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Abstract

There is evidence that nifedipine (Nif) — a dihydropyridine (DHP) Ca**-channel antagonist mostly known for its L-type-specific action — is
capable of blocking low voltage-activated (LVA or T-type) Ca* channels as well. However, the discrimination by Nif of either various
endogenous T-channel subtypes, evident from functional studies, or cloned Ca,3.1, Ca,3.2 and Ca,3.3 T-channel a1 subunits have not been
determined. Here, we investigated the effects of Nif on currents induced by Ca,3.1, Ca,3.2 and Ca,3.3 expression in Xenopus oocytes or
HEK-293 cells (I16, Io1n and 1,11, respectively) and two kinetically distinct, “fast” and “slow”, LVA currents in thalamic neurons (/; y4 rand
Iivas)- At voltages of the maximums of respective currents the drug most potently blocked /15 (ICsp = 5 wM, max block 41%) followed by
1,16 (ICs50 =109 uM, 23%) and 1,11 (ICso = 243 wM, 47%). The mechanism of blockade included interaction with Ca, 3.1, Ca,3.2 and Ca,3.3
open and inactivated states. Nif blocked thalamic I ya ¢ and Iy ya s With nearly equal potency (ICsp =22 uM and 28 M, respectively), but
with different maximal inhibition (81% and 51%, respectively). We conclude that Ca,3.2 is the most sensitive to Nif, and that quantitative
characteristics of drug action on T-type Ca>* channels depend on cellular system they are expressed in. Some common features in the voltage-
and state-dependence of Nif action on endogenous and recombinant currents together with previous data on T-channel a1 subunits mRNA
expression patterns in the thalamus point to Ca,3.1 and Ca,3.3 as the major contributors to thalamic /;y r and I ya s, respectively.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Low voltage-activated (LVA) Ca®* channels, otherwise
known as T-type, lack specific ligands, which essentially

Abbreviations: An., maximal percentage of inhibition; DMSO,
dimethyl sulfoxide; HVA, high voltage-activated; ICs,, half-inhibitory
concentration; /.G, current through heterologously expressed alG
(Ca,3.1) subunit of low voltage-activated calcium channel; Iy, current
through heterologously expressed alH (Ca,3.2) subunit of low voltage-
activated calcium channel; /.1, current through heterologously expressed
all (Ca,3.3) subunit of low voltage-activated calcium channel; Ijya
“fast” low voltage-activated current in thalamic neurons; /jya s, ‘‘slow”
thalamic low voltage-activated current; /-V, current—voltage relationship; k,
slope factor; LD, laterodorsal; LVA, low voltage-activated; p, cooperativity
coefficient; Vy,, potential of half-maximal activation or inactivation; Vi,
membrane potential

* Corresponding author. Tel.: +380 44 2562435; fax: +380 44 2536458.

E-mail address: yshuba@biph.kiev.ua (Y. Shuba).

! Contributed equally to this work.

0006-2952/$ — see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2004.11.024

impeded the progress in their molecular cloning compared
to the high voltage-activated (HVA) counterparts. More-
over, native T-type Ca”* channels display quite variable
tissue-specific pharmacological sensitivity, suggesting the
existence of their numerous functional subtypes. Recent
cloning of three different T-channel pore-forming a1 sub-
units, «lG (Ca,3.1), alH (Ca,3.2) and oll (Ca,3.3),
through the use of in silico strategies [1-4] has provided
a molecular basis for T-channel diversity. A logical exten-
sion of these findings is to correlate endogenous T-channel
subtypes to specific cloned al subunits. In this respect
determining tissue-specific expression of respective
mRNAs or even proteins may not be sufficient, as their
presence is no guarantee of functional channel. Therefore,
comparison of functional properties of endogenous LVA
channels and heterologously expressed a1 subunits is also
required. Generally, the properties of endogenous channels
depend not only on the nature of the primary pore-forming
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ol subunit but also on the presence of potential auxiliary
subunits and/or other cell-specific regulatory factors. Thus,
comparative studies of endogenous LVA currents in dif-
ferent cell types and the currents induced by heterologous
expression of al subunits can be useful in providing
information on both molecular organization of endogenous
LVA channels as well as tissue-specific regulation of
various a1 subunits.

The hallmark paper of Akaike et al. [5] gave rise to the
notion that LVA Ca®* channels in central neurons are more
sensitive to the block by representatives of three classes
of L-type Ca**-channel antagonists, phenylalkylamines
(verapamil, D-600), dihydropyridines (DHPs—nifedipine,
nicardipine) and benzothiazepines (diltiazem) as well as to
the neuroleptic flunarizine compared to the ones in per-
ipheral tissues [6]. We have recently identified two kine-
tically distinct, “fast”” and “‘slow”’, endogenous LVA Ca*t-
channel subtypes in the neurons from rat laterodorsal (LD)
thalamic nucleus [7-9]. In addition to the differences in the
major biophysical properties, these channels were char-
acterized by specific developmental pattern of the expres-
sion on neuronal surface and pharmacology. Interestingly,
based on their sensitivity to nifedipine, flunarizine and
La**, the pharmacology of only the “fast” thalamic LVA
Ca”* channel could be attributed to the “central” type,
whereas the ““slow’ channel was characterized by distinct
features of “peripheral” pharmacology manifested by the
preference to amiloride and Ni>* [7,9]. A limitation to
these studies was that block was only studied at a single
concentration of the agents, and dose-response relation-
ships for the blockade of each of the channel subtype are
still missing. In addition, there are no dose-response
relationships for the action of these agents on the cloned
T-channel al subunits either.

In the present study, we used pharmacological criteria,
namely nifedipine sensitivity, in the attempt to distinguish
LVA Ca®* currents in thalamic neurons and shed some light
on al-subunit composition of underlying channels. To do
so, we broke down the overall LVA Ca** current in isolated
neurons from LD thalamic nucleus of 14—17-day-old rats
onto two components based on the difference in the rate of
inactivation and examined the effects of nifedipine on each
of them. These were then compared to the effects of
nifedipine on three subtypes of recombinant LVA Ca*-
channel ol subunits functionally expressed in Xenopus
oocytes. Our results showed that Ca,3.2 is the most
sensitive to nifedipine, and that the mechanism of drug
action is characterized by common for all subunits pre-
ferential interaction with activated and inactivated states.
The dose-response relationships for the endogenous cur-
rents did not match any of those for the expressed ones,
suggesting either the presence of yet unknown T-channel
ol subunit(s) or distinct regulation of pharmacological
sensitivity of the existing subunits in thalamic neurons.
Nevertheless, some common features in state-dependence
of nifedipine action, together with previous reports on

predominant Ca,3.1 and Ca,3.3 mRNA expression in
the thalamus, allowed us to cautiously conclude that
Ca,3.1 and to a lesser extent Ca,3.2 most likely contribute
to the population of ‘““fast” channels, whereas “‘slow”
channels may be primarily composed of Ca,3.3.

2. Materials and methods
2.1. Preparation of isolated thalamic neurons

Fourteen to seventeen days old rats were anesthetized
with ether and decapitated. The brain was quickly removed
from cranium and placed for 3—4 min in cold (4 °C)
physiological saline 120 mM NaCl, 2.2 mM KCl, 2 mM
CaCl,, 1mM MgCl,, 24mM NaHCO; 1.25mM
NaH,PO,, 15 mM glucose, pH 7.4 bubbled with carbogen
(mixture of 95% O, and 5% CO,). It was then separated
into two hemispheres that were cut in the sagittal plane into
a 300 uM thick slices using a razor blade. The slices that
according to the rat brain stereotaxic atlas contained LD
thalamic nucleus were selected and subjected to the enzy-
matic treatment with 20 mg/ml of pronase (Sigma) in
physiological saline continuously bubbled with carbogen
at room temperature for 30 min. After the treatment
the slices were transferred into the bubbled enzyme-free
saline. Isolated neurons were obtained by pipetting the
slices. The suspension of the cells was transferred onto the
cover slip and placed in the recording chamber.

2.2. Preparation of cRNA, isolation, maintenance and
injection of Xenopus oocytes

Capped Ca,3.1, Ca,3.2 and Ca,3.3 complementary
RNA (cRNA) was prepared from linearized plasmid
(pSP73 for Ca,3.3, pGEM-HEA for Ca,3.1 and Ca,3.2)
containing respective cDNA sequences using T7 mMes-
sage mMachine in vitro transcription kit (Ambion).

Stage V and VI oocytes from adult female Xenopus
laevis frogs were used for the recombinant T-type Ca**-
channel expression. The procedures for oocyte isolation,
maintenance and injection did not differ from those
detailed elsewhere [10]. The volume of injected Ca,3.1,
Ca,3.2 or Ca,3.3 cRNA solution (0.2 pg/pnl) was usually
50 nl per oocyte. The injection was performed using a
semiautomatic nanoliter-range injector (Bibigon, Kyiv,
Ukraine). Oocytes were used for the experiments 5 days
after cRNA injection, since this time was required for
maximal T-type Ca**-channel current expression (data
not shown).

2.3. Electrophysiology and solutions
Macroscopic Ca**-channel currents in isolated thalamic

neurons were measured using the whole-cell patch-clamp
technique. To provide the best voltage-clamp performance,
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we selected neurons with smallest spheroid or ovoid
somata (about 20 w in diameter) in their majority belong-
ing to the local-circuit (according to Steriade and Llinas
[11]) or associative (according to Batuev [12]) type
although the presence of some small-size thalamocortical
neurons also cannot be excluded. The cells in which there
was evidence of the bad clamp (too steep descending
branch of the I-V, inadequate current waveform) were
discarded from the analysis. The extracellular recording
solution 10 mM SrCl,, 150 mM choline-Cl, 1 mM MgCl,,
10 mM HEPES, pH 7.4 (adjusted with tetraethylammo-
nium (TEA) hydroxide), as well as intracellular pipette
solution 120 mM Cs(OH), 10 mM CsCl, 10 mM HEPES,
10 mM EGTA, pH 7.3 (adjusted with H;PO,) were com-
posed such as to suppress all transmembrane currents
except the current through LVA Ca®* channels. In most
of the cells HVA Ca* current was not large to begin with,
however, to minimize its contribution we usually started
recording 5 min after establishing whole-cell configuration
which given the lack of any metabolic supplements in the
intracellular solution was sufficient time for complete HVA
current rundown.

Membrane currents in the oocytes were recorded using a
conventional double-microelectrode voltage-clamp techni-
que as described before [10]. “Voltage recording” and
‘“current passing” microelectrodes were pulled from bor-
osilicate glass and had resistance of ~3 M) and ~1 M(},
respectively, when filled with 3 M KCI. To reduce con-
tamination of Ca,3.1-, Ca,3.2- and Ca,3.3-induced cur-
rents by the oocyte’s endogenous Ca**-dependent CI~
current, all measurements were conducted in Cl -free,
methanesulfonate-substituted extracellular solution with
Ba®* as a charge carrier: 66 mM Na(OH); 2 mM K(OH);
10 mM Ba(OH),; 10 mM HEPES; pH 7.4 (adjusted with
methanesulfonic acid). Experiments on non-injected
oocytes showed that under such conditions endogenous
currents are minimal.

Membrane currents in HEK-293 cells were recorded
using the whole-cell ruptured patch-clamp technique. The
methods used to prepare and record from stably transfected
HEK-293 cells expressing Ca,3.1, Ca,3.2, and Ca,3.3 have
been described previously [13]. Whole cell Ca** currents
were recorded using the following external solution: 5 mM
CaCl,; 155 mM TEA-CI; and 10 mM HEPES; pH adjusted
to 7.4 with TEA-OH. The internal pipette solution con-
tained the following: 125 mM CsCl; 10 mM EGTA; 2 mM
CaCl,; 1 mM MgCl,; 4 mM Mg-ATP; 0.3 mM Na;GTP;
and 10 mM HEPES; pH adjusted to 7.2 with CsOH.

Appropriate concentrations of nifedipine (Sigma) were
added to the experimental solutions from 100 mM stock
dissolved in DMSO. Control experiments have shown that
0.5%, 0.1% and 0.2% DMSO coming with the highest
nifedipine concentrations of 500 uM, 100 uM and
200 uM used in oocytes, HEK-293 cells and thalamic
neurons, respectively, by itself did not affect the currents
of interest in the respective cell system. Special precautions

were taken at all stages to minimize exposure of nifedi-
pine-containing solutions to light.

2.4. Data analysis and statistics

Currents were measured in each cell in control and after
successive applications of the nifedipine at increasing
concentrations. The percentage of inhibition was tabulated
for each cell and then averaged. The data points were
presented as mean 4+ S.E.M. (standard error of the mean).
We used Student’s r-test to determine statistical signifi-
cance of the results: p < 0.05 was considered to be sta-
tistically significant. Data analysis was performed using
pCLAMP 8 (Axon Instr., Foster City, CA, USA) and Origin
6.0 (Microcal, Northampton, MA, USA) software.

The total low voltage-activated current in thalamic neu-
rons (I1ya) was dissected into “fast” (Ipyar) and “‘slow”
(ILva.s) components using exponential stripping procedure,
as detailed in our previous works [8,9] and summarized in
Fig. 2A. Briefly, the total I}y, was presented in semi-
logarithmic scale (Fig. 2A, right panel, filled circles),
and the late linear portion of this current was fit with linear
function, which was then interpolated to the beginning of
depolarization (time “0”’). The slope of this function
provided the time constant (7;,) of I; ya s €xponential decay,
whose reconstruction is presented in Fig. 2A (left panel,
black circles). Point-by-point subtraction of I;ya s from
total I1ya allowed derivation of Iy ya ¢ (Fig. 2A, left panel,
open circles). Presentation of I;ya ¢ in semi-logarithmic
scale (Fig. 2A, right panel, open circles) and fitting with
linear function yielded t;, of its decay. The amplitudes of
both Iy ya rand I} ya s were measured at a time-to-peak of the
total Iy (Fig. 2A, left panel, dashed line).

3. Results
3.1. Concentration-dependence of nifedipine action

Fig. 1 shows representative Ba** currents through «1G,
alH and oll (I, Iy and I, ;) expressed in Xenopus
oocytes and Fig. 2 endogenous Sr**-carried LVA currents
in freshly isolated LD thalamic neurons. We selected Ba**
as a charge carrier through heterologously expressed
T-channel a1 subunits because it minimizes contribution
of oocyte’s endogenous Ca**-dependent currents without
taking special precautions (i.e., BAPTA injection) for their
reduction, and Sr** as a charge carrier through the native
neuronal LVA channels as it provides the most favorable
relation between the currents carried by their “fast”
(Iuvap) and “‘slow” (ILyas) subtypes [8]. alG-, alH-
and all-carried currents in stably transfected HEK-293
cells were recorded using Ca®* as charge carrier, because it
provided the highest stability of the recordings.

Applications of nifedipine in the 1-500 wM concen-
tration range suppressed the currents carried by all three
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Fig. 1. Effects of nifedipine on Ba>* currents induced in Xenopus oocytes by expression of recombinant T-type Ca**-channel o1 subunits. (A) Tracings of the
control currents and currents in the presence of 100 uM nifedipine at different step potentials recorded in a representative Ca,3.1-expressing oocyte (I,1g, upper
panel). Lower panel shows the time course of peak I, decreases at —20 mV in response to the specified nifedipine concentrations. Pulse protocol used to
activate currents is shown above the control recordings. (B and C) Same as in (A), but for nifedipine action on I,y in Ca,3.2-expressing oocyte and I, in

Ca,3.3-expressing oocyte, respectively.

T-channel al subunits (Fig. 1A-C). The steady level of
inhibition developed within about 30 s following drug
application irrespective of current nature (Fig. 1A-C),
however, the effective ranges of drug concentrations were
different. Nifedipine blocked I,y at 1-100 pM whereas
10-times higher concentrations were required to produce
comparable /g and I,; inhibition.

Nifedipine also suppressed the total LVA current in
thalamic neurons (I ya, Fig. 2B, upper panels). In order
to distinguish drug effects on the subtypes of endogenous
thalamic LVA channels, we dissected the total I;y, into
Itvar and I ya s components before and after drug admin-
istering using exponential stripping procedure (Fig. 2A,
see also Section 2 and Refs. [8,9]). Lower panel of Fig. 2B
shows the time course of the changes of peak I;ya ¢ and
I va s (extracted from total I} y,) during consecutive appli-
cations of 50 wM and 100 uM nifedipine. It is evident that
the relative decrease of I;ya s in response to the identical
drug concentrations was about two-fold smaller than that
of Iyvay suggesting lower nifedipine sensitivity of the
“slow” channels compared to the ‘““fast” ones.

Fig. 1 and Fig. 2B show that the action of nifedipine on
the expressed 1,16, Io11 and 1,11 and endogenous Iy ya ¢ and
I vas were concentration-dependent. In order to quantify
this concentration-dependency, we measured dose—
response relationships for each current at test potentials
(Vi) corresponding to the maximums of their respective
I-Vs (V= =20 mV for I,,g and Iy, Vin = —10 mV for
Iy11,and Vi, = =30 mV for Iy ya rand Iy va ) and fitted them
with a Hill equation (Fig. 3). Fitting procedures provided
such parameters of nifedipine action as the percentage of
maximal blockade at infinitely high drug concentration,
Anmax, the concentration of half-maximal blockade, ICs,

characterizing the affinity of drug binding, and Hill (coop-
erativity) coefficient, p. It should be noted that, as evident
from dose-response relationships of Fig. 3, nifedipine was
able to produce only partial, although variable in size,
inhibition of all types of T-type Ca”*-channel currents
studied. Unfortunately, because of poor nifedipine solubi-
lity it was virtually impossible to prepare solutions with
more than 300 pM nifedipine, which in most cases was
insufficient to produce reliably saturable block. Therefore,
in defining the level of maximal blockade we had to rely on
fitting of experimental data points with Hill equation.

Nifedipine inhibited /I,y and /.1 by nearly the same
maximal value (A,.x) of 41% and 45%, respectively, but
1,1 by only 23%. However, the affinity of the blockade
was the highest for I,y (ICso = 5 wM), followed by about
20-times lower affinity for /g (ICs5¢o = 109 uM) and about
50-times lower for 14 (ICso = 243 pwM). The cooperativ-
ity coefficient for the blockade of 1,4 and I, agreed well
with p =1, suggesting one-to-one binding, but was con-
siderably higher (p=3.7) for I,;; suggesting positive
cooperativity in nifedipine action on all.

Evaluation of the dose-response relationships for the
nifedipine action on endogenous thalamic Iy ya r and Iy ya s
(at Vin =—-30mV) showed that the drug blocks Irya
almost 1.6-fold stronger (A.x = 81%), and with slightly
higher affinity (IC50=22 uM) compared to Ijyas
(Amax =51%, IC5o = 28 wM), whereas cooperativity coef-
ficient for each current could be satisfactorily taken as
p = 1. Thus, in terms of the affinity of nifedipine-induced
blockade endogenous thalamic LVA channel subtypes
stand somewhere in between recombinant a1H and a1G.

In order to verify, if the difference in the permeating ion
(i.e., Ba®" in oocytes versus Sr** in neurons) is responsible
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Fig. 2. Effects of nifedipine on the subtypes of LVA Ca* channels in isolated thalamic neurons. (A) The procedure of /;ya ¢ and I;ya s isolation. Left-hand
panel, the recording of the total /;ya (continuous line) in response to the depicted voltage-clamp protocol with superimposed /1y s (filled circles) I ya ¢ (open
circles); the dashed vertical line indicates the time to /;ya peak at which the amplitudes of the “fast” and “slow’ currents (pointed by arrowhead lines) were
measured. Right-hand panel, semi-logarithmic plot of Iy, (filled circles) with superimposed line representing the fit of the slow phase of Iy decay with a
linear function, the slope of which provides the time constant 7, = 180 ms of /;y, s exponential decay; open circles represent semi-logarithmic plot of /;ya ¢
obtained following subtraction of I yu s recreated based on the determined 7, from the total /i y4; the slope of the line fitted to the open circles provides the time
constant 7¢ = 15 ms of I ya ¢ exponential decay. (B) Upper panels, representative tracings of the total Sr?**-carried currents (Iya) at different step potentials
under control conditions (left) and in the presence of 50 wM nifedipine (right). Lower panel, time courses of the changes of the “fast” (ILya ¢, open diamonds)
and “slow” (ILya s, open triangles) LVA currents at —30 mV in response to the specified nifedipine concentrations.
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Fig. 3. Concentration dependence of nifedipine action on recombinant T-type Ca®*-channel a1 subunits expressed in Xenopus oocytes and endogenous T-
channel subtypes in thalamic neurons. (A) Dose—response relationship for the nifedipine action on I, in Ca,3.1-expressing oocytes for Ba** (filled symbols,
mean & S.E.M., n is indicated in parenthesis above each data point) and Sr** (open symbols, mean + S.E.M., n = 4-6); smooth line represents the best fit of
experimental data points for Ba®* with Hill equation: % blockade = 100(1 — Iqrug/lo) = Amax(1 — 1/(1+([drug]/ICs)")), where Iy, and I, are the currents in the
presence and in the absence of the drug, [drug] is drug concentration, ICsg is drug concentration for half-maximal block, p is cooperativity coefficient and
Amax = 100(1 — I,i/1,) is the percentage of maximal blockade (i.e., Iy, is the current at infinitely high [drug]); the parameters of the fit are shown on the plot. (B
and C) Same as in (A), but for nifedipine action on 7,y in Ca,3.2-expressing oocytes (B) and I,y in Ca,3.3-expressing oocytes (C); inset in (B) represents
similar dose—response relationship for Ca,3.2 expressed in HEK-293 cells with Ca>* (gray symbols) and Sr** (open symbols). (D) Analogous dose-response
relationship for I;ya ¢ (filled symbols) and Iy ya s (open symbols) in thalamic neurons; significantly different values of the blockade of these two currents are

marked by “™ or <™ for P < 0.05 and P < 0.01, respectively.

for the lack of apparent similarity in dose—response rela-
tionships of nifedipine action on recombinant and endo-
genous T-channels, we applied three nifedipine
concentrations, 10 uM, 50 uM and 100 pM, on alG-,
alH- and all-expressing oocytes when using 10 mM
Sr** instead of 10 mM Ba®* as a charge carrier. Despite
contaminating outward currents were higher in the pre-
sence of Sr** compared to Ba®*, this did not preclude
correct measurements of Sr>+ peak currents. Moreover, the
experimental data points for Sr** currents inhibition
(n =4-6 for each data point) fall reasonably well onto
dose-response relationships for the nifedipine action on
Ba?* currents (Fig. 3A—C, open symbols), suggesting that
the nature of permeating ion does not contribute to any
appreciable extent to the observed differences in the
blockade of recombinant and endogenous T-type Ca**
channels.

Furthermore, we have also compared dose-response
relationships for nifedipine action on Ca** and Sr** cur-
rents through Ca,3.2 stably expressed in HEK-293 cells
(Fig. 3B, inset). Although the parameters of Ca,3.2 block-
ade in HEK-293 cells (IC50 =98 pM, A.x = 71%, and
p = 2) appeared to be very different from those in oocytes
(i.e.,IC50=5 pM, Apnax = 41%, and p = 1, Fig. 3B), never-
theless, there was no apparent difference in the blockade of
Ca** and Sr** currents, consistent with major role of cell-
specific environment, rather than the nature of charge
carrier in defining T-channel pharmacological sensitivity.

3.2. State-dependence of nifedipine action
To gain insight into possible mechanisms of nifedipine

blocking action on recombinant T-channel a1 subunits and
endogenous thalamic LVA Ca®-channel subtypes, we
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Fig. 4. Voltage-dependence of nifedipine action on recombinant T-type Ca®*-channel a1 subunits expressed in Xenopus oocytes and endogenous T-channel
subtypes in thalamic neurons. (A) Lower panel, normalized and averaged /-V relationships (mean + S.E.M., n = 10) for /¢ in Ca,3.1-expressing oocytes
under control conditions (filled symbols) and following exposure to the specified nifedipine concentration (open symbols). The I-Vs for each oocyte were
normalized to the control ;g amplitude at —20 mV and then averaged. Smooth lines represent the best fit of the data points with the product of Boltzmann and
Goldman-Hodgkin—Katz functions; the derived parameters of steady-state activation—half activation potential, V;,,, and slope factor, k, are shown. Upper
panel, the plot of the fraction of /s blocked at each voltage derived from data points of /-Vs (symbols) and respective fitting curves (smooth line). (B—-D) Same
asin (A), but for nifedipine action on I,y in Ca,3.2-expressing oocytes (B), I, i in Ca,3.3-expressing oocytes (C), ILya rand Iy ya s in thalamic neurons (D); /1
and 1,11 I-Vs were normalized to the control amplitudes at —20 mV and —10 mV, respectively, whereas /; ya ¢ and I; ya s I-Vs were normalized to the control

amplitude of the total I;ys at —40 mV.

measured the voltage-dependence of block, the time-
dependence of block during voltage-clamp pulse as well
as compared drug-induced alterations in steady-state inac-
tivation properties of the respective currents.

Fig. 4 shows normalized and averaged I-V relationships
for the peak 1,16, La11, Io11, Iiva £ and Iy ya s in control and
in the presence of specified nifedipine concentrations.
Derivation of the fraction of current inhibition at each
voltage from respective I-Vs (Fig. 4) showed that the

blockade of 1,,g increased from the values slightly below
zero (suggesting potentiation instead of inhibition) at
potentials close to the threshold for current activation to
the maximum of about 20% around —20 mV, which cor-
responds to the /-V peak, and then declined somewhat at
higher depolarizations (upper panel of Fig. 4A). Generally
similar voltage-dependence was observed for /1 (upper
panel of Fig. 4C), whereas for I,y current potentiation at
voltages corresponding to the negative slope of I-V was
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much more pronounced and, in addition, inhibition at
voltages above I-V peak showed no obvious signs of
decline (upper panel of Fig. 4B).

Fit of 116, I, 1 and 1,11 I-V relationships in the absence
and in the presence of nifedipine with the product of
Boltzmann and Goldman-Hodgkin—Katz equations has
shown that the drug produced no significant change in
the half-maximal I,;G and [I,;; steady-state activation
potentials, V,, (lower panels of Fig. 4A and C), but caused
about a 10 mV hyperpolarizing shift in V;,, for I,y (upper
panel of Fig. 4B). The slope factors, k, of steady-state
activations of all currents were little affected by nifedipine.
Thus, the strong potentiating effect of nifedipine on I,y at
negative voltages can be explained by the pronounced
drug-induced shift of 7,y steady-state activation in the
hyperpolarizing direction.

As I-V relationships were constructed from peak cur-
rents at each voltage step, which are little affected by
inactivation, the voltage-dependencies of nifedipine action
described thus far indicate that the drug acts as a weak

agonist on a1G and a 11 resting/closed states and turns into
a blocker as channels activate. The same apparently holds
true for a1H, although in this case nifedipine in addition
causes a hyperpolarizing shift of steady-state activation
may be due to influence on S4 voltage sensor.

Voltage-dependences of nifedipine-induced blockade of
endogenous thalamic Iyyas and Iryas (upper panel of
Fig. 4D) most resembled those of I, and Iy, respec-
tively, if one also considers current’s kinetics criteria (i.e.,
Iivar and I, are fast currents and I ya s and I,y are the
slow ones). As evident from the /-Vs, nifedipine action
Iiva s and I ya ¢ were not accompanied by changes in Vy,,
or k values for their activation (lower panel of Fig. 4D),
which is also similar to what has been observed for I,
and 1,1 (lower panel of Fig. 4A and C).

To examine the dependence of nifedipine action on
recombinant T-channels inactivation, we used two experi-
mental protocols. First, we derived the time-courses of
drug action during a depolarizing pulse and compared them
with the current’s waveforms, and, second, we measured
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Fig. 5. Time-dependence of nifedipine action on recombinant T-type Ca**-channel a1 subunits during depolarization pulse. (A) Upper panel, representative
1,1 traces in Ca,3.1-expressing oocyte before (control) and after exposure to the specified nifedipine concentration; voltage-clamp protocol is shown above the
traces; open circles represent mono-exponential fit of control current inactivation with specified time constant (t;,). Lower panel, the average time-course of /1
blockade (filled circles, mean + S.E.M., n = 8) during voltage-clamp pulse with superimposed mono-exponential function (open circles) having the same time
constant as current inactivation; the diamond marks the position of the peak current. (B and C) Same as in (A), but for nifedipine action on /I,y in Ca,3.2-
expressing oocyte (B) and I, ;1 in Ca,3.3-expressing oocyte (C). (D) Steady-state inactivation dependencies (mean + S.E.M., n =4-7) of the control /¢ (filled
symbols) and 7, in the presence of specified nifedipine concentration (open symbols) and their fits with a Boltzmann equation (smooth lines); the parameters
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A. Shcheglovitov et al./Biochemical Pharmacology 69 (2005) 841-854

the steady-state inactivation curves using standard proce-
dure: conditioning depolarizing pre-pulses (durations of
0.6 s for the fast inactivating /g and Iy, and 2 s for
slowly inactivating /) to different voltages followed by
the test pulse to —20 mV.

The lower panels of Fig. SA-C, show that as depolar-
ization progressed the I,;g, I,y and I,;; blockade
increased from close to zero values at the beginning of
depolarization to the maximal plateau levels with the time-
courses identical to those of respective current inactivation,
indicating preferential nifedipine action on a1G, o1H and
o 11 inactivated states. Consistent with progressive inhibi-
tion as channels enter inactivated state, the apparent rate of
currents inactivation in the presence of drug accelerated.
For instance, for I,;G, Io1g and I,y traces presented in
Fig. 5A—C the time constant of inactivation (t;,) decreased
from 8.5 ms to 7 ms, from 19.5ms to 16 ms and from
172 ms to 140 ms, respectively.

Nifedipine also hyperpolarized 1,iG, loin and Iy
steady-state inactivation by ~5mV, ~17mV and
~4 mV, respectively (Fig. SD-F). Such shifts suggest that
in the presence of nifedipine a smaller current compared to
the control can be evoked from more depolarized holding
potentials, which drive channels to inactivation. These
results are consistent with enhanced drug binding to
alG, alH and all inactivated states. This is especially
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true for alH, for which nifedipine induced the largest
negative shift of steady-state inactivation. Interestingly, the
negative shift of a1H steady-state inactivation was basi-
cally parallel (Fig. SE), while for «1G and «all it was
accompanied by notable change in the slope factor, k
(Fig. 5D and F), suggesting alterations in the effective
charge of the gating particles.

Unfortunately, the presence of capacity transients and
the likelihood of the changes in the speed of voltage clamp
during drug administering introduces a degree of uncer-
tainty in determining the starting level of the blockade at
depolarization onset, which would be indicative of the
mode of drug action on resting/closed state, as well as its
progression during the phase of rapid channel’s activation.
However, the deviations of the actual blockade from pure
inactivation time-course before the peak current is reached
(Fig. 5A-C, lower panels) suggest drug interaction with
alG, alH and a1l activated states as well.

Fig. 6A shows that the extent of nifedipine-induced
blockade of the total thalamic I;ya reasonably follows
inactivation time course only during first 50 ms of depo-
larization, after which it essentially declines. Such bipha-
sic inhibition reflects the presence of two current
components, I;yar and I1yas with different nifedipine
sensitivity: the more sensitive Iiyar is the major contri-
butor to the total current at early times (<50 ms), whereas
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Fig. 6. Time-dependence of nifedipine action on endogenous thalamic LVA currents during depolarizing pulse. (A) Upper panel, representative /1 ya traces in
thalamic neuron before (control) and after exposure to 50 M nifedipine; voltage-clamp protocol is shown above the traces; open circles represent mono-
exponential fit of control current inactivation with specified time constant (t;,). Lower panel, the average time-course of /;y, blockade (filled circles,
mean £+ S.E.M., n = 10) during voltage-clamp pulse with superimposed mono-exponential function (open circles) having the same time constant as current
inactivation. (B) Steady-state inactivation dependencies (mean £ S.E.M., n = 4-7) of the control /;ya  (filled symbols) and /; ya ¢ in the presence of 100 uM
nifedipine (open symbols), smooth curves represent the best fit of experimental data points with a Boltzmann equation (smooth lines); the parameters of each fit
— half inactivation potential, V,,,, and slope factor, k — are presented on the graph. (C) Same as in (B), but for Ijya .
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less sensitive Ipya s becomes the dominant one at later
times. In addition, despite considerable scatter of inhibi-
tion values at the very beginning of depolarization due to
the presence of capacity transients and probable variations
in the speed of voltage-clamp, adequate fit with inactiva-
tion time-course is only possible from some non-zero
initial level (Fig. 6A, lower panel), suggesting that Iyya ¢
is first rapidly blocked during activation. The possibility
that I ya f might already be blocked in the resting/closed
state is highly unlikely, as it contradicts the established
voltage-dependence of nifedipine action on Iiyar
(Fig. 4D, upper panel). Nifedipine also produced about
a 67 mV hyperpolarizing shift of I; ya r and Iy ya s steady-
state inactivation curves (Fig. 6B), further supporting the
notion of drug interaction with “fast” and ‘“‘slow” chan-
nels inactivated states.

3.3. Comparison to other expression system

To examine whether or not the major features of nife-
dipine action on recombinant T-type Ca®*-channel «l
subunits are dependent on the expression system, we
repeated key experiments in HEK-293 cells stably expres-
sing al1G, a1H and a1l. The results obtained in HEK-293
cells were qualitatively similar to those obtained in
oocytes, although a number of quantitative differences
were noted. Fig. 7 exemplifies the analysis of drug action
on a1G expressed in HEK-293 cells. Similar to the oocyte
expression system, the blockade of Ja;g in HEK-293 cells
increased from values below zero at threshold potentials
for current activation to its maximum at depolarizations of
complete channel activation (upper panel of Fig. 7A),
consistent with weak agonistic action on channel’s rest-
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Fig.7. Effects of nifedipine on Ca,3.1 expressed in HEK-293 cells. (A) Lower panel, normalized and averaged I-V relationships (mean = S.E.M., n = 6) of I;
in Ca,3.1-expressing HEK-293 cells under control conditions (filled symbols) and following exposure to 100 uM nifedipine (open symbols). The /-Vs for each
cell were normalized to the control /, ;g amplitude at —30 mV and then averaged. Smooth lines represent the best fit of the data points with the product of
Boltzmann and Goldman-Hodgkin—Katz functions; the derived parameters of steady-state activation—half activation potential, V;,,, and slope factor, k, are
shown. Upper panel, the plot of the fraction of ;g blocked at each voltage derived from data points of /-Vs (symbols) and respective fitting curves (smooth
line). (B) Upper panel, representative /g traces in Ca,3.1-expressing HEK-293 cell before (control) and after exposure to 100 M nifedipine; voltage-clamp
protocol is shown above the traces; open circles represent mono-exponential fit of control current inactivation with specified time constant (t;,). Lower panel, the
time-course of I, blockade (filled circles) during voltage-clamp pulse with superimposed mono-exponential function (open circles) having the same time
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ing/closed state and blocking action on activated state.
However, the maximal [, ;g inhibition achieved in HEK-
293 cells with 100 pM nifedipine was higher than in
oocytes, i.e., ~60% (upper panel of Fig. 7A) versus
~20% (upper panel of Fig. 4A), suggesting higher potency
of drug action. In addition, nifedipine caused abouta 6 mV
hyperpolarizing shift in a1G half maximal steady-state
activation (i.e., Vy,,, lower panel of Fig. 7A), which was not
apparent in the oocyte’s system.

Despite generally following current inactivation time-
course during depolarization, the higher fraction of /g
blockade in HEK-293 cells occurred immediately after
depolarization onset even before full current activation
(lower panel of Fig. 7B). These results suggest very rapid
drug binding to channel’s activated state. In this respect,
alG expressed in HEK-293 cells is similar to the
endogenous “‘fast” LVA channel in thalamic neurons.
Nifedipine also caused about an 8 mV hyperpolarizing
shifted of I, steady-state inactivation in HEK-293 cells
consistent with drug interaction with a1G inactivated state
as well.

Nifedipine action on ae1H and a1l expressed in HEK-
293 cells was also characterized by the enhanced blockade
at voltages corresponding to the higher steady-state activa-
tion of the channels, and by a negative shift of their steady-
state inactivation (data not shown), as was documented in
Xenopus oocytes. Thus, one can conclude that the major
features of nifedipine action on recombinant T-channel a1
subunits are invariant to the expression system, although
cell-specific environment is capable of modulating their
sensitivity. This may introduce a degree of uncertainty
when one tries to correlate recombinant a1 subunits to the
endogenous LVA currents in various cell types based on
pharmacological criteria.

4. Discussion

In the present study, we report on the following major
findings: (1) the DHP Ca**-channel antagonist nifedipine
most effectively blocks Ca,3.2 followed by Ca,3.1 and
Ca,3.3; (2) the action of nifedipine includes interaction
with Ca,3.1, Ca,3.2 and Ca,3.3 activated and inactivated
states; (3) the major characteristics of state-dependence of
nifedipine action are invariant of the expression system,
although quantitative differences are observed; (4) the
potency and efficacy of the drug action are cell-specific;
(5) endogenous thalamic Ca,3.1 and to a lesser extent
Ca,3.2 most likely contribute to the population of “fast”
subtype of LVA channels in thalamic neurons, whereas
their “slow” subtype is mainly comprised of Ca,3.3.

4.1. DHP effects on LVA Ca®* currents in native tissues

The notion that classical L-type Ca** channel antago-
nists including DHPs are also capable of blocking LVA

Ca®* channels, especially in central neurons, originates
from the hallmark study of Akaike et al. [5] in freshly
isolated hypothalamic neurons. In that study ICsy’s
between 3.5 uM and 7 uM were found for the blocking
action of such DHP representatives as nicardipine, nifedi-
pine and nimodipine. Micromolar concentrations of nicar-
dipine, amlodipine and nilvadipine were reported to block
LVA current also in hippocampal neurons with the potency
comparable to their effects on L-type current [14-16].
Subsequently, the evidence has accumulated that some
DHP derivatives may act on LVA Ca®* channels in other
preparations as well. For instance, nicardipine but not
nifedipine inhibited T-type Ca”* current in mouse DRG
neurons (93% versus <20% inhibition at 5 pM [17]),
niguldipine has been shown to suppress equally strong
T- and L-type currents in atrial cardiomyocytes
(IC50~0.18 wM [18]), and niguldipine, nicardipine, nimo-
dipine, nifedipine blocked with high potency (ICsp-s
0.24 uM, 2.5 pM, 9.8 uM and 39 M, respectively) T-
type Ca®* current in NG108-15 neuroblastoma-glioma cell
line [19]. In most reported cases the action of DHP
derivatives was time-, voltage- and use-dependent.

The quite broad spectrum of T-type Ca®* channels
blocking potencies found for DHP representatives in var-
ious preparations may suggest the importance of drug
chemical structure for the optimal drug-channel interaction
[20], although it may also indicate diverse cell-specific
patterns of T-channel «l subunits expression. Indeed,
nifedipine sensitivity has been used as one of the major
criteria for the functional identification of “fast” and
“slow” subpopulations of LVA channels in thalamic neu-
rons [7]. However, despite the importance of the whole
issue for the full appreciation of pharmacological profile of
various DHPs as well as for the correlation of cell-specific
endogenous T-channel currents to the cloned a1l subunits,
comparative studies of the action of DHP representatives
on either heterologously expressed «l subunits or the
subtypes of endogenous channels have not been per-
formed.

4.2. The effects of nifedipine on recombinant T-channel
ol subunits

We focused on nifedipine as it had been used in our
previous studies to separate subtypes of endogenous T-type
Ca®* channels in thalamic neurons [7,9] and because it
remains one of the most popular antihypertensive drugs.
Our results show that of the three recombinant T-channel
a1 subunits expressed in Xenopus oocytes, nifedipine most
potently blocked Ca,3.2, which is expressed more widely
in peripheral tissues, such as kidney, liver and heart, than in
the brain [2]. For instance, the ICsq of 5 uM that we have
found for Ca,3.2 is very similar to the ICs5y=5.7 pM
reported for the inhibitory action of the currently most
widely prescribed antihypertensive DHP agent, amlodi-
pine, on endogenous T-type Ca** channels in guinea pig
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atrial myocytes [21]. Interestingly, although endogenous
T-type Ca** channels in atrial myocytes are apparently
primarily composed of Ca,3.2, amlodipine was shown to
block heterologously expressed Ca,3.2 in HEK293 cells
with an ICsg of only 31 uM [21], suggesting that cellular
environment is important in determining drug binding. In
contrast to the complete block produced by amlodipine, we
find that nifedipine could only produce partial block of
Ca,3.2 currents in either oocytes or HEK-293 cells. These
results suggest that alterations in DHP structure can lead to
dramatic changes in both the potency and efficacy of their
interaction with Ca,3 channels, supporting their use in drug
development [22]. Moreover, we find that partial block by
nifedipine is characteristic of all T-type Ca®*-channel
currents studied in all cell systems used. As nifedipine
action is associated with the decrease of open channel
probability [23], then partial block is most likely explained
by inability of the drug to reduce T-channel open prob-
ability to ““0” at any concentration.

Our results show that nifedipine is ~20- and ~50-times
less potent in inhibiting Ca,3.1 and Ca,3.3 expressed in
Xenopus oocytes compared to Ca,3.2. Basically identical
to our ICs of about 100 wM was also found for nifedipine
action on Ca,3.1 expressed in tsa-201 cells [22]. Given that
Ca,3.1 and Ca,3.3 are the dominant subunits in the brain
[1,3,24,25], such low affinities is difficult to reconcile not
only with ICs54-s in micromolar range for the nifedipine
inhibitory action on LVA currents in central neurons
reported in literature (e.g., [5,7]), but also with somewhat
higher IC59~20-30 M obtained herein for the two sub-
types, ‘“fast”” and “‘slow’’, of endogenous LVA currents in
thalamic neurons. Moreover, we find that nifedipine is able
to produce only partial Ca,3.1, Ca,3.2 and Ca,3.3 block-
ade, whereas the studies in native cells imply full blockade
of endogenous LVA currents.

The blocking action of nifedipine is characterized by
preferred interaction with Ca,3.1, Ca,3.2 and Ca,3.3 acti-
vated and inactivated states, whereas in the resting/closed
state the drug can even act as an agonist. However, the
affinity and rate constants of drug interaction with various
states seems to depend not only on specific subunits, but
also on the cellular system they are expressed in, as
evidenced, for instance, by different time-dependence of
Ca,3.1 inhibition during depolarization pulses in oocytes
and HEK-293 cells as well as by strongly divergent dose-
dependence of nifedipine action on Ca,3.2 expressed in
oocytes (ICso =5 uM, Aax =41%, p =1) and HEK-293
cells ICso =5 pM, A ax =41%, p =1). The reasons for
such differences are not yet clear, but may be related to the
specifics in T-channels regulation, post-translational pro-
cessing, accessory subunit composition in various cell
models and/or to structural or compositional features of
membrane lipid bilayer, which may strongly influence
channel interaction with such lipophilic drug as nifedipine.

The DHP receptor site in the highly DHP-sensitive
L-type Ca** channel-forming a1C subunit includes nine

critical amino acids belonging to IIIS5, IIIS6 and IVS6
transmembrane segments, which upon transfer to non-L-
type HVA Ca** channel a1 subunits can confer high DHP
sensitivity [26-28]. In the non-L-type HVA Ca®* channel
al subunits only four of these amino acids are conserved,
which allows them to exhibit, although much lower and
variable, but measurable sensitivity to the wide range of
DHP derivatives [29]. Such variability implies the exis-
tence of other determinants for DHPs action as well. This is
even more likely for T-type Ca®*-channel a1 subunits, for
which all residues in equivalent positions are different from
“classical” L-type DHP binding site, although they are
100% conserved within all members of T-channel family.
Taken together with our results on different potencies and
quantitative characteristics of nifedipine action on Ca,3.1,
Ca,3.2 and Ca,3.3 this rules out the role of “classical”
DHP site in the mechanism of such action, but rather
suggests the existence of alternative site(s) with non-iden-
tical amino acid composition.

4.3. al-subunit composition of endogenous thalamic
LVA Ca?*-channel subtypes

Because all three recombinant T-channel a1l subunits
exhibit similar state-dependence of nifedipine action, but
different affinities depending on the expression system,
the correlation of specific al subunits to endogenous
channel subtypes become quite challenging. This is espe-
cially true for the population of ““fast” thalamic channels,
which according to pure kinetic criteria may potentially
rely on two, Ca,3.1 and Ca,3.2, subunits. Nevertheless,
comparison of the state-dependencies of the blockade
mostly implicates Ca,3.1, as the major contributor to
the “fast” channels. Indeed, (i) nifedipine did not produce
any shift in /I,;g and Ijyar steady-state activation, but
substantially shifted negatively steady-state activation of
Iy, (i1) nifedipine rapidly blocked I,;g (expressed in
HEK-293 cells) and I;ya ¢ during their activation phases,
which was not as evident for I,;y, and finally, (iii)
nifedipine-induced a negative shift of I,;g and Ipyas
steady-state inactivation that was comparable in size
and notably smaller than that of I,;4. The principal role
of endogenous thalamic Ca,3.1 “‘fast” channels is also
supported by in situ hybridization studies in adult rats,
which showed dominant Ca,3.1 mRNA expression in
thalamic relay nuclei with Ca,3.2 mRNA levels being
below detection threshold [24,25,30]. However, consider-
ing that expression of endogenous thalamic LVA Ca®*-
channel subtypes is strongly age-dependent [7], one can-
not exclude a higher contribution of Ca,3.2 at early
developmental stages. It is also possible that the cells
from the Ca,3.2-rich reticular nucleus could contaminate
cell preparations used in our experiments.

It should be noted that in our experiments the current
associated with the activation of the “‘slow” subtype of
thalamic LVA Ca* channels (i.e., I vas) was isolated from
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the total current solely based on kinetic considerations.
Given the small size of Iiyas such procedure cannot
guarantee lack of its contamination by the currents carried
through the channels with ““fast™ kinetics. Nevertheless,
taken together our data suggest that Ca,3.3 is responsible
for Iyyas currents. This notion is also supported by the
observation that both I;ya ¢ and I,y are characterized by
relatively slow kinetics, and a big window current (e.g.,
[9,31]), as well as share some similarities in state-depen-
dence of nifedipine action. In addition, Ca,3.3 mRNA has
been shown to be present in most of the thalamic nuclei
even in adult rat [24]. Almost a 10-fold higher affinity of
nifedipine blocking action which we find for I;ya s com-
pared to 1,1 can be explained by cell-specific regulation
of channel pharmacology or the presence of another, yet
unknown T-channel al-subunit with slow kinetics.

One cannot also exclude the contribution of Ca,2.3
(tbE-II or «lE), which represents R-type Ca®*-channel
ol subunit, to the thalamic I; ya 5. Indeed, kinetic, voltage-
dependent and pharmacological properties — in particular
high Ni** sensitivity — of Ca,2.3 are such that upon initial
cloning it was even mistakenly suggested as a T-type
channel a1 subunit [32]. Ca,2.3 is expressed in thalamus,
particularly in intralaminar, parafascicular and reticular
nuclei [32,33], however, the developmental pattern of
its expression in this brain structure is not known. In
addition, endogenous R-type current in many prepara-
tions as well as heterologousely expressed Ca,2.3 is
completely insensitive to nifedipine and other DHPs
(e.g., [29]).

4.4. The role of T-channel ol subunits in thalamic
neuronal physiology

In our recent study [9], we used the bulk of available data
on biophysical properties, developmental expression, and
surface localization of LVA channels in the neurons from
LD thalamic nucleus to conclude that the “slow’” subtype
was most probably involved in Ca®* signaling required for
the outgrowth of the neurites and formation of the neuronal
networks, whereas ‘““fast” subtype participated in the gen-
eration of low-threshold Ca** spikes and bursting activity
known to be a distinguishing feature of thalamic neurons
[11]. Although this conclusion may be mainly related to the
population of local-circuit thalamic neurons, which we
believe were the primary object of our study, it is still
important for highlighting developmental and signaling
aspects in physiological significance of “‘slow’ and ‘“‘fast™
LVA channels, respectively. Our present pharmacological
data on nifedipine actions, which permitted us to correlate
Ca,3.1 and Ca,3.3 to the “fast” and “‘slow” thalamic LVA
channels, respectively, provided a molecular substrate
to the abstract concepts of ““fast” and “‘slow’ thalamic
channels, and allowed one to be more specific in assigning
a developmental role to the endogenous Ca,3.3 and maybe
Ca,3.2 and signaling role to Ca,3.1 T-channel a1 subunits.
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