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ABSTRACT

In the retina, Ca®* influx through Ca, 1.4 Ca®* channels triggers neurotransmitter release from rod
and cone photoreceptors. Changes in extracellular pH modify channel opening, enabling
a feedback regulation of photoreceptor output that contributes to the encoding of color and
contrast. However, the mechanisms underlying pH-dependent modulation of Ca,1.4 are poorly
understood. Here, we investigated the role of the C-terminal domain (CTD) of Ca,1.4 in pH-
dependent modulation of Ba®" currents (lg,) in HEK293T cells transfected with the full length Cay
1.4 (FL) or variants lacking portions of the CTD due to alternative splicing (Ae47) or a disease-
causing mutation (K1591X). While extracellular alkalinization caused an increase in I, for each
variant, the magnitude of this increase was significantly diminished (~40-50%) for both CTD
variants; K1591X was unique in showing no pH-dependent increase in maximal conductance.
Moreover, the auxiliary a,6-4 subunit augmented the pH sensitivity of /g, as compared to a,8-1 or
no a,§, for FL and K1591X but not Ae47. We conclude that the CTD and a,8-4 are critical
determinants of pH-dependent modulation of Ca, 1.4 and may influence the processing of visual
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information in normal and diseased states of the retina.

Introduction

In the nervous system, changes in the pH of the
extracellular environment are linked to aberrant neu-
ronal activity in epilepsy, stroke, and chronic pain
[1,2]. Because of the high concentration of protons
in synaptic vesicles [3], the fusion of synaptic vesicles
with the presynaptic membrane can cause extracellu-
lar pH to fall as low as 6.5 [4]. Less severe pH changes
occur within the synaptic cleft during normal periods
of synaptic activity [5,6]. Because numerous ion chan-
nels are modulated by protons [7-9], even minor
alterations in the extracellular pH can greatly modify
information transfer across synapses.

pH changes have particularly prominent effects
on presynaptic Ca,1 L-type Ca®" channels at rib-
bon-type synapses in the eye and ear [10-12].
These synapses are characterized by a high rate
of glutamate release, which is facilitated by
a ribbon organelle that helps prime synaptic vesi-
cles for exocytosis [13]. At retinal and cochlear
ribbon synapses, low extracellular pH strongly

inhibits the amplitude of presynaptic Ca,l cur-
rents [10,12,14] and diminishes synaptic output
[6,11,15]. At photoreceptor synapses, high extra-
cellular pH shifts the current-voltage (I-V) rela-
tionship of presynaptic Ca,l channels to more
negative voltages [16-18]. Although the underly-
ing mechanisms are controversial, this form of Ca,
1 modulation is thought to be crucial for the
mechanisms that encode color and contrast in
the retina [10,18,19].

Ca,l1.4 is the major Ca, subtype that mediates
neurotransmitter release from rod and cone
photoreceptors [20]. In addition to a pore-
forming a;r subunit (hereafter referred to as Ca,
1.4), these channels contain the auxiliary a,6-4
and [, subunits [20,21]. Mutations in the
CACNAIF and CACNA2D4 genes which encode
Ca,1.4 and a,0-4, respectively, cause vision disor-
ders including congenital stationary night blind-
ness type 2 (CSNB2) [20]. The CACNAIF
transcript undergoes extensive alternative splicing
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particularly in the region corresponding to the
large cytoplasmic C-terminal domain (CTD,
Figure 1) [22,23]. The CTD contains modulatory
sequences that inhibit Ca®*-dependent inactivation
(CDI) and voltage-dependent activation [22-26].
How these alterations in the CTD might impact
physiological forms of Ca,1.4 modulation, such as
by extracellular pH, are unknown.

In this study, we aimed to bridge this gap by
comparing pH-dependent modulation of the full-
length Ca,1.4 (Ca,1.4 FL) and variants lacking
portions of the CTD due to alternative splicing
(Cay1.4Ae47) or a CSNB2-causing mutation
(K1591X). Exon 47 encodes a portion of
a C-terminal modulatory domain (CTM) in the
CTD (Figure 1). The CTM suppresses CDI in
part by competing with calmodulin (CaM) for
binding to a consensus IQ domain site in the
proximal CTD ([24,25]. Deletion of exon 47 does
not affect CaM binding, but significantly strength-
ens CDI while causing a ~10 mV hyperpolarizing
shift in the voltage-dependence of activation
[23,26]. In K1591X, truncation of the entire CTD

downstream of the IQ domain causes a stronger
hyperpolarizing shift in activation
(~20-30mV) as well as robust CDI [24,26]. We
find that compared to Ca,1.4FL, Ca,1.4Ae47 and
K1591X show weaker potentiation by extracellular
alkalinization. Moreover, omission of a,8-4, or its
substitution by the a,6-1 subtype, significantly
alters the extent to which pH changes affect vol-
tage-dependent activation of Ca,1.4FL and
K1591X but not Ca,l.4Ae47. Our findings add to
the modulatory functions of the CTD and raise the
possibility that abnormal regulation by pH could
contribute to visual impairment caused by patho-
logical variants of CACNAIF and CACNA2D4.

Materials and methods
HEK293T cell culture and transfection

Human embryonic kidney (HEK) 293T cells,
a subclone of the HEK 293 cell line, were acquired
from the American Type Cell Culture Collection
(ATCC CRL-11268) and maintained in Dulbecco’s
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Figure 1. Schematic of Cay1.4 showing key modulatory regions in the C-terminal domain (CTD). Ca,1.4 (UniProt: 060840) consists of
four homologous domains (I-1V), each containing six transmembrane helices (51-S6, with charged S4) and pore (P) loop containing
glutamate (E) residue that contributes to selectivity filter. There is a large C-terminal domain containing an EF-hand domain (EF,
L1459-K1478), pre-IQ domain (pre-1Q, N1524-E1568), IQ domain (IQ, V1569-R1597), and a distal C-terminal modulatory domain (CTM)
containing exon 47 (e47). X depicts truncation after K1602 (equivalent to (K1591X) due to CSNB2-related mutation. Exon 47
comprises 65 residues, from G1836 to A1901.



modified Eagle’s medium with 10% of fetal bovine
serum and 1% penicillin/streptomycin, at 37°C in
5% CO,. The cells were grown to 70-80% conflu-
ence and co-transfected with human cDNAs
encoding Cay1.4 FL (GenBank # AF201304), Cay
1.4A47 or KI1591X, and P,x;3 (GenBank
#AF465485) and a,8-4 (GenBank #NM_172364)
or a,0-1 (GenBank #NM_000722.4) and pEGFP
cDNA for visual identification of transfected
cells. The cloning of Cayl.4A47 and K1591X
were described previously [23,26]. FuGENE HD
transfection reagent (Promega) was used accord-
ing to the manufacturer’s protocol. After transfec-
tion, cells were maintained at 37°C in 5% CO, for
24 h and then were dissociated and plated at low
density for single cell electrophysiological
recordings.

Electrophysiological recordings

Whole-cell patch clamp recordings of the trans-
fected cells were performed 36-72 h after transfec-
tion at room temperature. Data were acquired with
an EPC-10 USB patch clamp amplifier driven by
PatchMaster software (HEKA Elektronik) and
analyzed with Igor Pro software (Wavemetrics).
Extracellular recording solutions contained (in
mM): 140 Tris, 1 MgCl,, and 20 BaCl,.
Intracellular solution consisted of (in mM): 140
N-methyl-D-glucamine, 10 HEPES, 2 MgCl,, 2
Mg-ATP, and 5 EGTA. The pH of intracellular
and extracellular recording solutions was adjusted
to 7.3, or to the indicated value with methanesul-
fonic acid. The exchange of external solutions (pH
6.25, 6.7, 7.3, 7.5 and 8.0) was performed using
a Valve Bank II perfusion system (AutoMate
Scientific). Electrode resistances were typically
4-6 MQ) in the bath solution and series resistance
compensated up to 70%. Leak subtraction was
conducted using a P/4 protocol.

Data analysis

All average data are presented as the mean+
SEM The data were first analyzed for normality
using the Shapiro-Wilk test. Statistical signifi-
cance differences were determined by regression
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slope test, one-way ANOVA and post hoc
Tukey’s tests for parametric data or Kruskal-
Wallis and post hoc Dunn’s tests for non-
parametric data, using Prism software (Graph
Pad). Normalized current-voltage (I-V) data
were fit to the Boltzmann equation (Eq. 1),
where G,,,, is the maximal conductance, V,, is
the test voltage, V,. represents the apparent
reversal potential, V), is the voltage of half max-
imal activation, and k is the slope factor.

I= Gmax(vm - Vrev)/(l + exp[—(Vm - Vh))/k])
(Eq.1)

The ICs for proton block was obtained accord-
ing to Eq. 2, where fy is the % of Ip, at pH 8.0,
[H'] is proton concentration in the extracellular
solution perfused onto the cell in uM, and « is the
Hill slope.

fy = 100/ (1 + (ICso/[H'])") (Eq.2)

Results

Extracellular alkalinization hyperpolarizes the
voltage-dependence of Ca,1.4 FL activation

The effect of pH on Ca,1.4 was previously studied in
channels reconstituted with the B,, and a,8-1 sub-
units [9]. However, Ca,1.4 channels in the retina are
thought to contain a,6-4 and the B,.5 splice variant
[21,27]. To gain insights into how pH regulates the
native Ca,1.4 complex in photoreceptors, we per-
formed patch clamp recordings of HEK293T cells
cotransfected with ¢cDNAs encoding Ca,1.4 FL,
Box13> and a,8-4. I-V relationships were obtained
for Ba®* currents (Ip,) before and after perfusion
with extracellular solutions of different pH. The
amplitude of I, progressively increased as the extra-
cellular pH was raised from 6.25 to 8.0 (Figure 2a).
To assess the pH-dependence of this effect, para-
meters from Boltzmann fits of the I-V data were
plotted against pH. Linear regression of these data
revealed that alkalinization caused a significant
hyperpolarization of the voltage of half-maximal
activation (V},), increase in maximal conductance
(Ginax)> and modest decrease in the slope factor (k,
Figure 2b-d). In contrast to previous work [9], the
reversal potential (V,,,) became hyperpolarized with
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Figure 2. pH-dependent modulation of /5, in cells transfected with Cay1.4 FL. (a) Representative traces and I-V plot for /g, elicited by
50-ms pulses from —80 mV to various voltages. Current traces represent /g, in a single cell evoked by test pulses evoking the peak /5,
at the indicated pH values (with increasing pH: +10, +5, +5, =5 and —10 mV). For each cell at the indicated pH (n =7 cells), Iz, was
normalized to the peak amplitude of /g, at pH 7.3 and plotted against test voltage as the mean (line) + SEM (shaded region). (b-e)
Parameters from Boltzmann fits of |-V data in (a) plotted against extracellular pH (Vy, b; Gax G k, d; and Vi, €) as mean (symbols) +

SEM (bars) and fit by linear regression.

higher pH (Figure 2e). These results show that ele-
vations in extracellular pH enhance activation and
weaken the ion selectivity of Ca,1.4 FL channels
containing the B,.;3 and a,8-4 subunits.

Distinct effects of CTD deletions on pH
modulation of Ca,1.4

Given that truncations of the CTD in Ca,1.4Ae47 and
K1591X cause hyperpolarizing shifts in the voltage-
dependence of activation [22-24,26], we hypothesized
that these variants might be more resistant to the
effects of alkalinization. To test this, we analyzed the

effects of increasing pH on I, in cells transfected with
Ca,1.4Ae47 (Figure 3a-e) or K1591X (Figure 4a-e).
As was the case for Ca,1.4 FL, alkalinization caused
a significant hyperpolarization of V}, and V,,, as well
as an increase in G,,,,, for Ca,1.4Ae47 and K1591X.
However, the modest pH-dependent decline in k (i.e.
slope of the linear regression line was significantly
non-zero) was only seen for K1591X (Figure 4d) and
Ca,1.4 FL (Figure 2d) but not Ca,1.4Ae47 (Figure 3d).

To further characterize the differences in the Ca,
1.4 variants, the % change in I, relative to that at pH
7.3 was fit by the Hill equation (Figure 5a,b). With this
analysis, the stronger pH sensitivity of Ca,1.4 FL was
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Figure 3. pH-dependent modulation of /5, in cells transfected with Cay1.4Ae47. (a) Representative traces and I-V plot for /5, elicited
by 50-ms pulses from —80 mV to various voltages. Current traces represent /g, in a single cell evoked by test pulses evoking the peak

Ig, at the indicated pH values (with increasing pH: =5, =5,

—10, =15 and —15 mV). For each cell at the indicated pH (n =5 cells), Iz,

was normalized to the peak amplitude of /g, at pH 7.3 and plotted against test voltage as the mean (line) + SEM (shaded region).
(b-e) Parameters from Boltzmann fits of I-V data in (a) plotted against extracellular pH (V,, b; Guax G k, d; and Vi, €) as mean

(symbols) + SEM (bars) and fit by linear regression.

evident as a lower ICs, for proton inhibition com-
pared to Ca,1.4Ae47, which did not reach statistical
significance for K1591X, and significantly steeper
slope than for both variants (Figure 5¢). Notably, the
pH-dependent change in I, was higher for Ca,1.4 FL
than for Ca,l1.4Ae47 and K1591X at elevated pH
(>7.3) with little difference at low pH (<7.3,
Figure 5b). Analyses of the pH-dependence of the
I-V parameters (Figure 6a—e) indicated that the stron-
ger pH-dependent modulation of Ip, for Ca,1.4 FL
was mainly due to a greater sensitivity of G,,,, to pH
changes (Figure 6b,e). These results suggest that

deletions of the CTD that enhance activation mini-
mize the impact of pH changes on Ca,1.4-mediated
currents.

a6 subunits modulate the impact of pH on Ca,1.
4 FL but not Ca,1.4Ae47 or K1591X

A previous study showed that Ca, 1.4 was more sensi-
tive to inhibition by low pH than potentiation by high
pH [9]. In contrast, we found that each of the Ca,1.4
variants were strongly modulated by both low and
high pH (Figures 2-4). A potential source of the
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Figure 4. pH-dependent modulation of /g, in cells transfected with K1591X. (a) Representative traces and I-V plot for /5, elicited by
50-ms pulses from —80 mV to various voltages. Current traces represent Ig, in a single cell evoked by test pulses evoking the peak /5,
at the indicated pH values (with increasing pH: +15, 0, =5, =5 and —15 mV). For each cell at the indicated pH (n =4 cells), Iz, was
normalized to the peak amplitude of /g, at pH 7.3 and plotted against test voltage as the mean (line) £ SEM (shaded region). (b-e)
Parameters from Boltzmann fits of |-V data in (a) plotted against extracellular pH (Vy, b; Gax G k, d; and Vi, €) as mean (symbols) +

SEM (bars). Line represents fit by linear regression.

discrepancy is that we reconstituted the channels with
a,0-4 whereas the prior study used a,8-1. Thus, we
compared pH modulation of Cay1.4 FL in cells co-
transfected with a,8-4 or a,8-1, or without any a,0
(Figure 7a-h). Although the identity of the a,8 did
not affect I-V parameters (Table 1), I, underwent
significantly less potentiation by high pH for Cay1.4
FL with a,0-1 than with a,8-4 (Figure 7a,c,h). This
could be explained by a weaker pH-dependence of V),
Gmav and k without a change in V., (Figure 7d-h).
Interestingly, the pH regulation of Cay1.4 FL with a,
8-1 was not different from channels without any a,0
(Figure 7b-h). In contrast to these findings for Cay1.4

FL, the co-expression of a,0-1 or lack of a,d did not
greatly affect the pH-dependence of I-V parameters
for Ca,1.4Ae47 (Figure 8a-h) and had modest effects
on K1591X (Figure 9a-h). These results suggest
a unique ability of a,6-4 to promote pH modulation
of Cay1.4 FL and to a lesser extent K1591X, but not
Ca,1.4Ae47.

Discussion

Our study provides new insights about pH-
mediated regulation of Cay1.4 channels. First, we
demonstrate that Cay1.4 FL channels containing
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Figure 5. Weaker pH modulation of Cay1.4Ae47 and K1591X than Cay1.4 FL. (a) Representative traces for /5, elicited by 50-ms pulses
from —80 mV to voltages evoking the peak /g, at the indicated pH values (with increasing pH: +10, +5 and —10 mV) in cells
expressing Cay1.4 FL (n=7 cells), Cay1.4Ae47 (n=5 cells), or K1591X (n =4 cells). (b) Iz, evoked as in (a) was expressed as %
difference from Ig, at pH 7.3 (% Alg,) and plotted against extracellular [H*] in uM as mean (symbols) = SEM (bars). Line represents fit
by Hill equation. (c) ICso and slope (a) determined by nonlinear fits of data in (b). Columns and bars represent mean + SEM.
Significant differences between groups (p-values shown above) were determined by one-way ANOVA (F(2,13) =3.853, overall p=
0.0485 for ICsq; F(2,13) = 18.53, overall p=0.0002 for a) and post-hoc Dunnett’s test.

B2x13 and a,8-4 are strongly modulated by pH in
HEK293T cells as has been reported for these
channels at photoreceptor synapses [10,28].
Second, we uncover a key role for the CTD in
controlling pH sensitivity of Cayl.4 FL in that
truncations of the CTD reduce the responsiveness
of Cayl.4 Ae47 and K1591X to pH. Finally, we
show that a,8-4 confers stronger pH modulation
than a,0-1, but this effect requires an intact CTD
since Ca,1.4Ae47 and K1591X exhibit less prefer-
ence for a specific a,8 with respect to their pH
sensitivity. These findings reveal unexpected roles
for a,8 subunits and the CTD in fine-tuning the
responsiveness of Ca,l.4 to fluctuations in extra-
cellular pH.

C-terminal variation of Ca,1.4 and pH
modulation

Extracellular acidification decreases current amplitudes
and causes positive shifts in the I-V relationships of all

Ca, channels [9]. Proposed mechanisms for these
effects include protons competing with Ca** for bind-
ing to the selectivity filter and the neutralization of
surface charges, respectively [29-32]. Protonation of
selectivity residues could account for pH-dependent
changes in V.., that were seen for each Ca,1.4 variant
(Figures 2e,3e,4e). However, there remains some con-
troversy regarding which protonation sites mediate pH
modulation of Ca, channels [29,30,33,34]. Moreover,
differences in the pH sensitivity of the various Ca,
subtypes suggest that additional mechanisms may be
involved. For example, under identical recording con-
ditions, Ca,3 channels show stronger regulation by low
pH compared to Ca,1 and Ca,2 channels [9]. Similarly,
we found that while I, for Ca,1.4 FL, Ca,1.4Ae47,
and K1591X are all strongly modulated by extracel-
lular pH (Figures 2-4), they differ in their responses
(Figures 5-6). The increase in Ip, by high pH was
larger for Ca, 1.4 FL than for Ca,1.4Ae47 and K1591X
(Figure 5b), suggesting a role for the CTD in adjust-

ing the pH sensitivity of the channel.
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regression. (e) Slopes (B) of the linear fits in (a-d). Bars represent mean + SEM. By one-way ANOVA or Kruskal-Wallis test, there was
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(2,13) =0.6689, p =0.5290). p-value for B Gpa shown for K1591X vs FL was determined by post-hoc Dunnett’s test. By one-way
ANOVA, there was a significant overall difference in B k (F(2,13) =5.041, p =0.0240), but no difference by post-hoc Dunnett’s test.

We expected that the negative shifts in V), for
Ca,1.4Ae47 and K1591X might occlude the effects
of pH on V. However, the V}, for Ca,1.4Ae47 and
K1591X showed a similar pH-dependence as for
Ca,1.4 FL (Figure 6a). For K1591X and to a lesser
extent Ca,1.4Ae47, the weaker effects of high pH
on Iz, could be attributed to a weaker pH-
dependence of G,,,, (Figure 6b,e). pH-induced
changes in G« of Ca, channels can be explained
by alterations in single channel conductance
[29,32]. However, disruption of the CTM is
expected to increase the open probability (P,) of

Ca,1 channels without affecting the single channel
conductance [35,36]. The increase in P, is thought
to arise from the Ca**-free form of CaM (i.e. apo-
CaM) bound to the IQ domain [36], which would
be favored by our recording conditions since we
used Ba** as a charge carrier. The increased P, of
Ca,1.4Ae47 and K1591X could occlude further
increases in P, upon extracellular alkalinization.
Structural changes induced by absence of the
CTM could mimic channel conformations induced
by high pH such that alkalinization has less of an
effect in Ca,1.4Ae47 and K1591X than in Ca,1.4
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Figure 7. a,6-4 enhances pH-dependent modulation of Cay1.4

FL. (a,b) Representative traces and I-V plot for Iz, elicited by 50-ms

pulses from —80 mV to various voltages for Cay1.4 FL expressed with a,8-1 (a) or without any a,6 (b). Current traces correspond to
voltages evoking the peak /g, at the indicated pH (with increasing pH: -5, —10, —15, =15 and —20 mV in (g) and 0, —10, —10, —15

and —15mV in (b)). For each cell at the indicated pH (+a,6-1, n
of Iz, at pH 7.3 and plotted against test voltage as the mean (|

=6 cells; -a,6, n = 6 cells), Iz, was normalized to the peak amplitude
ine) + SEM (shaded region). (c-g) % difference from Iz, at pH 7.3 (%

Alg,) (c) Boltzmann parameters were plotted against extracellular pH as mean (symbols) + SEM (bars). Lines represent fit by Hill
equation (c) or linear regression (d-g). (h) Slopes (a, ) of the fits in (c-g). Bars represent mean + SEM. By one-way ANOVA, there was
a significant difference in a for % Alg, (F(2,16)=17.38, p <0.0001), V), (F(2,16) = 14.14, p = 0.0003), and G, (F(2,16) =12.81, p=
0.0005) but not V., (F(2,16) = 3.674, p = 0.0486). By Kruskal-Wallis test, there was a significant difference in B for k (H(2) =6.031, p=
0.0429). p-values for significantly different groups are shown and determined by post-hoc Dunnett’s test.

FL. Alternatively, the CTD might regulate the pro-
tonation of regions of the channel that control
Gmax- Since our experiments involved changes in
extracellular pH, these residues are likely located
on the extracellular side of the channel rather than
within the cytoplasmic CTD itself. Cytoplasmic
domains can trigger functional alterations invol-
ving extracellular facing regions of the channel.
For example, Ca’*-CaM binding of the CTD

produces changes in selectivity filter that decrease
Gmax during CDI [37]. Similarly, the CTD of Ca,
1.4 FL may enable the dynamic protonation and
deprotonation of external sites of the channel
which could be less modifiable in the context of
Ca,1.4Ae47 and K1591X.

As is the case for Ca,l.4, splice variation in
the CTD of Ca,l1.2 and Ca,1.3 can cause hyper-
polarizing shifts in voltage-dependent activation
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Table 1. |-V parameters at pH 7.3 for Cay1.4 channel variants expressed with a,8-4, a,8-1, or without a,0.

+a,0-4 +0,6-1 0,0 F (degrees freedom) p value
Cay1.4 FL
Grnax (NS/PF) 0.24 +0.07 0.11+0.02 0.02 +0.003* F(2, 16)=5.124 0.0191
Vp, (mV) ~7.85+ 147 -8.85+1.31 ~11.34+ 1.51 F(2, 16) = 1.564 0.2397
k (mV) 8.27 +0.41 7.83+0.43 6.42 +0.34* H(2) =7.523 0.0162
Viey (MV) 43154273 42544225 44.83 321 F(2, 16)=0.1763 0.8400
Cay1.4047
Gmax (nNS/pF) 0.12+0.05 0.13+0.03 0.05 +0.02 F2, 11)=1.167 0.3471
Vi (mV) 25344193 —28.20+0.63 —22.06 + 1.26% F(2, 11)=4.224 0.0435
k (mV) 6.32 +0.47 527 +0.26 5.60+0.35 F(2, 11) = 1.908 0.1943
Viey (MV) 4298 +1.97 34.69 £ 2.47 29.38 + 2.52%* F(2, 11)=9.282 0.0043
Cay1.4 K1591X
Gmax (NS/pF) 0.03+0.01 0.14+0.05 0.01+0.001% H(2) =9.052 0.0018
Vi (mV) —22.001+1.86 —2541+1.10 -22.14+0.67 F(2, 11)=2.268 0.1498
k (mV) 5.50+0.15 6.18+0.23 6.58 +0.83 H(2) = 2.978 0.2412
Viey (MV) 53.63 +2.58 33.25 + 0.68*** 53.23 + 5.84%8& F(2, 11)=25.89 <0.0001

Boltzmann parameters from |-V data from Figures 1a, 2a, 3a, 6a,b, 7a,b, 8a,b are reported as mean + SEM. F-statistic and p-values were determined
by one-way ANOVA or Kruskal-Wallis test. Significantly different groups were determined by post-hoc Tukey’'s or Dunn’s multiple comparisons
tests: *p < 0.05, **p < 0.05, ***p < 0.001 compared to +028-4; ¥p < 0.05, ¥*%p < 0.001 compared to +a25-1.

[35,38-40]. Both Ca,1 subtypes are expressed in
the brain and the heart where they regulate
neuronal and cardiac excitability, respectively
[41]. Like Ca,1.4Ae47, Ca,1.2 and Ca,l.3
C-terminal splice variants exhibiting negative
activation thresholds are expected to be less
sensitive to fluctuations in pH that occur in
response to injury and disease [42,43]. Thus,
studying the mechanisms whereby the CTD
modifies pH sensitivity of Ca,1 channels could
help guide development of novel strategies to
pharmacologically target these channels in var-
ious physiological contexts.

A role for a8 in regulating the pH sensitivity of
Ca,1.4 FL

a,8 subunits are large proteins that are anchored
to the plasma membrane and bind to extracel-
lular sites in the pore-forming a; subunit [44-
46]. For some Ca, subtypes, this interaction
enhances the voltage-dependence of activation
by increasing the sensitivity of voltage sensor
domains and their coupling to the pore [47,48].
Since the identity of the a,d subunit did not
affect voltage-dependent activation of Ca,l.4
(Table 1), differences in the impact of a,8-1 and
a,8-4 on pH modulation of Ca,1.4 are unlikely
to arise from their differential coupling to vol-
tage-sensing and/or pore opening. Compared to
a,8-1, a,8-4 lacks key residues important for
binding to gabapentinoid drugs [49]. In

addition, the metal ion dependent adhesion site
in the von Willebrand A domain of a,8-4 differs
from that of a,0-1 in lacking a polar residue
[50,51]. These amino acid differences could
reveal and/or modify protonation sites in the
channel complex that could account for the
unique effects of a,8-4 on enhancing pH-
dependent modulation of Ca,1.4 as well as
K1591X.

Potential significance of distinct pH modulation
of Ca,1.4 FL, Ca,1.4Ae47, and K1591X

Vision depends on transmission of light infor-
mation from photoreceptors to horizontal and
bipolar cells [52]. This process requires Ca,
1.4-dependent glutamate release from photore-
ceptors. Horizontal cells regulate the gain of
photoreceptor synapses in a manner that gener-
ates the center-surround receptive field charac-
teristics of bipolar cells and retinal ganglion cells
[53,54]. For example, light-dependent hyperpo-
larization of cones in the surround portion of an
ON bipolar cell’s receptive field augments the
impact of darkness in the center of its receptive
field. Recent evidence suggests that hyperpolar-
ization of horizontal cells in the surround leads
to alkalinization of the center cone synapse by
inhibiting the electrogenic bicarbonate transpor-
ter, SLC4a5, in horizontal cell dendritic tips
[55]. The subsequent hyperpolarization of the
V., of cone Ca,l.4 channels then leads to an
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Figure 8. 0,6 subunits do not enhance pH-dependent modulation of Cay1.4 Ae47.Representative traces and I-V plot for /g, elicited
by 50-ms pulses from —80 mV to various voltages for Cay1.4 Ae47 expressed with a,8-1 (a) or without any a,6 (b). Current traces
correspond to voltages evoking the peak /g, at the indicated pH (with increasing pH: =5, =10, =15, =15 and =20 mV in (a) and 0,
=10, =10, =15 and =15 mV in (b)). For each cell at the indicated pH (+a,6-1, n =4 cells; -0,8, n =5 cells), Iz, was normalized to the
peak amplitude of /g, at pH 7.3 and plotted against test voltage as the mean (line) £ SEM (shaded region). (c-g) % difference from I,
at pH 7.3 (% Alg,) (c) and Boltzmann parameters were plotted against extracellular pH as mean (symbols) + SEM (bars). Lines
represent fit by Hill equation (c) or linear regression (d-g). (h) Slopes (a, B) of the fits in (c-g). Bars represent mean + SEM. By one-way
ANOVA, there was not a significant difference in a for % Alg, (F(2,11) = 1.240, p =0.3269), G.ax (F(2,11) = 1.7, p=0.2274), k (F(2,11)
=0.3577, p=0.7071), and V., (F(2,11) = 3.415, p = 0.0702). By Kruskal-Wallis test, there was not a significant difference in {3 for V;, (H

(2) =0.7257, p =0.7287).

increase in glutamate release that augments the
effect of darkness in suppressing the activity of
the ON bipolar cell [16,56-58]. Compared to
Ca,1.4 FL, the weaker pH sensitivity of Cay
1.4Ae47 may adjust horizontal cell feedback in
particular regions of the retina and/or at

a particular developmental timepoint. For
K1591X, the reduced pH-sensitivity of G,,.x
could contribute to aberrant horizontal cell feed-
back that could underlie reductions in contrast
sensitivity and/or color vision reported in many
cases of CSNB2 [59,60]. An understanding of
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Figure 9. a,6-4 enhances pH-dependent modulation of K1591X. Representative traces and |-V plot for /g, elicited by 50-ms pulses
from —80 mV to various voltages for Cay1.4 K1591X expressed with a,58-1 (a) or without any a,6 (b). Current traces correspond to
voltages evoking the peak /g, at the indicated pH (with increasing pH: -5, =10, —15, =15 and —20 mV in (g) and 0, —10, —10, —15
and =15 mV in (b)). For each cell at the indicated pH (+a,8-1, n =7 cells; -a,6, n = 3 cells), Iz, was normalized to the peak amplitude
of Iz, at pH 7.3 and plotted against test voltage as the mean (line) = SEM (shaded region). (c-g) % difference from /5, at pH 7.3 (%
Alg,) (c) and Boltzmann parameters were plotted against extracellular pH as mean (symbols) + SEM (bars). Lines represent fit by Hill
equation (c) or linear regression (d-g). (h) Slopes (a, B) of the fits in (c-g). Bars represent mean + SEM. By one-way ANOVA, there was
a significant difference in a for % Alg, (F(2,11) =3.725, p=0.0582), V}, (F(2,11) =5.156, p =0.0263), and Ak (F(2,11) =6.740, p=
0.0123) but not G, (F(2,11) =1.903, p=0.1951) nor V,, (F(2,11) = 2.575, p=0.1210). p-values for significantly different groups are
shown and determined by post-hoc Dunnett’s test.
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