly, altered expres-
sion of SCAMP2 has been reported in several types of 
cancer [17]. Given the importance of  Cav3.2 channels in 
the development of peripheral painful neuropathies [18], 
it will be interesting to assess to what extent SCAMP2-
mediated regulation of  Cav3.2 could possibly contribute 
to cancer-related neuropathic pain.

Abbreviations
Gmax: Maximal macroscopic conductance; KLHL1: Kelch‑like 1; Qmax: Maximal 
intra membrane charge movement; Rack‑1: Receptor for activated C kinase 1; 
SCAMP2: Secretory carrier membrane protein 2; Stac1: Stac adaptor protein 1; 
USP5: Ubiquitin‑specific proteinase 5.
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Functional identification of potential 
non-canonical N-glycosylation sites 
within  Cav3.2 T-type calcium channels
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Gerald W. Zamponi3  and Norbert Weiss1,2* 

Abstract 

Low-voltage-activated T-type calcium channels are important contributors to nervous system function. Post-transla-
tional modification of these channels has emerged as an important mechanism to control channel activity. Previous 
studies have documented the importance of asparagine (N)-linked glycosylation and identified several asparagine 
residues within the canonical consensus sequence N-X-S/T that is essential for the expression and function of  Cav3.2 
channels. Here, we explored the functional role of non-canonical N-glycosylation motifs in the conformation N-X-C 
based on site directed mutagenesis. Using a combination of electrophysiological recordings and surface biotinylation 
assays, we show that asparagines N345 and N1780 located in the motifs NVC and NPC, respectively, are essential for 
the expression of the human  Cav3.2 channel in the plasma membrane. Therefore, these newly identified asparagine 
residues within non-canonical motifs add to those previously reported in canonical sites and suggest that N-glyco-
sylation of  Cav3.2 may also occur at non-canonical motifs to control expression of the channel in the plasma mem-
brane. It is also the first study to report the functional importance of non-canonical N-glycosylation motifs in an ion 
channel.

Keywords: Asparagine-linked glycosylation, N-glycosylation, Non-canonical glycosylation, Calcium channel, T-type 
channel, cav3.2 Channel, Trafficking
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Low-voltage-activated T-type calcium channels are 
widely expressed throughout the nervous system where 
they generate low-threshold calcium spikes that contrib-
ute to neuronal electrical excitability [1]. Over recent 
years, post-translational modification of the channel 
protein including phosphorylation [2–4], ubiquitination 
[5], and glycosylation [6] has emerged as an important 
level of control over the expression and function of the 
channel in the plasma membrane, and alteration of these 
regulations is known to contribute to the development of 

several neurological disorders. Therefore, the identifica-
tion of channel loci undergoing post-translational modi-
fication is essential not only to enhance our fundamental 
understanding of the channel, but also to gain insights 
into how alteration of these regulations may compromise 
channel function in pathological conditions.

We and others have previously documented the impor-
tance of asparagine (N)-linked glycosylation in the 
expression of the  Cav3.2  T-type channels and identified 
several asparagines essential for the expression of the 
channel in the plasma membrane [7, 8]. These asparagine 
residues are located within the sequence N-X-S/T com-
monly referred to as the canonical N-glycosylation motif 
where the asparagine is located at the N-terminal to any 
amino acid (except proline) followed by either a serine (S) 
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or threonine (T). However, while N-glycosylation at N-X-
S/T motifs is an established dogma, there is evidence 
for the occurrence of N-glycosylation at non-canonical 
motifs falling into the conformation N-X-C (cysteine) 
[9]. In the present study, we aimed to further explore the 
glycosylation loci of  Cav3.2 channels and assess whether 
asparagines located within such non-canonical motifs 
contribute to the expression of the channel. The human 
 Cav3.2 channel contains four potential non-canonical 
motifs defined by asparagines N258, N335 and N345 
located within the first pore-forming loop (P-loop), and 
asparagine N1780 within the forth P-loop of the channel 
(Fig. 1a) and in-silico analysis using NetNGlyc 1.0 server 
(https ://www.cbs.dtu.dk/servi ces/NetNG lyc/) predicted 
that these sites could be potentially glycosylated (Fig. 1b). 
To assess the functional importance of these residues in 
the expression of  Cav3.2 channels, we used site directed 
mutagenesis to disrupt these motifs. We replaced aspara-
gine residues with glutamine (Q) and such recombinant 
mutated channels were expressed in tsA-201 cells for 
functional characterization by patch clamp electrophysi-
ology. Representative current traces for cells expressing 
the wild-type (WT) channel and the various mutated 
variants (N258Q, N335Q, N345Q, and N1780Q) are 
shown in Fig. 1c. While all channel variants produced a 
characteristic low-threshold voltage-activated T-type 
current, currents recorded from cells expressing the 
N345Q and N1780Q variants were strongly reduced 
compared to cells expressing the WT channel (Fig.  1d). 
The maximal whole cell slope conductance was reduced 
by 50% (p = 0.0050) in N345Q (480 ± 68 pS/pF, n = 17) 
and by 56% (p = 0.0021) in N1780Q-expressing cells 
(423 ± 90 pS/pF, n = 11) compared to cells expressing the 
WT channel (970 ± 110 pS/pF, n = 27). This decrease of 
the maximal conductance was associated with a mild but 
significant shift of the voltage-dependence of activation 
without any additional alteration of the voltage-depend-
ence of inactivation and recovery from inactivation 
(Additional file 1: Figure S1). Furthermore, mutations at 
asparagines N345 and N1780 did not alter the ability of 
nickel to block T-type currents (Additional file 1: Figure 
S2). Next, we aimed to determine whether the impaired 
T-type conductance in cells expressing the N345Q and 
N1780Q channels was caused by an alteration of the 
channel activity or due to reduced expression of the 
channels in the plasma membrane. To do so, we used cell 
surface biotinylation followed by immunodetection of 
the channels. Representative immunoblots of total and 
surface biotinylated channels are shown in Fig. 1f and g, 
respectively. No immunoreactivity was detected in non-
biotinylated cells expressing WT  Cav3.2 channels demon-
strating the absence of contamination from other cellular 
fractions and also the absence of non-specific interaction 

of the channel with NeutrAvidin beads. While the total 
channel expression was statistically similar across all 
channel variants (Fig.  1f ), the expression of the N345Q 
and N1780Q channels in the plasma membrane was 
reduced by 50% (p = 0.0031) and 56% (p = 0.0301) respec-
tively, a decrease that is closely correlated with the reduc-
tion of the whole cell conductance.

Glycosylation of T-type channels has emerged as an 
important post-translational modification to control 
the expression and functioning of the channel in the 
plasma membrane, and it was suggested that altera-
tion of the glycoproteome of  Cav3.2 may contribute 
to the development of peripheral pain associated with 
diabetes [8, 10]. While several studies have previously 
reported the importance of canonical glycosylation 
sites in the expression and function of  Cav3.2 chan-
nels [7, 8, 11, 12], the potential role for non-canonical 
motifs has never been explored. Here, we identified two 
asparagine residues, N345 and N1780 located within 
non-consensus glycosylation motifs in the conforma-
tion N-X-C that contribute to the expression of the 
channel in the plasma membrane. Although the exact 
underlying mechanisms by which these two asparagines 
influence the expression of the channel at the cell sur-
face was not explored in this study, it is likely that they 
either enhance the trafficking of the channel to the cell 
surface, or stabilize the channel protein in the plasma 
membrane by slowing down its internalization as it was 
previously reported for other glycosylation loci [11]. 
Because of the large molecular weight of the full-length 
channel and the existence of several canonical glyco-
sylation sites, it is challenging to demonstrate by West-
ern blot analysis that mutagenesis of the non-canonical 
sites leads to small molecular weight shifts that are con-
sistent with fewer sugar groups. We can therefore not 
exclude the possibility that alteration of  Cav3.2 expres-
sion upon mutagenesis of asparagines N345 and N1780 
may have resulted from an alteration of the channel 
itself rather than from disruption of its glycosylation. 
However, this mutagenesis approach is commonly used 
to functionally assess the functional importance of gly-
cosylation motifs, and glutamine as a replacement of 
asparagine was chosen because of its similarity, which 
is therefore expected to preserve the local charge distri-
bution and secondary structure of the channel. More-
over, we cannot totally exclude that mutagenesis of 
asparagines N345 and N1780 may have interfered with 
the ubiquitination of the channel, although this process 
occurs at a different locus (III-IV linker) and therefore 
is not expected to be directly impacted by the muta-
tions [5]. Our observation that the total expression of 
mutated channels remained unaltered would also argue 
against an effect on the ubiquitination pathway.

https://www.cbs.dtu.dk/services/NetNGlyc/
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Altogether, this study supports the notion that  Cav3.2 
channels may undergo N-glycosylation at non-canon-
ical motifs and identified two sites defined by aspara-
gines N345 and N1780 important for expression of the 

channel at the cell surface. To our knowledge, this study 
is the first to document the functional role of non-
canonical N-glycosylation motifs within an ion channel.
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Fig. 1 Functional and biochemical analysis of glycosylation-deficient  Cav3.2 channels. a Schematic representation of the membrane topology 
of  Cav3.2 channel depicting the localization of asparagine residues within potential non-canonical glycosylation motifs. b Result of the in-silico 
N-glycosylation prediction. Position of the key asparagine residues (N) within the potential glycosylation motif (NXC) is indicated, along with the 
quantitative (threshold 0.5) and qualitative score. Pro-X1 indicates the presence of a proline residue in position + 1 of the asparagine residue which 
is known to limit the likelihood for glycosylation. c Representative T-type current traces recorded from tsA-201 cells expressing wild-type (WT) 
 Cav3.2 channels (black traces), and N258Q (blue traces), N335Q (green traces), N345Q (purple traces), N1780Q (orange traces) mutated channels 
in response to 150 ms depolarizing steps to values ranging from − 90 to + 30 mV from a holding potential of − 100 mV. d Corresponding mean 
peak current density–voltage (I/V) relationship. The I/V curve of the WT channel is reported in dotted line for comparison. e Corresponding mean 
normalized maximal macroscopic conductance (Gmax) values obtained from the fit of the I/V curves with a modified Boltzmann equation. f 
Representative immunoblot of  Cav3.2 channel variants from total cell lysate (total expression, left panel) and corresponding mean total expression 
as percent of WT channels. The expression of the channels was normalized to  Na+/K+ ATPase. g Legend same as in (f) but for surface biotinylated 
fractions (surface expression). The biochemical analysis was repeated five times from independent transfections with similar results
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Abstract 

Developmental and epileptic encephalopathies (DEEs) are a group of severe epilepsies that are characterized by 
seizures and developmental delay. DEEs are primarily attributed to genetic causes and an increasing number of cases 
have been correlated with variants in ion channel genes. In this study, we report a child with an early severe DEE. 
Whole exome sequencing showed a de novo heterozygous variant (c.4873–4881 duplication) in the SCN8A gene and 
an inherited heterozygous variant (c.952G > A) in the CACNA1H gene encoding for  Nav1.6 voltage‑gated sodium and 
 Cav3.2 voltage‑gated calcium channels, respectively. In vitro functional analysis of human  Nav1.6 and  Cav3.2 chan‑
nel variants revealed mild but significant alterations of their gating properties that were in general consistent with a 
gain‑ and loss‑of‑channel function, respectively. Although additional studies will be required to confirm the actual 
pathogenic involvement of SCN8A and CACNA1H, these findings add to the notion that rare ion channel variants may 
contribute to the etiology of DEEs.
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Main text
Developmental and epileptic encephalopathies (DEEs) 
are a group of severe epilepsies that are characterized 
by seizures often drug-resistant, and developmental 
delay leading to varying degrees of intellectual, psychiat-
ric, behavioral, and motor disabilities [1]. DEEs are pri-
marily attributed to genetic causes and while recessive 
and X-linked variants have been found, the majority of 
patients show de novo pathogenic variants [2]. Recently, 

an increasing number of DEE cases have been correlated 
with variants in ion channel genes [3].

In the present study, we report a girl with an early 
severe DEE. She was born by emergency caesarean sec-
tion at 37  weeks due to placenta previa and was the 
first child of non-consanguineous parents. Immediately 
after birth, she presented with trembling despite nor-
mal blood sugar levels. In the early postnatal period, 
she developed myoclonic jerks in all limbs, diagnosed as 
infantile spasms but did not respond to steroids. By the 
age of 2  months, she started having generalized tonic–
clonic seizures and recurrent status epilepticus that 
poorly responded to antiepileptic medication including 
clobazam, levetiracetam, phenobarbital and topiramate. 
Seizures were characterized by right eye deviation and 
generalized tonic posturing. She also presented with 
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additional complications including scoliosis, bilateral 
hip dislocation and recurrent pneumonia, and by the 
age of 3 she developed myoclonus, spastic quadriplegia 
with generalized hypertonia and hyperreflexia with clo-
nus. Secondary skeletal abnormalities were also observed 
including flattening of the head and chest, severe 
kyphoscoliosis and flexion contractures. An MRI brain 
scan showed generalized brain atrophy with marked 
insular atrophy and bright white matter on flair. Blood 
tests were in general normal and only creatine phos-
phokinase levels were increased, probably as secondary 
consequence of seizures. The patient died at the age of 
4. Whole exome sequencing (EGL Genetics) showed a 
de novo heterologous duplication (c.4873_4881dup) in 
SCN8A (Fig.  1a) causing the duplication of amino acid 
G1625_I1627 (p.G1625_I1627dup) within the highly con-
served transmembrane IVS4 segment (voltage sensor) of 
the voltage-gated sodium channel  Nav1.6 (Fig.  1b). This 
variant has never been reported in the Genome Aggre-
gation Database (gnomAD) and was predicted to be 
deleterious (PROVEAN algorithm). In addition, a rare 
heterozygous missense variant (c.952G > A) in CAC-
NA1H (Fig.  1a) was inherited from the father who was 
asymptomatic. This variant that caused the substitution 
of a glycine at position 318 by a serine (p.G318S) within 
the first pore-forming loop of the voltage-gated cal-
cium channel  Cav3.2 (Fig.  1b) has never been reported 
and was not predicted to be deleterious. To assess the 
impact of these mutations, the G1625_I1627 duplica-
tion and G318S missense variant were introduced into 
the human  Nav1.6 (UniProt Q9UQD0-1) and  Cav3.2 
(UniProt O95180-1) channels, respectively, and recom-
binant channels were expressed in HEK cells for electro-
physiological analysis. The sodium conductance recorded 
from cells expressing the duplication variant  (Nav1.6dup) 
in combination with the human  Navb2 ancillary subu-
nit (Uniprot O60939) was similar to the one measured 
from cells expressing the wild-type channel  (Nav1.6wt) 

(Fig. 1c–e and Additional file 1: Table S1). However, the 
mean half activation potential of  Nav1.6dup was shifted 
toward more hyperpolarized potentials by −  5.4  mV 
(p = 0.0005) (Fig. 1f and Additional file 1: Table S1) to val-
ues similar to  Nav1.6wt expressed without the  Navb2 sub-
unit (Additional file 1: Fig. S1 and Table S1). In contrast, 
we did not observe any gating alteration of  Nav1.6dup in 
the absence of  Navb2. While the current literature on 
the effect of  Navb on the regulation of  Nav1.6 is rather 
sparse and conflicting [4, 5], these results suggest that 
phenotypic expression of SCN8A duplication variant may 
depend on the molecular composition of  Nav1.6, possibly 
by disrupting  Navb-dependent regulation of the channel. 
Other gating properties including steady-state inactiva-
tion and recovery from inactivation were not affected 
(Fig.  1g, h and Additional file  1: Table  S1). In addition, 
recording of T-type currents from cells expressing the 
 Cav3.2 G318S variant  (Cav3.2G>S) did not reveal any 
alteration of the T-type conductance compared to cells 
expression the wild-type channel  (Cav3.2wt) (Fig.  1i–k 
and Additional file 1: Table S1). However, the mean half 
activation potential of the  Cav3.2G>S variant was shifted 
toward more positive potentials by + 4.3 mV (p = 0.0048) 
(Fig. 1l and Additional file 1: Table S1) without any addi-
tional alteration of the other gating properties (Fig. 1m, n 
and Additional file 1: Table S1).

In summary, we reported the case of a child with 
severe DEE in whom a de novo mutation in SCN8A 
and an inherited rare CACNA1H variant were found. 
Pathogenic variants in SCN8A have originally been 
described in patients with DEE [6–9]. Most are de novo 
missense variants clustered in the highly conserved 
transmembrane domains of  Nav1.6 and are in general 
consistent with a gain-of-function pathogenic mecha-
nism predicted to increase neuronal excitability and 
seizure susceptibility [6, 10, 11]. Our observation that 
the SCN8A duplication variant produced a hyperpolar-
izing shift of the voltage-dependence of activation of 

Fig. 1 Electrophysiological properties of  Nav1.6 and  Cav3.2 channel variants associated with developmental and epileptic encephalopathy. a 
Family pedigree chart. Filled and open symbols indicate affected and unaffected individuals, respectively. b Location of the  Nav1.6 G1625_I1627 
duplication (red circle) and  Cav3.2 G318S missense variants (blue circle) within the secondary membrane topology of the channels. c Representative 
sodium current traces recorded from cells expressing wild‑type  Nav1.6  (Nav1.6wt, black traces) and  Nav1.6 duplication variant  (Nav1.6dup, red traces) 
in combination with  Navb2. d Corresponding mean current–voltage (I/V) relationship. e Corresponding mean maximal macroscopic conductance 
(Gmax) values obtained from the fit of the I/V curves with the modified Boltzmann Eq. (1). f Corresponding mean normalized voltage‑dependence 
of activation. The voltage‑dependence of activation for  Nav1.6wt in the absence of  Navb2 is shown for comparison (dotted line). Inset shows 
corresponding mean half‑activation potential values obtained from the fit of the activation curve with the modified Boltzmann Eq. (2). g Mean 
normalized voltage‑dependence of steady‑state inactivation for  Nav1.6wt and Nav1.6dup. Inset shows corresponding mean half‑inactivation 
potential values obtained from the fit of the inactivation curves with the two‑state Boltzmann function (3). h Mean normalized recovery from 
inactivation kinetics. Inset shows corresponding mean time constant t values of recovery from inactivation obtained by fitting recovery curves with 
a single‑exponential function (4). i-n Legend same as in (c‑h) but for cells expressing wild type  Cav3.2  (Cav3.2wt, black) and  Cav3.2 G318S  (Cav3.2G>S, 
blue) channel variants

(See figure on next page.)
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 Nav1.6 is also consistent with a gain-of-function (GoF) 
of the channel. Although future studies will be required 
to further assess the importance of the molecular com-
position of the channel in the phenotypic expression of 
SCN8A variants, the results presented here strengthen 
the notion that GoF SCN8A mutations may represent 
a general pathogenic mechanism in DEEs. In contrast, 
CACNA1H has never been associated with DEEs. 
Instead, GoF CACNA1H variants have been linked to 
absence epilepsy and primary aldosteronism [12] while 
loss-of-function (LoF) variants have been reported in 
autism spectrum disorders [13], amyotrophic lateral 
sclerosis [14, 15], and congenital amyotrophy [16]. It 
is not clear to which extent the LoF CACNA1H vari-
ant we identified in our patient may have contributed 
to the disease. Given that the father from whom the 
child inherited this variant was asymptomatic, this 
variant may not have had a major contribution to the 
development of the disease on its own. However, it is 
a possibility that it may have precipitated its develop-
ment by interacting with other genes. This notion is 
supported by previous studies showing that CACNA1G 
 (Cav3.1) and CACNA1A  (Cav2.1) are genetic modifiers 
of epilepsy associated with Dravet syndrome [17–19]. 
While additional studies using primary neurons will be 
required to uncover the detailed underlying pathogenic 
mechanisms of  Nav1.6 and  Cav3.2 variants, the current 
findings add to the notion that rare ion channel vari-
ants may contribute to the etiology of DEEs.
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A rare CACNA1H variant associated with
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complete loss of Cav3.2 T-type channel
activity
Robin N. Stringer1,2, Bohumila Jurkovicova-Tarabova3, Sun Huang4, Omid Haji-Ghassemi5, Romane Idoux1,
Anna Liashenko1, Ivana A. Souza4, Yuriy Rzhepetskyy1, Lubica Lacinova3, Filip Van Petegem5, Gerald W. Zamponi4,
Roger Pamphlett6 and Norbert Weiss1*

Abstract

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by the progressive loss of cortical,
brain stem and spinal motor neurons that leads to muscle weakness and death. A previous study implicated CACN
A1H encoding for Cav3.2 calcium channels as a susceptibility gene in ALS. In the present study, two heterozygous
CACNA1H variants were identified by whole genome sequencing in a small cohort of ALS patients. These variants
were functionally characterized using patch clamp electrophysiology, biochemistry assays, and molecular modeling.
A previously unreported c.454GTAC > G variant produced an inframe deletion of a highly conserved isoleucine
residue in Cav3.2 (p.ΔI153) and caused a complete loss-of-function of the channel, with an additional dominant-
negative effect on the wild-type channel when expressed in trans. In contrast, the c.3629C > T variant caused a
missense substitution of a proline with a leucine (p.P1210L) and produced a comparatively mild alteration of Cav3.2
channel activity. The newly identified ΔI153 variant is the first to be reported to cause a complete loss of Cav3.2
channel function. These findings add to the notion that loss-of-function of Cav3.2 channels associated with rare
CACNA1H variants may be risk factors in the complex etiology of ALS.

Keywords: ALS, Amyotrophic lateral sclerosis, Motor neuron disease, CACNA1H, Mutation, Calcium channel, Cav3.2
channel, T-type channel, Biophysics

Introduction
Amyotrophic lateral sclerosis (ALS), also known as
motor neuron disease or Lou Gehrig’s disease, is a het-
erogeneous neuromuscular disease characterized by the
degeneration of cortical, brain stem and spinal motor
neurons that leads to muscle weakness and paralysis.
Disease onset averages between 40 and 70 years of age
[1], and the annual incidence worldwide is estimated to

be between one to three per 100,000 people [2]. ALS is
best regarded as a complex genetic disorder with a Men-
delian pattern of inheritance in approximately 5–10% of
patients (familial ALS, fALS), but most patients have no
discernable family history of the disease which is then
referred to being “sporadic” or “isolated” in nature
(sALS) [3]. However, the observation that established
fALS genes are also implicated in sALS makes the dis-
tinction between fALS and sALS more abstruse [4]. For
instance, mutations in the most common ALS genes
(SOD1, FUS, TARDBP, C9orf72, VCP, and PFN1) ac-
count for up to 70% of fALS patients and about 10% of
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sALS [5]. In addition, several genes and loci in apparent
sALS patients have been proposed to be associated with
an increased risk of ALS, or to modify the onset or pro-
gression of the disease, which highlights the importance
of genetic risk factors [6]. Among these genes, the most
prominent are ATXN2 [7], UNC13A [8], ANG [9], and
SMN1 [10]. Recently, whole exome sequence analysis of
case-unaffected-parents trios identified two compound
heterozygous recessive missense mutations in the gene
CACNA1H [11, 12].
In the present study, we report two additional CACN

A1H variants (c.3629C > T, p.P1210L and c.454GTAC >
G, p.ΔI153) identified using whole genome sequencing
of a cohort of 34 sALS patients, with sequencing under-
taken at the Genome Institute, Washington University,
St Louise USA. The method of whole genome analysis
was the same as that reported in a separate study [11].
Whole genome analyses reveal no pathogenetic single

nucleotide or structural differences between monozy-
gotic twins discordant for amyotrophic lateral sclerosis
[13]. No unaffected parent DNA was subjected to whole
genome sequencing, so it was not possible to determine
if the variants were recessive or de novo in nature [11].
Functional analysis of these two variants revealed a
complete loss of Cav3.2 channel function associated with
the ΔI153 variant and a dominant-negative effect of this
variant on the wild-type channel when expressed in
trans.

Results
Whole genome sequencing identifies heterozygous CACN
A1H mutations in ALS patients
In a previous study, using case-unaffected parents trio
exome analyses, we reported an ALS patient with two
heterozygous CACNA1H missense mutations causing a
partial loss-of-function of Cav3.2 channel, suggesting

Fig. 1 Location of ALS-associated Cav3.2 variants. a Schematic representation of the membrane topology of Cav3.2 depicting the position of the
ΔI153 (red circle) and P1210L variants (blue circle). b Amino acid sequence alignment of Cav3.2 regions containing the two mutations across
several species showing the conservation of the I153 residue. Alignments were performed using UniProt (Homo sapiens O95180; Rattus norvegicus
Q9EQ60; Mus musculus O88427; Pan troglodytes H2QA94; Macaca mulatta A0A1D5R8A8; Felis catus M3WP54; Canis lupus F1PQE5; Ficedula albicollis
U3KGY9; Xenopus Tropicalis F6U0H3; Alligator sinensis A0A3Q0GL31). c In silico prediction of the potential impact of the P1210L and ΔI153
mutations on the functioning of Cav3.2 channel

Stringer et al. Molecular Brain           (2020) 13:33 Page 2 of 11



that rare CACNA1H variants may represent a risk factor
for ALS [11, 12]. In the present study, using whole gen-
ome sequencing of a small cohort of ALS patients, we
identified two additional heterozygous variants in CACN
A1H. The first variant (c.3629C > T, p.P1210L) was iden-
tified in a man with ALS onset aged 55 years who died
aged 62 years. He had no family history of ALS, though
his father had Alzheimer’s disease and his mother bipo-
lar disorder. The P1210L variant is located in a non-
conserved region of the intracellular linker connecting
transmembrane domains II and III (II-III loop) of Cav3.2
(Fig. 1a and b). This variant has previously been reported
in 188 out of 240,876 individuals in the gnomAD data-
base (https://gnomad.broadinstitute.org/), including 144
of 193,008 alleles only from individuals who were not
ascertained for having a neurological condition in a neuro-
logical case/control study. Furthermore, in silico analysis
predicted the amino acid change to be neutral (Fig. 1c),
suggesting that this variant is likely to not have a major
pathological role. The second variant (c.454GTAC >G,
p.ΔI153) was identified in a man with ALS onset aged 53
years who died aged 54 years. Although he had no family
history of ALS, his mother developed insulin-dependent
diabetes mellitus and narcolepsy, and his father presented
with early onset dementia, a condition known to precede
motor impairment in some people with ALS [14]. This
mutation produces an inframe deletion of the isoleucine
153 located in the second transmembrane helix of Cav3.2,
a region highly conserved across Cav3.2 channel orthologs
(Fig. 1a and b). The ΔI153 variant has only been reported
in 1 out of 198,036 individuals in the gnomAD database
and this deletion was predicted to be deleterious on the
channel (Fig. 1c). Hexanucleotide repeat number in
C9orf72, the most common genetic cause of ALS, was
normal in both patients.

The ΔI153 mutation causes a complete loss of Cav3.2
function
In the first series of experiments we assessed the func-
tional expression of Cav3.2 P1210L and ΔI153 channel
variants expressed in tsA-201 cells by whole-cell patch
clamp electrophysiology. Cells expressing the P1210L
channel variant displayed a characteristic low-threshold
voltage-activated T-type current (Fig. 2a and b) that only
differed from cells expressing the wild-type (WT) chan-
nel by a 32% reduction (p = 0.0125, Mann-Whitney test)
of the maximal conductance (Gmax) (from 571.3 ± 58.4
pS/pF, n = 42 to 387.7 ± 33.9 pS/pF, n = 41) (Fig. 2c).
The main electrophysiological properties, including
voltage-dependence of activation and inactivation
(Fig. 2d), and recovery from inactivation (Fig. 2e),
remained unaffected. In cells expressing the ΔI153 chan-
nel variant, we did not record any T-type conductance
(Fig. 2a-c). It is noteworthy that experimental conditions

known to favor the expression of misfolded proteins, such
as treatment of cells with the proteasome inhibitor
MG132 or decrease of cell incubation temperature to
30 °C, were used but failed to restore a T-type conduct-
ance. Additionally, co-expression of the ΔI153 channel
variant with Stac1 or with a calnexin-derived peptide that
has previously been reported to potentiate the expression
of Cav3.2 in the plasma membrane [15, 16] also failed to
restore T-type currents (data not shown). The lack of
functional expression of the ΔI153 channel variant could
have been inherent in our experimental conditions using
recombinant channels, so we aimed to further assess the
phenotypic effect of the ΔI153 mutation on native Cav3.2
channels in a neuronal environment. Therefore, we used a
CRISPR/Cas9 approach to introduce the ΔI153 mutation
in native Cav3.2 channels in cultured dorsal root ganglion
(DRG) neurons. DRG neurons were used as a model sys-
tem since these neurons are known to display a T-type
conductance that is almost exclusively carried by Cav3.2
channel subtype [17]. Consistent with our observation
with recombinant Cav3.2 channels, T-type currents re-
corded from Cav3.2 ΔI153 DRG neurons 3 days after gene
editing were reduced by 73% (Mann-Whitney p < 0.0001)
compared to wild type neurons (from 15.4 ± 2.5 pA/pF,
n = 12 to 4.1 ± 0.8 pA/pF, n = 12) (Fig. 2f and g).
Collectively, these data revealed a mild loss of channel

function associated with the P1210L variant, and the
deleterious effect of the ΔI153 mutation leading to a
complete loss of Cav3.2 activity.

The ΔI153 mutation disrupts Cav3.2 biogenesis
The alteration of T-type currents in ALS-associated
Cav3.2 variants could originate from an overall decreased
expression of channel proteins, reduced channel density
in the plasma membrane, altered gating of the channel,
or from a combination of several of these. Therefore, we
first assessed the expression levels of P1210L and ΔI153
channel variants in tsA-201 cells by western blot
(Fig. 3a). Immunoblot analysis from total cell lysates
showed that the P1210L channel variant was present at a
similar level as the WT channel (Fig. 3b). In contrast,
the expression level of the ΔI153 channel variant was re-
duced by 78% (Mann-Whitney p = 0.0286), suggesting
that this variant may undergo extensive degradation
(Fig. 3b). Next, we aimed to assess the expression of
Cav3.2 channel variants at the cell surface. Therefore,
we analyzed charge movements (Q) that refer to the
movement of the channel voltage-sensor in the plasma
membrane in response to electrical membrane depolar-
izations. Total charges (Qmax) were assessed at the rever-
sal potential of the ionic current, where we can consider
Qrev to be equal to Qmax, providing an accurate assess-
ment of the total number of channels in the plasma
membrane (Fig. 3c). In cells expressing the P1210L
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variant, we observed a 27% reduction of Qmax (t-test p =
0.0467) compared to cells expressing the WT channel
(from 12.0 ± 1.3 fC/pF, n = 19 to 8.7 ± 0.8 fC/pF, n = 18)
(Fig. 3d). This reduction of Qmax is similar to the reduc-
tion of the maximal T-type conductance we previously
observed (32%, Fig. 2c), suggesting that the decrease of

the T-type conductance in cells expressing the P1210L
channel variant is likely caused by a reduced expression
of the channel in the plasma membrane. This notion is
further supported by the observation that neither the
Gmax/Qmax dependency (Fig. 3e), nor the kinetics of
charge movements (Fig. 3f), were modified, indicating

Fig. 2 Electrophysiological characterization of Cav3.2 P1210L and ΔI153 variants. a Representative T-type current traces recorded in response to
150ms depolarizing steps to values ranging between − 90 mV and + 30 mV from a holding potential of − 100 mV for wild-type (WT, black traces),
P1210L (blue traces), and ΔI153 (red traces) channel variants expressed in tsA-201 cells. b Corresponding mean current-voltage relationship (I/V)
for WT (black circles), P1210L (blue circles), and ΔI153 (red circles) channels. c Corresponding mean maximal macroscopic conductance (Gmax)
obtained from the fit of the I/V curves with the modified Boltzmann eq. (1). d Mean normalized voltage-dependence of activation and
inactivation for WT (black circles) and P1210L channels (blue circles). e Mean normalized recovery from inactivation kinetics. f Representative T-
type current traces recorded from WT (black trace) and ΔI153 DRG neurons (red trace) 3 days after editing of Cacna1h by CRISPR/Cas9 in
response to 80ms depolarizing steps to − 25mV from a holding potential of − 90 mV. g Corresponding mean peak T-type current density at −
25mV in WT and ΔI153 mutant DRG neurons
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that the gating properties of the P1210L channel variant
remained unaltered. In contrast, we did not detect any
charge movement in cells expressing the ΔI153 channel
variant (Fig. 3c and d), suggesting that despite being bio-
chemically expressed, this variant is not present in the
plasma membrane.
Altogether, these data are consistent with a mildly de-

creased surface expression of the P1210L variant without
additional alterations. Importantly, these data demonstrate
the profound deleterious effect of the ΔI153 mutation on
the biogenesis and surface trafficking of Cav3.2 channels.

Dominant-negative effect of the ΔI153 channel variant
Given the heterozygosity of the ΔI153 mutation and the
defective trafficking of the ΔI153 channel variant, we

aimed to test whether this variant could have a dominant-
negative effect on WT channels. Therefore, we co-
expressed the WT and ΔI153 channels in tsA-201 cells in
a 1:1 ratio (equal amount of cDNAs) and compared T-
type currents with cells expressing the WT channel in
combination with a cation-impermeant but trafficking-
competent channel (PM). Recording of T-type currents in
cells expressing a combination of WT:ΔI153 channels
(Fig. 4a) revealed a 35% reduction (Mann-Whitney p =
0.0080) of the maximal T-type conductance compared to
cells expressing a combination of WT:PM channels (from
569 ± 73 pS/pF, n = 38 to 372 ± 27 pS/pF, n = 58) (Fig. 4b
and c), indicating that the ΔI153 variant produced a
dominant-negative effect on the WT channel when
expressed in trans. In contrast, the voltage-dependence of

Fig. 3 Expression of Cav3.2 P1210L and ΔI153 variants. a Representative immunoblot of Cav3.2 from tsA-201 cells expressing wild-type (WT),
P1210L, and ΔI153 channel variants. b Corresponding mean expression levels of P1210L and ΔI153 variants relative to WT channels. c
Representative charge movement traces recorded at the ionic reversal potential from cells expressing wild-type (WT, black trace), P1210L (blue
trace), and ΔI153 (red trace) channel variants. The dotted line depicts the time course of the integral for each trace. d Corresponding mean Qmax

values calculated for each investigated cell. e Corresponding mean Gmax/Qmax ratios. f Corresponding mean 10–90% rise times calculated from
the integral time course shown in panel c
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activation and inactivation remained unaltered. Given the
comparatively mild phenotype produced by the P1210L
mutation, the P1210L variant was not tested in combin-
ation with the WT channel. Finally, to test whether this
dominant-negative effect could be mediated by an
interaction between Cav3.2 subunits, we performed co-
immunoprecipitations from tsA-201 cells co-expressing
Myc-tagged and GFP-tagged Cav3.2 to discriminate

between the two channels. We observed that the GFP-
tagged Cav3.2 was immunoprecipitated with the Myc-
tagged Cav3.2 using a specific anti-Myc antibody, revealing
the ability of Cav3.2 channels to dimerize (Fig. 4d).
Collectively, these data revealed the dominant-negative

effect of the ΔI153 variant on the WT channel, a
phenomenon likely to be mediated by the interaction be-
tween Cav3.2 subunits.

Fig. 4 Electrophysiological characterization of Cav3.2 WT and ΔI153 expressed in trans. a Representative T-type current traces recorded from tsA-
201 cells expressing WT channels in combination with either the ΔI153 variant (WT:ΔI153, red traces) or the cation-impermeant but trafficking-
competent Cav3.2 pore mutant (WT:PM; grey traces) in a ratio 1:1. b Corresponding mean current-voltage relationship (I/V) for WT:ΔI153 (black|red
circles), and WT:PM (black|grey circles) conditions. c Corresponding mean maximal macroscopic conductance (Gmax). d Co-immunoprecipitation of
Cav3.2 from tsA-201 cells co-transfected with a Myc-tagged and GFP-tagged Cav3.2. The left panel shows the result of the co-immunoprecipitation of
Myc-Cav3.2 with GFP-Cav3.2 using an anti-Myc antibody. The middle and right panels show the immunoblot of GFP-Cav3.2 and Myc-Cav3.2 using and
anti-GFP and anti-Myc antibody, respectively
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Discussion
While several common genes are implicated in familial
ALS, the occurrence of rare genetic variants in patients
with no family history of the disease has emerged as a
potential contributing factor in sporadic ALS [11]. In
this study, we report two heterozygous CACNA1H vari-
ants identified by whole genome sequencing of a small
cohort of ALS patients. Functional analysis revealed mild
to severe alterations of Cav3.2 variants that were consist-
ent with a loss-of-function of the channels.
The P1210L missense mutation was located in a vari-

able region of Cav3.2 and was not predicted to be dele-
terious. Our electrophysiological analysis showed a
moderate reduction of the expression of the P1210L
channel variant at the cell surface and an associated re-
duction in the T-type conductance. We cannot entirely
rule out the possibility that the phenotypic expression of
the P1210L variant could have differed when introduced
into a different Cav3.2 splice variant [18], or when func-
tionally assessed under different experimental conditions
[19], but our experimental data together with the rela-
tively high occurrence of this variant in the general
population strongly suggest that it is indeed unlikely to
be pathogenic. In contrast, the ΔI153 variant had never
been reported and was predicted to be deleterious. Elec-
trophysiological analysis revealed a complete loss of
functional expression of the ΔI153 variant, and recording
of charge movements suggested that this variant was ab-
sent from the cell surface. Furthermore, our biochemical
analysis revealed a dramatic decrease of the expression
level of the channel protein, suggesting that this variant
may have undergone extensive degradation. Of particular
importance was the dominant-negative effect produced by
the ΔI153 variant on the WT channel when the two chan-
nels were expressed in trans. This effect was likely to be
mediated by the ability of Cav3.2 subunits to dimerize,
which could have prevented the proper trafficking of the
WT channel to the cell surface in the presence of the im-
paired ΔI153 variant. In this regard, it is worth considering
that this dominant-negative effect may also have an effect
on other ion channels. Indeed, Cav3.2 channels are known
to biochemically interact with several calcium- and
voltage-activated potassium and sodium channel subunits
[20–23] whose surface trafficking and activity could be af-
fected by the Cav3.2 ΔI153 variant.
The molecular mechanisms underlying the deleterious

effect of the ΔI153 variant can be appreciated by exam-
ining the 3-dimensional environment of I153, and the
possible impact of its deletion in the homology model of
Cav3.2 we have developed, using the 3.3 Å CryoEM
structure of Cav3.1 [24]. In this model, I153 is located
within the transmembrane S2 alpha helix of domain I
(Fig. 5a), where it is surrounded by hydrophobic residues
near the membrane-cytosol interface (Fig. 5b). The

nearby hydrophobic residues are highly conserved be-
tween L- and T-type channels and I153 shows a clear in-
volvement in the helical packing (Fig. 5b). Therefore,
deletion of I153 that results in a net loss of hydrophobi-
city within the transmembrane segment is likely to alter
helix packing in domain I which would result in the mis-
folding of the channel. Additionally, deletion of I153
would also affect downstream residues in the helix due
to a change in the helical register, thus further affecting
the helical packing in the voltage-sensing domain.
From a clinical point of view, the loss-of-channel func-

tion associated with the ΔI153 variant could have several
pathological implications. First, Cav3.2 is present in several
central neurons, including reticular thalamic neurons [25],
where they contribute to NMDA receptor-mediated syn-
aptic transmission [26]. Given that gain-of-function muta-
tions associated with childhood absence epilepsy were
shown to enhance synaptic activities [26], the reciprocal
theory would suggest that loss-of-channel function could,
in contrast, decrease synaptic transmission. Along these
lines, neuroimaging studies have revealed decreased thal-
amic activity in ALS [27–32], and a recent MRI study re-
ported alterations of thalamic connectivities that mirrored
the progressive motor functional decline in ALS [33]. Sec-
ond, although the functional expression of Cav3.2 in mam-
malian motor neurons remains elusive, several studies
suggest that T-type channels may have a functional role.
For instance, Cav3.1 channels are present in turtle spinal
motor neurons where they contribute to cellular excitabil-
ity [34]. In addition, a low-threshold voltage-activated cal-
cium conductance was reported at nodes of Ranvier in
mouse spinal motor neurons, suggesting the presence of
T-type channels [35]. Third, a T-type channel ortholog is
present in motor neurons of the nematode C. elegans [36]
where it contributes to motor-related functions [37, 38].
Finally, a recent study documented the role of T-type
channels in the maintenance of neuronal progenitor cells
[39]. A loss-of-function of Cav3.2 could compromise the
architecture of nerve cells and precipitate neuronal
degeneration.
In conclusion, this newly identified ΔI153 variant is

the first to be reported to cause a complete loss of
Cav3.2 channel function [40]. Although its pathogenic
role in the context of ALS remains to be established,
these findings add to the notion that rare CACNA1H
variants represent a risk factor for ALS. Furthermore,
several T-type channels blockers are currently being
used for the treatment of epilepsy [41]. The question
then arises as to whether long term use of these mole-
cules may present a risk to the development of ALS.
This notion should be given particular attention, espe-
cially considering that several other T-type channel
blockers are currently evaluated in clinical trials for the
management of epilepsy and chronic pain symptoms.
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Methods
Plasmids cDNA constructs and site-directed mutagenesis
The Cav3.2 P1210L and ΔI153 channel variants were
created by introducing the respective mutations into the
human wild-type HA-tagged Cav3.2 in pcDNA3.1 [42]
by PCR-based site-directed mutagenesis using Q5® Site-
Directed Mutagenesis Kit (New England Biolabs) and
the following mutagenic primers: delI153: 5′-TCAAGA
TGGTGGCCTTGG-3′ (forward) and 5′-CCATCT
CCACCGCAAAAAAG-3′ (reverse); P1210L: 5′-
GCCGCCCTCCtGCCTACCAAGTGC-3′ (forward) and
5′-CGGCCGCAGGGGCCGTGG-3′ (reverse). The
cation-impermeant Cav3.2 channel was generated by re-
placing the glutamic acid 378 in domain I with a lysine
(E378K) by site-directed mutagenesis. Final constructs
were verified by sequencing of the coding sequence of
the plasmid cDNAs.

Cell culture and heterologous expression
Human embryonic kidney tsA-201 cells were grown in
DMEM medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin (all media purchased

from Invitrogen) and maintained under standard conditions
at 37 °C in a humidified atmosphere containing 5% CO2.
Heterologous expression of Cav3.2 channels was performed
by transfecting cells with 5 μg plasmid cDNAs encoding for
Cav3.2 channel variants using the calcium/phosphate
method. For experiments aiming at investigating the dom-
inant negative effect of the ΔI153 variant, cells were co-
transfected with 2.5 μg plasmid cDNA encoding for WT
channels with either 2.5 μg plasmid cDNA encoding for the
ΔI153 channel variant or 2.5 μg plasmid cDNA encoding
for a non-conducting but trafficking-competent Cav3.2
(PM).

Patch clamp electrophysiology
Patch clamp recordings of T-type currents in tsA-201
cells expressing Cav3.2 channel variants were performed
72 h after transfection in the whole-cell configuration at
room temperature (22-24 °C) as previously described
[43]. The bath solution contained (in millimolar): 5
BaCl2, 5 KCl, 1 MgCl2, 128 NaCl, 10 TEA-Cl, 10 D-
glucose, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid (HEPES) (pH 7.2 with NaOH). Patch pipettes

Fig. 5 Homology model of human Cav3.2. a Cartoon representation of secondary structural elements of human Cav3.2 (Uniprot O95180)
homology model (residues 97–1974) based on Cav3.1 (PDB: 6KZO), showing side (left panel) and bottom (right panel) views of the channel. The
four domains of Cav3.2 are colored in red, yellow, blue and green. The S1-S6 helices are indicated in red for domain I. Some of the flexible loops
connecting the transmembrane helices are not shown, or could not be modeled, due to poor model accuracy or lack of structural information,
respectively. The isoleucine 153 (Ile153) is shown in black. b Stereo diagram of Ile153 and nearby hydrophobic residues showing its involvement
in the helical packing
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were filled with a solution containing (in millimolar):
110 CsCl, 3Mg-ATP, 0.5 Na-GTP, 2.5 MgCl2, 5 D-
glucose, 10 EGTA, and 10 HEPES (pH 7.4 with CsOH),
and had a resistance of 2–4MΩ. Recordings were per-
formed using an Axopatch 200B amplifier (Axon Instru-
ments) and acquisition and analysis were performed
using pClamp 10 and Clampfit 10 software, respectively
(Axon Instruments). The linear leak component of the
current was corrected online and current traces were
digitized at 10 kHz and filtered at 2 kHz. The voltage de-
pendence of activation of Cav3.2 channels was deter-
mined by measuring the peak T-type current amplitude
in response to 150 ms depolarizing steps to various po-
tentials applied every 10 s from a holding membrane po-
tential of − 100 mV. The current-voltage relationship (I/
V) curve was fitted with the following modified Boltz-
mann eq. (1):

I Vð Þ ¼ Gmax
V−V revð Þ

1þ exp
V0:5−Vð Þ

k

ð1Þ

with I(V) being the peak current amplitude at the com-
mand potential V, Gmax the maximum conductance, Vrev

the reversal potential, V0.5 the half-activation potential,
and k the slope factor. The voltage dependence of the
whole-cell Ba2+ conductance was calculated using the
following modified Boltzmann eq. (2):

G Vð Þ ¼ Gmax

1þ exp
V0:5−Vð Þ

k

ð2Þ

with G(V) being the Ba2+ conductance at the command
potential V.
The voltage dependence of the steady-state inactivation

of Cav3.2 channels was determined by measuring the peak
T-type current amplitude in response to a 150ms depolar-
izing step to − 20mV applied after a 5 s-long conditioning
prepulse ranging from − 120mV to − 30mV. The current
amplitude obtained during each test pulse was normalized
to the maximal current amplitude and plotted as a func-
tion of the prepulse potential. The voltage dependence of
the steady-state inactivation was fitted with the following
two-state Boltzmann function (3):

I Vð Þ ¼ Imax

1þ exp
V−V0:5ð Þ

k

ð3Þ

with Imax corresponding to the maximal peak current
amplitude and V0.5 to the half-inactivation voltage.
The recovery from inactivation was assessed using a

double-pulse protocol from a holding potential of − 100

mV. The cell membrane was depolarized for 2 s at 0 mV
(inactivating prepulse) to ensure complete inactivation
of the channel, and then to − 20mV for 150 ms (test
pulse) after an increasing time period (interpulse) ran-
ging between 0.1 ms and 2 s at − 100 mV. The peak
current from the test pulse was plotted as a ratio of the
maximum prepulse current versus interpulse interval.
The data were fitted with the following single-
exponential function (4):

I
Imax

¼ A� 1− exp
−t
τ

� �
ð4Þ

where τ is the time constant for channel recovery from
inactivation.

Measurement of charge movements
Recording of charge movements was performed 72 h
after transfection as previously described [44, 45]. The
bath solution contained (in millimolar): CsCl 95; TEACl
40, BaCl2 5; MgCl2 1; HEPES 10; glucose 10; pH 7.4 (ad-
justed with CsOH). Patch pipettes had a resistance ran-
ging from 1.8 MΩ to 2.2 MΩ when filled with a solution
containing (in millimolar): CH3SO3Cs 130; Na-ATP 5;
TEACl 10; HEPES 10; EGTA 10; MgCl2 5; pH 7.4 (ad-
justed with CsOH). Osmolarity of the intracellular solu-
tion was approximately 300 mOsmol/L. Osmolarity of
the extracellular solution was adjusted by adding sucrose
so that the final value was about 2–3 mOsmol/L lower
than the osmolarity of the corresponding intracellular
solution. Recordings were performed using HEKA
EPC10 amplifier (HEKA Electronics). Acquisition and
analysis were performed using Patchmaster v90.2 and
Fitmaster v2x73.1 and Origin Pro 2015 software, re-
spectively. Only cells with an input resistance less than 5
MΩ were considered. The input resistance and capacity
transients were compensated by up to 70% with in-built
circuits of the EPC 10 amplifier. Remaining artifacts
were subtracted using a -P/8 procedure. ON-gating cur-
rents were recorded in response to a series of 5 depolar-
izing pulses at the reversal potential of the ionic current
assessed for each cell, and total gating charge QON was
calculated as the integral of area below the averaged
current traces.

CRISPR/Cas9 genome editing in DRG neurons
Male rats (6-week-old) were purchased from Charles
River and DRG neurons were harvested as described
previously [46]. The next day, neurons were transfected
with Crispr-Cas9 plasmids (Cas9-sgRNA plasmid and
donor plasmid purchased from GeneCopoeia) using Li-
pofectamine 2000 from Invitrogen (Cat. 11,668–019).
The sequence of Crispr RNA was CGTGGAGATG
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GTGATCAAGA. The donor plasmid contained the
homologous arms of the genomic DNA without I153.
Whole-cell voltage-clamp recordings of T-type currents
were performed 3 days post transfection. The external
solution contained (in mM): 40 TEACl, 65 CsCl, 20
BaCl2, 1 MgCl2, 10 HEPES, 10 D-glucose, pH 7.4. The
internal solution contained (in mM): 140 CsCl, 2.5
CaCl2, 1 MgCl2, 5 EGTA, 10 HEPES, 2 Na-ATP, 0.3 Na-
GTP, pH 7.3. We used GFP fluorescence to specifically
identify neurons that were transfected with the CRISPR
plasmids. The overall percentage of GFP positive neu-
rons in a dish was relatively low, and hence we cannot
use bulk genomic sequencing for verification. However,
given the large functional effect on current densities, we
are confident that the use of GFP fluorescence is an ap-
propriate means of identifying neurons that were tar-
geted with these plasmids. We specifically targeted
medium diameter neurons for our analysis. The mean
capacitance of the neurons that we recorded from was
24.79 ± 4.40 pF for control neurons versus 21.89 ± 1.31
pF for CRISPR-edited neurons.

SDS-PAGE and immunoblot analysis
Immunoblot of HA-tagged Cav3.2 channel was per-
formed as previously described [16]. Briefly, total cell
lysate from tsA-201 cells expressing HA-Cav3.2 channels
was separated on a 5–20% gradient SDS-PAGE gel and
transferred onto PVDF membrane (Millipore). Detection
of HA-Cav3.2 was performed using a primary rat mono-
clonal anti-HA antibody (1:1000, Roche) and secondary
HRP-conjugated antibody (1:10,000, Jackson ImmunoRe-
search). Immunoreactive products were detected by en-
hanced chemiluminescence and analyzed using ImageJ
software.
For co-immunoprecipitation, cell lysates containing

GFP-tagged and Myc-tagged Cav3.2 were incubated for
3 h with a biotinylated mouse monoclonal anti-Myc anti-
body (Santa Cruz Biotechnology), and then for 45 min
with streptavidin beads (Invitrogen) at 4 °C, and washed
with PBS/Tween-20 buffer. Beads were resuspended in
Laemmli buffer and immunoprecipitation samples were
separated on SDS-PAGE gel.

Generation of human Cav3.2 homology model
The homology model of the human Cav3.2 channel was
prepared using the Cav3.1 structure as a template (PDB:
6KZO) in conjunction with Swiss-Model server (https://
swissmodel.expasy.org/) [47]. Figures were prepared
using Pymol (v2.2 Schrödinger, LLC.).

Statistics
Data values are presented as mean ± SEM for n measure-
ments. Statistical analysis was performed using Graph-
Pad Prism 7. For datasets passing the D’Agostino &

Pearson omnibus normality test, statistical significance
was determined using either Student’s t-test or a Mann-
Whitney test. Datasets were considered significantly dif-
ferent for p ≤ 0.05.
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ABSTRACT 

In the neurons of the dorsal root ganglia (DRG), various voltage-gated calcium channels 

(VGCCs) play a role in the processing of peripheral nociceptive information, serving as 

validated targets for pain therapeutics. Despite significant efforts to develop selective 

pharmacological blockers of VGCC subtypes for pain management, progress in clinical 

translation has been slow. Alternatively, polypharmacological blockers targeting multiple 

VGCC subtypes may offer additional advantages over highly selective inhibitors due to 

their synergistic activity. Previously, we identified surfen (bis(2-methyl-4-amino-quinolin-

6-yl)urea) as a broad-spectrum VGCC blocker with analgesic properties. In this study, a 

series of 15 quinoline-based surfen analogs were rationally synthesized and evaluated 

for their pharmacological activity on VGCCs. Our results demonstrate that compound S13 

exhibits improved cell tolerance compared to the reference compound surfen, while 

maintaining blocking activities on several recombinant VGCCs subtypes, including the 

primary pain-relevant Cav2.2 (N-type) and Cav3.2 (T-type) channels. Molecular docking 

analyses predicted direct binding of S13 to Cav2.2 and Cav3.2, suggesting potential 

interactions with ion-conducting pathways. Additional electrophysiology analyses of 

acutely dissociated DRG neurons in culture confirmed the blocking activity of S13 on both 

native low-voltage-activated (LVA) and high-voltage-activated (HVA) VGCCs, while 

sparing sodium and potassium channels. Notably, we show that intrathecal administration 

of S13 in a preclinical rat model of nerve ligation-induced mechanical allodynia produced 

substantial antinociceptive effects. Altogether, these findings underscore the potential of 

broad-spectrum VGCC blockers for pain therapy, and establish the quinoline-based 

backbone structure of S13 as the basis for the development of novel analgesics.  

 

 

 

KEYWORDS 

Calcium channels, Voltage-gated calcium channels, Quinoline, Molecular docking, Pain, 

Neuropathy 

  



 3 

INTRODUCTION 

Voltage-gated calcium channels (VGCCs) play an essential role in processing peripheral 

nociceptive information within the neurons of the dorsal root ganglia (DRG) 10. Among the 

diverse VGCCs expressed in DRG neurons 14, 47, two stand out as primary contributors 

to pain signaling in primary afferent nociceptive nerve fibers: the low-voltage-activated 

(LVA) Cav3.2 (T-type) and the high-voltage-activated (HVA) Cav2.2 (N-type) channels. 

For example, Cav3.2 channels, found in the soma and along the axon 32, drive neuronal 

excitability 26. Moreover, presynaptic Cav3.2 channels directly participate in nociceptive 

transmission between primary afferent fibers and second-order neurons of the lamina I 

and II in the dorsal horn of the spinal cord 20. Likewise, Cav2.2 channels, predominantly 

located in presynaptic nerve terminals, facilitate the release of key pronociceptive 

neurotransmitters such as glutamate, substance P, and calcitonin gene-related peptide 

(CGRP) 13, 24, 33, 39. Beyond Cav3.2 and Cav2.2 channels, there is also evidence pointing 

to the involvement other VGCC members, especially the HVA Cav1.2 7, 29, 31 and Cav2.3 

channels 6 to the processing of peripheral nociception. Consequently, selective inhibition 

of VGCC subtypes with small organic molecules or peptides has been recognized for its 

potential in mediating analgesia in a wide range of preclinical rodent pain models 27, 48. 

Significant effort has been directed towards the development of selective VGCC blockers 

for pain therapy. However, progress in clinical development of new drugs for chronic pain 

treatment has been slow. Despite promising preclinical drug candidates, no selective 

small-molecule channel blockers have received clinical approval thus far 40. The 

limitations of established rodent pain models in predicting drug responses may be one 

factor, but it is also evident that these molecules often fail due to their adverse side effects. 

An alternative approach may hinge on broad-spectrum calcium channel blockers 

with relatively lower affinity. Such molecules offer dual advantages: 1) their lower affinity 

may be less harmful to tissues beyond the pain pathway, which generally display a more 

limited diversity of VGCCs, and 2) their analgesic effect arises from the synergistic 

blocking of multiple VGCC subtypes.  

Our previous findings indicate that surfen (bis(2-methyl-4-amino-quinolin-6-

yl)urea) possesses analgesic properties in mouse models of acute and chronic 

inflammatory pain 30. These analgesic effects were primarily attributed to the ability of 
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surfen to inhibit VGCCs, irrespective of the specific channel isoform. As part of our 

ongoing endeavors to develop broad-spectrum calcium channel blockers for pain therapy, 

we rationally designed and synthesized a series of surfen analogs to generate structure-

activity relationships, and assessed their pharmacological activity on heterologous and 

native VGCCs. Among these 16 compounds, S13 emerged as noteworthy, showing 

enhanced tolerance in cell toxicity assays compared to surfen, all the while retaining its 

ability to inhibit VGCCs. Molecular docking analyses provide further support for 

presumptive direct binding of S13 to the channels. Importantly, in vivo evaluation of S13 

revealed potent analgesic effects in a preclinical rat pain model of neuropathic pain.    
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RESULTS AND DISCUSSION 

 

Chemical synthesis of quinoline-based compounds. The synthesis of the quinoline 

derivatives S1 was performed according to the literature 35 by condensation of 5-nitro-2-

aminobenzonitrile and acetone in the presence of tin tetrachloride and subsequent 

reduction of the nitro group to amino with Al/Ni alloy under basic conditions (Figure 1A-

B). Quinoline S1 and commercially available 4-desamino derivatives S2 were 

subsequently subjected to selective N-acylation reaction at N6. Ureas S5-S11 were 

synthesized by reaction with isocyanates (X=O), potassium cyanate (X = O, R2 = H) or 

isothiocyanates (X = S). N-Quinolin-6-yl amides S12 and S14-S16 and carbamate S13 

were prepared by N-acylation with acid chlorides or phenyl chloroformate, respectively 

(see Supplemental information). 

 

Screening of quinoline-based compounds on recombinant Cav3.2 channels. To 

evaluate the pharmacological activities of quinoline-based compounds, we conducted a 

primary screen on recombinant Cav3.2 channels expressed in tsA-201 cells using patch-

clamp electrophysiology. The compounds were applied acutely at 30 M and the steady-

state inhibition was recorded (Figure 2A). Clear trends emerged from the results. The N’-

aminoquinolinyl unit in surfen S4 can be easily substituted by the sterically similar, yet 

significantly more hydrophobic, -naphthyl unit in S6 or the sterically less demanding N’-

phenyl unit in urea S5 without losing blocking activity. The carbonyl oxygen atom in S4-

S6 appeared to play a crucial role for the pharmacological action, as the thiourea S7 

displayed significantly less blocking activity. However, substituting the distal nitrogen 

atom in N’-phenylurea S5 with a CH2 group in phenylacetamide S12 or an oxygen atom 

to O-phenyl carbamate S13 resulted only in a slight decrease in channel blocking activity, 

while S13 showed a more favorable biological profile (vide infra). Urea S9, featuring the 

sterically significantly different -naphthyl group compared to surfen S4, S5, or S6, 

showed almost no blocking activity, demonstrating the importance of steric features at the 

N’-aryl group. However, substituting the N’-aryl unit in ureas S4-S6 with aliphatic amide 

groups as in S8 and S15, benzamide units as in S14, or having no N’-substituent at all as 

in S10, largely abolished the pharmacological activity on VGCCs. Finally, the importance 
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of the free amino group at the 4-position of the quinoline ring is highlighted by the loss of 

blocking activity if it is absent, as observed in S11, or if acylated, as in S16 (Figure 2B). 

 

S13 is a broad-spectrum calcium channel blocker. Among the four surfen derivatives 

that produced greater than 50% inhibition of Cav3.2 channels (Figure 3A), S13 showed 

significantly less cytotoxicity against various human cell lines in vitro. Notably, the half-

maximal (IC50) cytotoxic concentration of S13 was approximately 5 to 7 times higher than 

that of our reference compound S4 (surfen) (Figure 3B). Consequently, S13 was selected 

as the lead compound for further analysis. To assess the pharmacological profile of S13 

across the voltage-gated calcium channel family, we conducted patch-clamp recordings 

in tsA-201 cells expressing recombinant channels to assess S13 against Cav1.2 (L-type), 

Cav2.1 (P/Q-type), and Cav2.2 (N-type), as well as Cav3.1, Cav3.2, and Cav3.3 (T-type) 

channels. Acute application of S13 (30 M) resulted in pronounced inhibition of all 

channels, with the exception of Cav2.1, which appeared to be comparatively less sensitive 

(Figure 4A). The time course for S13-mediated inhibition of LVA channels was nearly 

instantaneous, whereas it occurred progressively over 3 to 4 minutes for HVA channels. 

While we cannot totally dismiss the possibility of two markedly different mechanisms of 

inhibition between LVA and HVA channels, one possibility for this difference could be due 

to S13 binding to the channels with distinct accessibility (see Molecular docking section 

below for in-depth discussion). Notably, S13 blocked the two prominent channels involved 

in the processing of peripheral nociception, Cav3.2 and Cav2.2 channels, by 67% and 

58%, respectively (Figure 4B). The relative IC50 values were approximately 17 M (Hill 

coefficient 1.8) for Cav3.2 channels (Figure 4C) and 25 M (Hill coefficient 2.5) for Cav2.2 

channels (Figure 4D). 

 Next, we conducted a further assessment of the effects of S13 on the gating 

properties of recombinant Cav3.2 and Cav2.2 channels. T-type currents recorded in 

Cav3.2-expressing cells treated with 30 M S13 for 2 minutes were significantly reduced 

across a wide range of membrane potentials compared to cells treated with the vehicle 

(Figure 5A), and the maximal macroscopic T-type conductance (Gmax) was reduced by 

68% (p<0.0001) (Figure 5B). Furthermore, S13 caused an additional depolarized shift of 

the voltage dependence of activation by 10.0 mV (p<0.0001) (Figure 5C), along with a 
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depolarized shift of the voltage dependence of inactivation by 7.5 mV (p<0.0001) (Figure 

5D). Likewise, S13 caused inhibition of N-type currents in cells expressing Cav2.2 

channels (Figure 5E) and decreased the maximal N-type conductance by 44% 

(p=0.0004) (Figure 5F). The voltage dependence of activation remained unaltered 

(Figure 5G), and only the voltage dependence of inactivation was slightly shifted, by 3.5 

mV (p=0.0038), in cells treated with S13 (Figure 5H). Altogether, these data indicate that 

S13 is effective in blocking several VGCC members including those involved in the 

processing of peripheral nociception.  

 

Molecular docking of S13 to Cav2.2 and Cav3.2 channels. We used computational 

docking to predict binding sites for S13, focusing on the two primary pain-relevant 

channels, Cav2.2 and Cav3.2 which were most strongly inhibited by S13. Because a 

structure of Cav3.2 has not yet been published, we used our previously generated 

homology model 9. Based on electrophysiology data showing minimal (Cav2.2) or 

moderate (Cav3.2) effects on channel gating (Figure 5), we docked S13 to the 

extracellular vestibule and the pore (including open fenestrations) in each structure using 

Glide with enhanced sampling (see Methods). The top scoring sites were within the 

central pore for Cav2.2 (Fig 6A) and in the open fenestration between domains IV and I 

for Cav3.2 (Fig 6B). Each of these sites were then redocked using the Schrödinger 

Induced-Fit (flexible-receptor) protocol, resulting in improved docking scores for both 

targets due to optimization of favorable contacts (Fig 6A-D). In both receptors, the best 

S13 pose is predicted to contact residues in the domain I S6 helix, partially obscuring the 

ion-conducting pathway, albeit with S13 in different orientations (Fig 6C-D). This site 

differs from ligand binding sites observed in Cav2.2 and Cav3.1 or Cav3.3 structures to 

date. Cryo-EM structures of Cav2.2 showed that PD173212 and “blocker 1” bound within 

the open DIII-DIV fenestration and partially within the pore 8. One overlap does occur for 

predicted S13 and bound PD173212 which are both within hydrophobic contact distance 

of the Phe345 side-chain (Fig 6E). In the cases of Cav3.1 with bound Z944 51 and Cav3.3 

with mibefradil, otilonium bromide, or pimozide 15, these ligands bind to the central pore 

and also enter into fenestration DII-DIII to varying degrees (Fig 6F). In the Cav3.2 model, 

S13 docks in the pore and the DIV-DI fenestration (Fig 6F). In this pose, S13 is in the 
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vicinity of two conserved contacts made by mibefradil and pimozide at Asn412 in DI-S6 

(Asn388 in Cav3.1, Asn391 in CaV3.3) and at Leu1851 DIV-S6 (Leu1891 in Cav3.1, 

Leu1791 in Cav3.3). Interestingly, Cryo-EM structures have uncovered changes in pore-

lining S6 helices with ligand binding, such as α/π transitions 46, 50, 51, straightening of kinks 

50, and axial rotation 51. S6 transitions have also been observed in other p-loop channels, 

including the highly structurally related Navs 18, 44, 49, and may impact opening and closing 

of the intracellular gate 4, 43. Thus, interaction with the S6 helix suggests that S13 could 

impair calcium current via direct channel block as well as through restriction of 

conformational transitions of the DI-S6 helix. Further, the predicted fenestration site for 

S13 for Cav3.2 is also of interest as the fenestrations, first proposed 45 years ago by Hille 

16, have been found to be utilized to anchor various channel inhibitors and drugs within 

the pore of both Cav 8, 15, 46, 51 and Nav channels 19, 21, 23, 49, demonstrating the importance 

of these sites for drug targeting. Recent studies in Nav channels suggest that opening 

and closing of these hydrophobic drug access pathways may also be linked to α/π 

transitions and kinking in the S6 helices 5, 42 highlighting additional layers of complexity to 

inhibition of voltage-gated channels and raising a third possible mechanism for channel 

block by S13.  

Finally, we venture to speculate that the slower onset of inhibition by S13 observed 

for Cav2.2 channels could be due to slower entry into the pore or effects of VGCC ancillary 

subunits Cav and Cav2. We did not investigate docking to the latter based on the ability 

of S13 to inhibit T-type channels, which are typically impervious to regulation by Cav 

ancillary subunits 22. Finally, we also note several caveats of our in-silico studies. In 

addition to the obvious predictive nature of docking and uncertainties in homology 

modeling, we note that the Cav structures are missing about 40% of the amino acids 

(mainly the intracellular loops) precluding investigation into possible ligand binding sites 

in these regions. Thus, although our docking models are intriguing, the predicted binding 

sites remain to be experimentally validated. 

 

S13 blocks voltage-activated calcium currents in DRG neurons but not sodium and 

potassium currents. Next, our aim was to confirm that S13 not only inhibits recombinant 

calcium channels but is also effective on native channels in cultured mouse DRG 
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neurons. We assessed the effects of S13 on voltage-activated calcium currents in 

medium-sized DRG neurons, corresponding to thinly myelinated nociceptive A fibers 

known to express both LVA and HVA calcium channels 2. In line with our observations on 

recombinant VGCCs, acute application of 30 M S13 resulted in a significant reduction 

of both LVA and HVA calcium currents (Figure 7A). The maximal steady-state inhibition 

was 62% and 64% for LVA and HVA currents, respectively (Figure 7C). Our findings, 

showing that S13 effectively inhibits LVA calcium currents, confirm its action on native 

Cav3.2 channels since Cav3.2 is the primary T-type channel isoform responsible for 

carrying LVA currents in DRG neurons 2. On the other hand, the HVA calcium 

conductance in rodent DRG neurons comprises a combination of N-type (39%), P/Q-type 

(20%), L-type (22%), and R-type (19%) currents 14. Therefore, our observation that S13 

blocked 64% of the total HVA current suggests that S13 is also effective on multiple native 

HVA channels, as none of them individually accounts for more than 40% of the total HVA 

current conductance. In contrast, S13 had very minimal effects on total voltage-activated 

sodium and potassium currents (Figure 7B), causing only 8% and 9% inhibition, 

respectively (Figure 7C). Nonetheless, we note that S13 induced a mild yet consistent 

slowdown of the inactivation kinetics of the sodium current. Altogether, these findings 

confirm that S13 primarily functions as a broad-spectrum VGCC blocker, effectively 

reducing the calcium conductance in nociceptive DRG neurons.              

 

S13 shows antinociceptive effects in a preclinical pain model of SNL-induced 

mechanical hyperalgesia. The data above revealed that pronociceptive VGCCs are the 

primary target of S13. Therefore, we sought to determine whether treatment with S13 

would demonstrate efficacy in a preclinical rat model of neuropathic pain induced by 

spinal nerve ligation (SNL). SNL induces partial denervation of the sensory zone of the 

spinal nerve, resulting in mechanical allodynia as evidenced by a pronounced decreased 

of the paw withdrawal thresholds (PWT) within 10 days post-surgery (Figure 8A). In this 

allodynic state, intrathecal treatment of male animals with S13 (10 g/5L) resulted in a 

significant increase in PWT within 1 h after treatment (Figure 8A). The reversal of 

allodynia persisted for approximately 3 h post-treatment, as evidenced by the increase of 

the PWT integral compared to vehicle-treated animals (Figure 8B). We then conducted 
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a similar experiment with female rats to determine whether there were any sex-based 

differences in the analgesic effects observed for S13. As shown in Figure 8C-D, S13 was 

also effective at reversing mechanical hyperalgesia in female rats, indicating that its 

analgesic actions in rats are independent of sex. Collectively, these data demonstrate the 

antinociceptive potential of S13 in experimentally induced neuropathic pain.      
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CONCLUSIONS 

Previous studies have documented the analgesic effects of mixed VGCC blockers. For 

example, A-1264087, which acts as a mixed blocker of Cav2.1, Cav2.2, and Cav3 

channels, has been shown to mitigate SNL-induced mechanical hyperalgesia 45, 52. 

Similarly, TROX-1 exhibits inhibition of Cav2.1, Cav2.2, and Cav2.3 channels with 

comparable efficacy 41 and has been demonstrated to reverse inflammatory-induced 

hyperalgesia and nerve-injury-induced allodynia 1, 28. In addition to these synthetic 

compounds, the natural product physalin F serves as a dual blocker of Cav2.2 and Cav2.3 

channels, offering relief from mechanical hyperalgesia in rodent models of neuropathic 

pain 36. Moreover, indirect modulation of Cav2.2 channels with a peptidomimetic was 

shown to be analgesic in models of neuropathic and inflammatory pain 13. In this study, 

we introduce S13, a promising quinoline-based compound that exhibits activity against 

several pronociceptive VGCCs. S13 effectively inhibits voltage-activated calcium currents 

in nociceptive DRG neurons while sparing sodium and potassium currents. Notably, S13 

demonstrates substantial potential as an analgesic agent in a preclinical rat model of 

SNL-induced neuropathic pain, successfully alleviating mechanical allodynia in both male 

and female animals. These findings further underscore the therapeutic promise of broad-

spectrum calcium channel blockers in mitigating neuropathic pain and suggest that the 

quinoline backbone structure may serve as a valuable platform for the development of 

novel derivatives with analgesic properties for further preclinical investigation.          
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MATERIAL AND METHODS 

 

Synthesis of quinoline-based compounds. See Supplemental information.  

 

Compound preparation. All compounds were dissolved in DMSO at a stock 

concentration of 30 mM, aliquoted, and stored at -20oC. For patch clamp recordings, 

compounds were diluted directly into the bath solution at the desired concentration, 

ensuring that the final DMSO concentration never exceeded 1/1000.      

 

Heterologous expression of voltage-gated calcium channels. Human embryonic 

kidney tsA-201 cells were grown in DMEM high glucose medium supplemented with 10% 

(v/v) heat-inactivated fetal bovine serum and 1% penicillin/streptomycin (all media 

purchased from Invitrogen) and maintained under standard conditions at 37oC in a 

humidified atmosphere containing 5% CO2. Cells were transfected using the 

calcium/phosphate method with plasmid cDNAs encoding for the human Cav1.2 and 

Cav2.1 (along with Cav and Cav2-1 ancillary subunits), Cav3.1, Cav3.2, and Cav3.3 

channels. Patch-clamp recordings were performed 72h after transfection. The CHO cell 

line stably expressing the rat Cav2.2 channel is a generous gift from Dr. Klugbauer 

(University of Freiburg) and was previously described 25.     

 

Isolation of DRG neurons. Lumbar L4-L6 dorsal root ganglia (DRGs) from adult C57 

male and female mice were harvested has previously described 38 and dissociated 

enzymatically with 1 mg/mL collagenase (Sigma-Aldrich) in DMEM medium for 1 h at 

37oC, followed by mechanical trituration. Cells were seeded onto 12 mm glass coverslips 

coated with Poly-L-Lysine (Sigma-Aldrich) in DMEM medium supplemented with 10% 

FBS and 1% penicillin-streptomycin (Thermo-Fisher). The cells were maintained at 37oC 

in 5% CO2 for 24 h before patch-clamp recordings.      

 

Whole-cell patch clamp recordings (manual). Whole-cell patch clamp recordings were 

performed at room temperature (18-22 °C) using an Axopatch 200B amplifier in voltage-

clamp mode and acquisition was performed using pClamp 10 (Axon Instruments). The 
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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. Recording of recombinant 

VGCCs was performed in a bath solution containing (in millimolar): 5 BaCl2, 5 KCl, 1 

MgCl2, 128 NaCl, 10 TEA-Cl, 10 D-glucose, 10 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) (pH 7.2 with NaOH). Patch pipettes were filled 

with a solution containing (in millimolar): 110 CsCl, 3 Mg-ATP, 0.5 Na-GTP, 2.5 MgCl2, 5 

D-glucose, 10 EGTA, and 10 HEPES (pH 7.4 with CsOH), and had a resistance of 2–4 

MΩ. For recording of VGCCs in DRG neurons, the extracellular solution contained (in 

mM): 2 CaCl2, 160 TEA-Cl, 10 Glucose and 10 HEPES (pH 7.4). The intracellular solution 

contained (in mM): 134 CsCl, 10 EGTA, 10 HEPES, 4 Mg-ATP and 0.1 Leupeptin (pH 

7.2). For recording of voltage gated sodium channels in DRG neurons, the extracellular 

solution contained (in mM): 128 NaCl, 2 CaCl2, 5 KCl, 1 MgCl2, 10 TEA-Cl, 10 Glucose 

and 10 HEPES (pH 7.4). The intracellular solution contained (in mM): 110 CsF, 2.5 MgCl2, 

5 Glucose, 10 EGTA, 10 HEPES, 3 Mg-ATP, 0.5 Na2-GTP (pH 7.4). For recording of 

voltage-gated potassium channels in DRG neurons, the extracellular solution contained 

(in mM): 138 NaCl, 2 CaCl2, 5 KCl, 1 MgCl2, 10 Glucose and 10 HEPES (pH 7.4). The 

intracellular solution contained (in mM): 140 KCl, 4 NaCl, 1 MgCl2, 10 EGTA, 10 HEPES 

and 2 Na2-GTP (pH 7.4). 

 

Whole-cell patch clamp recordings (automated). Some of the recordings of 

recombinant Cav3.2 and Cav2.2 channels (presented in Figure 5) were conducted using 

the SyncroPatch 384PE (Nanion) at room temperature (18-22oC). Pulse generation and 

data acquisition were carried out with PatchControl384 v1.9.7 software (Nanion) and the 

Biomek v1.0 interface (Beckman Coulter). The extracellular solution contained (in mM): 

10 CaCl2, 140 NaCl, 4 KCl, 1 MgCl2, 5 Glucose and 10 HEPES (pH 7.4). The intracellular 

solution contained (in mM): 10 CsCl, 110 CsF, 10 NaCl, 10 EGTA, and 10 HEPES (pH 

7.2). 

 

Electrophysiological analysis. The voltage dependence of activation of recombinant 

Cav3.2 and Cav2.2 channels was determined by measuring the peak of the currents in 

response to depolarizing steps from a holding potential of -120 mV (Cav3.2) and -100 mV 
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(Cav2.2). The current-voltage relationship (I/V) curve was fitted with the following modified 

Boltzmann equation (1): 

 

(1)          𝐼(𝑉) =  𝐺𝑚𝑎𝑥 
(𝑉 − 𝑉rev)

1 +  exp
(𝑉0.5 − 𝑉) 

𝑘

 

 

with I(V) being the peak current amplitude at the command potential V, Grev the maximum 

conductance, Vrev the reversal potential, V0.5 the half-activation potential, and k the slope 

factor. The voltage dependence of the whole-cell calcium conductance was calculated 

using the following modified Boltzmann equation (2): 

 

(2)          𝐺(𝑉) =  
𝐺𝑚𝑎𝑥

1 +  exp
(𝑉0.5 − 𝑉) 

𝑘

 

 

with G(V) being the conductance at the command potential V. The voltage dependence 

of the steady-state inactivation was determined by measuring the peak of the current 

amplitude in response to a 200 ms depolarizing step to +10 mV (Cav3.2) and +40 mV 

(Cav2.2) applied after a 1 s-long conditioning prepulse ranging from -120 mV to +80 mV. 

The current amplitude obtained during each test pulse was normalized to the maximal 

current amplitude and plotted as a function of the prepulse potential. The voltage 

dependence of the steady-state inactivation was fitted with the following two-state 

Boltzmann function (3):  

 

(3)          𝐼(𝑉) =  
𝐼𝑚𝑎𝑥

1 +  exp
(𝑉 − 𝑉0.5) 

𝑘

 

    

with Imax corresponding to the maximal peak current amplitude and V0.5 to the half-

inactivation voltage.  
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Cytotoxicity assay. Cervix cancer (HeLa), hepatocellular carcinoma (Hep G2), acute 

lymphoblastic leukemia (CCRF-CEM), and acute promyelocytic leukemia (HL-60) human 

cell lines were purchased from ATCC (LGC Standards Sp. z o.o., Poland). HeLa cells 

were cultured in DMEM high glucose medium, CCRF-CEM and HL-60 cells in RPMI-1640 

medium (Dutch modification), and Hep G2 cells in MEM medium supplemented with 

10% (v/v) heat-inactivated fetal bovine serum (FBS) and 2 mM glutamine at 37°C in a 

humidified atmosphere containing 5% CO2. All media and supplements were purchased 

from Sigma-Aldrich. The CellTiter-Glo® 2.0 Cell Viability Assay kit (Promega) was used 

to measure the cytotoxicity of tested compounds. Following the seeding of cells (20 L) 

into white 384-well plates (Thermo Fisher Scientific Nunc™), cells were grown for 24 h 

before the addition of compounds or DMSO (used as a vehicle control) into each well. 

Post 72 h treatment, CellTiter-Glo® reagent (20 μL) was added to each well, and the 

content was mixed on an orbital shaker in the dark for 2 min at 400 rpm. Subsequently, 

the luminescent signal was allowed to stabilize for 10 min at room temperature. 

Luminescence readings were taken using a microplate reader (Cytation 3, BioTek, USA). 

In this assay, the luminescence directly correlates with the cell number. Cytotoxicity is 

expressed using IC50 values, representing the concentration of a tested compound that 

reduces the number of viable cells by half. The data were normalized, and IC50 values 

were calculated using nonlinear regression analysis, assuming a sigmoidal 

concentration-response curve with a variable Hill slope (GraphPadPRISM® 7 software). 

 

Molecular docking analysis. Protein and ligand preparation and docking were 

conducted using the Schrödinger Docking Suite (Schrödinger Release 2023-2: 

Schrödinger, LLC, New York, NY, 2023). Ligands were prepared using LigPrep with 

possible ionization states at pH 7.0 34.  The cryo-EM structure of Cav2.2 (PDB ID: 7mix 

12) was prepared using the Protein Preparation Wizard 34. The homology model of Cav3.2 

was described previously 9. Docking was conducted using Glide in Standard Precision 

(SP) mode with enhanced sampling (4x) to obtain up to 100 poses per site 11. Schrödinger 

Induced-Fit Docking (IFD) was used for flexible receptor docking 37. In this approach, 20 

docking runs are each followed by optimization of the amino acid positions and 
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conformations within 5 Å of the newly docked site, and the resulting ligand-receptor 

complexes are ranked by the energies of the resulting induced-fit complexes. 

 

Animals. All experiments and procedures were performed in accordance with the 

guidelines recommended by the National Institutes of Health, the International 

Association for the Study of Pain, and the National Center for the Replacement, 

Refinement, and Reduction of Animals in Research (NC3Rs) guidelines. Pathogen-free 

adult male and female Sprague-Dawley rats (100-150 g; Charles River Laboratories, 

Wilmington, MA) were used for behavioral experiments. Animals were housed in the New 

York University’s Kriser Dental Center Animal Facility in light/dark cycle (12-h light: 12-h 

dark cycle; lights on at 07:00 h) and temperature (23 ± 3°C) controlled rooms, with 

standard rodent chow and water ad libitum. The Institutional Animal Care and Use 

Committees of the College of Dentistry at New York University approved all experiments. 

 

L5/L6 spinal nerve ligation. Male and female rats (~150 g) were deeply anesthetized 

with isoflurane (4% for induction and 2% for maintenance). The lower half of the animal’s 

back was shaved. After surgical preparation, the left L5 and L6 spinal nerves were 

exposed by removing the paraspinal muscles and ligated with a 5-0 silk suture in a region 

distal to the DRG 17. After hemostasis was confirmed, muscle and fascia were closed in 

layers using 5-0 absorbable suture, and the skin was closed with wound clips. Animals 

were allowed to recover for 10 days. 

 

Intrathecal administration. Ten days after spinal nerve ligation, S13 was injected 

intrathecally (10 μg/5 μL) between L4/L5 intervertebral level into isoflurane anesthetized 

rats (4% for induction and 2% for maintaining) and behavior was measured every hour 

for 6 hours. 

 

Measurement of mechanical allodynia. Mechanical allodynia was assessed by 

measuring rats’ paw withdrawal threshold in response to probing with a series of fine 

calibrated filaments (von Frey, Stoelting, Wood Dale, IL). Rats were placed in suspended 

plastic cages with a wire mesh floor, and each von Frey filament was applied 



 17 

perpendicularly to the plantar surface of the paw. The “up-down” method (sequential 

increase and decrease of the stimulus strength) was used to determine the withdrawal 

threshold Dixon’s nonparametric method was used for data analysis, as described by 

Chaplan et al. 3. Data were expressed as the paw withdrawal threshold. Mechanical 

allodynia was manifested as a decrease in paw withdrawal threshold. 

 

Data analysis and statistics. Data values are presented as mean ± S.E.M for n 

measurements. Statistical significance was evaluated by one-way or two-way ANOVA 

followed by a Turkey’s test with GraphPad Prism 7 and datasets were considered 

significantly different for p<0.05. 
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FIGURE LEGENDS 

 

Figure 1. Synthesis of quinoline-based compounds. (A) Schematic diagram of the various 

quinoline-based compounds synthesized and tested for their effects on voltage-gated 

calcium channels. (B) Chemical characteristics of synthesized compounds.  

 

Figure 2. Screening of quinoline-based compounds on recombinant Cav3.2 channels. (A) 

Mean percentage of current inhibition produced by acute application of 30 M quinoline-

based compounds (n = 4-6 per compound). T-type currents were elicited by a step 

depolarization to -20 mV from a holding potential of -100 mV. (B) Summary of the 

structure-activity relationship (SAR). The structure of surfen (S4) is shown as reference 

compound.   

 

Figure 3. In vitro cytotoxicity of quinoline-based compounds. (A) Structures of the four 

most potent compounds (S5, S6, S12, and S13) for their blocking activity on recombinant 

Cav3.2 channels. The structure of S4 (surfen, reference compound) is shown for 

comparison. (B) Corresponding mean half-maximal cytotoxic concentration (IC50) on 

several human cancer cells and primary fibroblasts (n = 3 per compound). CCRF-CEM, 

human lymphoblastic leukemia; HeLa, human cervical carcinoma; HepG2, human liver 

cancer; HL-60, human promyelocytic leukemia. 

 

Figure 4. Pharmacological evaluation of S13 across recombinant voltage-gated calcium 

channels. (A) Representative time course of current inhibition along with whole-cell 

current traces recorded from cells expressing LVA (Cav3.1, Cav3.2, and Cav3.3) and HVA 

(Cav1.2, Cav2.1, and Cav2.2) channels in response to a step depolarization to -20 mV 

(LVA channels) and +10 mV (LVA channels) from a holding potential of -100 mV, before 

(black traces) and after (blue traces) acute application of S13 (30 M). (B) Corresponding 

mean percentage of maximal current inhibition (n = 4-6 per channel). (C-D) 

Corresponding dose-response curves of S13 for Cav3.2 and Cav2.2 channels (n = 16-25 

for each concentration). 
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Figure 5. Effects of S13 on the gating properties of recombinant Cav3.2 and Cav2.2 

channels. (A) Mean current-voltage (I/V) relationships of recombinant Cav3.2 channels 

recorded by automated patch-clamp in cells pre-treated for 2 min with vehicle (DMSO) 

and 30 M S13 (blue symbols). The continuous lines represent the fit of the I/V curves 

with the modified Boltzmann Eq. (1). (B) Corresponding mean maximal macroscopic 

conductance values (Gmax) obtained from the fit of the I/V curves. (C) Corresponding 

mean normalized voltage dependence of activation of Cav3.2 channels fitted (continuous 

lines) with the modified Boltzmann Eq. (2). The inset shows the mean half-activation 

potential values obtained from the fit of the conductance curves. (D) Mean normalized 

voltage dependence of steady-state inactivation of Cav3.2 channels fitted (continuous 

lines) with the two-state Boltzmann Eq. (3). The inset shows the mean half-inactivation 

potential values obtained from the fit of the inactivation curves. (E-H) Legend same as 

(A-D) but for recombinant Cav2.2 channels. Statistical significance was evaluated by one-

way ANOVA in comparison to vehicle-treated cells.         

 

Figure 6. Molecular docking of S13 on Cav2.2 and Cav3.2 channels. (A-B) Cav2.2 

structure (PDB ID: 7mix) 12 and Cav3.2 homology model 9 with top docking poses from 

Glide enhanced sampling (black lines) and from induced-fit (black sticks). The docking 

scores are given in kcal/mol, bold for induced-fit results. (C-D) Close-up views of best 

induced-fit poses for each structure (view rotated by 90° from top panels), with potential 

contacts within 4 Å shown as dashed lines. Domains colored as indicated, key helices 

labeled for domain I in lower panels. (E) Close-up view from the extracellular side showing 

best induced-fit pose for Cav2.2 overlaid with structures of Cav2.2 with bound PD173212 

(PDB ID: 7vfv) and “blocker 1” (PDB ID: 7vfw) 8. (F) Close-up view as in (E) showing best 

induced-fit pose for Cav3.2 overlaid with structures of Cav3.1 with bound Z944 (PDB ID: 

6kzp) 51 and Cav3.3 with bound mibefradil, otilonium bromide, or pimozide (PDB IDs: 7wlj, 

7wlk, 7wli, respectively) 15. 

 

Figure 7. Effects of S13 on native voltage-gated calcium (Cav), sodium (Nav), and 

potassium (Kv) channels in DRG neurons. (A) Representative calcium current traces 

recorded in medium-sized DRG neurons in response to a step depolarization to -40 mV 
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(LVA) channels, left panel) and +10 mV (HVA channels, right panel) from a holding 

potential of -100 mV, before (black traces) and after (blue traces) acute application of S13 

(30 M). (B) Legend same as (A) but for sodium (left panel) and potassium (right panel) 

currents elicited by a step depolarization to -10 mV and +50 mV, respectively. (C) 

Corresponding mean percentage of current inhibitions.  

 

Figure 8. Analgesic effect of S13 on nerve injury-induced mechanical hyperalgesia. (A) 

Mean paw withdrawal threshold (PWT) in adult male rats before (BL, base line), and after 

10 days following spinal nerve ligation (Pre-drug). A single intrathecal injection of S13 (10 

g/5 L, blue circles) produced a significant reduction of mechanical allodynia, which was 

not observed in control animals injected with saline (open circles). (B) Corresponding 

mean integral of the PWT measured over 6h following drug treatment. (C-D) Legend 

same as (A-B) but for female rats. Statistical significance was evaluated by two-way 

ANOVA followed by Turkey’s post hoc test in comparison to vehicle-treated animals 

(panels A and C), and by Mann-Whitney test (panels B and D).                    
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