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pH Modification of Human T-Type Calcium Channel Gating

Brian P. Delisle and Jonathan Satin
Department of Physiology, University of Kentucky College of Medicine, Lexington, Kentucky 40536-0298 USA

ABSTRACT External pH (pH,) modifies T-type calcium channel gating and permeation properties. The mechanisms of
T-type channel modulation by pH remain unclear because native currents are small and are contaminated with L-type calcium
currents. Heterologous expression of the human cloned T-type channel, a1H, enables us to determine the effect of changing
pH on isolated T-type calcium currents. External acidification from pH, 8.2 to pH, 5.5 shifts the midpoint potential (V,,,) for
steady-state inactivation by 11 mV, shifts the V,,, for maximal activation by 40 mV, and reduces the voltage dependence of
channel activation. The a1H reversal potential (E,.,) shifts from +49 mV at pH, 8.2 to +36 mV at pH, 5.5. The maximal
macroscopic conductance (G,,,,) of a1H increases at pH, 5.5 compared to pH, 8.2. The E,, and G,,,,, data taken together
suggest that external protons decrease calcium/monovalent ion relative permeability. In response to a sustained depolar-
ization a1H currents inactivate with a single exponential function. The macroscopic inactivation time constant is a steep
function of voltage for potentials < —30 mV at pH_ 8.2. At pH, 5.5 the voltage dependence of 7, .. shifts more depolarized,
and is also a more gradual function of voltage. The macroscopic deactivation time constant (r4...) is @ function of voltage
at the potentials tested. At pH, 5.5 the voltage dependence of 74 is Simply transposed by ~40 mV, without a concomitant
change in the voltage dependence. Similarly, the delay in recovery from inactivation at V,.. of =80 mV in pH, 5.5 is similar
to that with a V.. of =120 mV at pH, 8.2. We conclude that a1H is uniquely modified by pH, compared to other calcium
channels. Protons do not block a1H current. Rather, a proton-induced change in activation gating accounts for most of the
change in current magnitude with acidification.

INTRODUCTION

Voltage-activated calcium channels are critical for regula-current macroscopic kinetics are well described by the Al-
tion of electrical and chemical signaling in the myocardium.drich, Corey, and Stevens model for sodium channels (Al-
Calcium channels are responsible for the generation ofirich et al., 1983). However, a major difference betwggn
action potentials in pacemaker cells and shaping the plateaand | is thatl is ~50-fold slower thar

phase of the cardiac action potential in myocytes. There are Extracellular acidification commonly accompanies
two classes of calcium channels expressed in the myocapathophysiological events such as ischemic episodes (re-
dium, the L- and the T-type calcium channels. These changiewed by Carmeliet, 1999). Occlusion of coronary circu-
nels differ in their pharmacological, permeation, and gatingation, for example, can change external pH {pFom a
properties. L-type channels are sensitive to block by dihynormal value of 7.2 to as low as 6.0 (Vanheel et al., 1990;
dropyridines and cadmium, have a greater permeability fogjark et al., 1993). Extracellular acidification attenuates
barium than calcium, activate at potentials positive-20  inward currents measured from both native low-voltage-
mV, and L-type channel gating regulation is complex (Hille, gctivated calcium channels (LVA; Tytgat et al., 1990) and
1992). L-type channel gating is governed by voltage, calyjgh.yoltage-activated calcium channels (HVA), including
cium, and other intracellular second messengers. In con- _ (Prod’hom et al., 1987; Krafte and Kass, 1988; Pietro-
trast, T-type channels are sensitive to block by nickel (Leg, ot ) 1989). Decreases in calcium current with acidi-

et al., 1999), conduct barium and calcium equally, activatqication may be caused by 1) block of the permeation

at potentials positive te-70 mv, an_d thelr gating is strictly athway; 2) decrease in local calcium concentrations, and;
voltage-dependent. The current kinetics of both these charn

: . ) proton modification of gating. An increase of external
nel types are also dramatically different. L-type channels . :
. . o roton concentration shifts the voltage dependence of HVA
continually reopen in response to depolarization and have

. ..~ calcium channels gating to more depolarized potentials
slow decay rate (Hille, 1992). T-type channels open in brief” ) .
bursts before inactivating. Qualitatively, the T-type channel(e'g" Krafte and Kass, 1388; Kwan and Kass, 1993). This

gating kinetics are sodium channel-like (Droogmans andSh'ft effect is similar to that noted for voltage-gated sodium

Nilius, 1989). Both sodium and T-type calcium Channelchannels (Woodhull, 1973), and T-type calcium channels in
cardiac myocytes (Tytgat et al., 1990).

In contrast to L-type calcium channel studies, only scant
Received for publication 7 September 1999 and in final form 4 Januaryinformation exists for regulation of T-type calcium chan-
2000. nels. pH, modulates nativé; differently than L-type chan-
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as a subtraction current. Heterologous expression of clonegkak current o¥,.qis plotted as a function of pre-pulse potential. The data
T-type calcium channels provides a system wherean be ~ Were fit with the Boltzmann distribution:

studied in isolation with native-like kinetics (Satin and

Cribbs, 1999). To better understand proton mo(dification of Wimax = (1 = CIL + explV = Vi) + C (1)
T-type channels, we examined the effect of acidification onwhnereli/,,,., is relative currenty is pre-pulse potentia,,, is midpoint
the human cardiac T-type channellH (Cribbs et al., potential for complete inactivatiok,is the slope of the voltage dependence
1998), stable-transfected in human embryonic kidney cell$0r inactivation, andC is the offset.

: . Activation gating was measured by holding-at00 followed by &V,
(HEK) 293 cells. The major effect of decreasing pbh from —90 mV to +40 mV for 300 ms. The peak current is plotted as a

alH s a shift of steady-state activation gating, with a rl‘ovglfunction of Vies: We fit the current voltage curves with the Boltzmann
decrease of the voltage dependence of channel activatigerm:
gating. We also report the unique finding thdtH maximal

. . j— *
macroscopic slope conductance increases at55bi com- (V) = G*(V — E)/(1 + expVy, = VI/K)  (2)
pared to 8.2. We conclude that the decrease of IIan'[‘Q\lhereG is conductancek, ., is the reversal potentiaV, , is the midpoint,

T-type calcium currents, measured by sustained dep0|a”2%hdk is the slope of the voltage dependence for maximal inward current.

tions, are mainly due to proton modification of activation we also measure changes in activation gating by recording tail currents at

gating. —80 mV, after pre-pulsing from-85 to +90 for 9 ms from a holding
potential of —100 mV. The data are fit with a single exponential from
cursors set from the peak inward current until the end of the test pulse.
Current amplitudes are plotted as a function of pre-pulse potential. The data

MATERIALS AND METHODS are fit with Eq. 1.

To assess open channel permeation propertiesEandve pre-pulsed
cells from aV,,,,q of =100 mV to+100 mV for a duration corresponding

«1H cDNA (Cribbs et al., 1998) was used to generate a stable-transfectel the peak of the outward current (3 ms for p#i2 and 6 ms for pki8.2;
HEK 293 cell line (Satin and Cribbs, 2000). Cells are incubated in DMEM S€€ Results). After the pre-pulse .00 mV we measured current am-

supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 Plitudes atVie, ranging from—120 to +100 mV (see Fig. 3)E., was
mg/ml streptomycin, and 1 mg/ml G-418. measured from the zero current or by linear extrapolation of voltage steps

5 mV apart.
Deactivation kinetics were determined by holding-at00 mV fol-
lowed by a+25 mV pre-pulse for 20 ms, and then tails were measured
Electrophysiology by stepping from-40 to —150 mV. The tails were fit with a single exponen-

. . . tial to obtain the time constant of current decay.{J)- Tqeac:@S @ function of
Cells were digested with 0.125% trypsin and re-plated 1-3 days beforgegt notential generates a curve that fits with a single exponential.

recording i_n the whole-cell clamp con_figu_ration._ Culture media were Recovery from inactivation is measured by puisib s to 0 mV
replac_ed with the_ extracel!ular b_ath solution |mmed_|ate|y before recordings,|iowed by a variable recovery interval &.. —80 or —120 mV. The

The pipette solution contained (in mM): 110 potassium gluconate, 40 Csc'fraction of recovery current was determined by measuring taisagt mv

1 MgCl,, 5 Mg-ATP, 5 EGTA, 5 Hepes for p¥.4. The extracellular bath 56 4 9-ms pre-pulse te-75 mV. Tail currents are fit with a single
solution consisted of (in mM): 140 NaCl, 5CsCl, 2.5 KC, 10 TEA-CI, 2.5 exponential to determine current amplitudes. The data plotted as a function

CaCl, 1 MgCl,, 5 glucose, and 5 Hepes for pB.2-6.8 or SMES for pil ¢ recovery intervals are fit with a double exponential.
6.8 to 5.5. The solutions were titrated with CsOH to the appropriate pH.

Recordings were initiated 5 min after patch break to allow equilibration of

the pipette solution with the cell interior. The cells were recorded in a

chamber with a static bath volume of 2a0 To change pdwe superfused RESULTS

?errnnl bath solutlo_n aot 15 r_n/mln. Experiments were perfo_rr_ned at roomg,l_Io shifts the voltage dependence of
perature (20—22°C). Pipettes were pulled from borosilicate glass t i N ;

resistance in pipette solution ranging from 1.5 to 2)MThe small steady-state inactivation

spherical cells used for analysis had a mean capacitance of 23IpFand - : . -
we measured a mean series resistance ofA4203 M(). Currents were Two parameters define steady-state inactivationyofthe

filtered at 10 kHZ and sampled at 50 kHz. For voltage steps used in taiiNidpoint voltage of steady-state availability,(,), and the
current measurements, the capacitative transient was complete in 100—28tope factor K), which describes the voltage-dependent
ws. All tail current decays are fitted to data after the peak to reduce an)availability of this process. External acidification from <PH
complexity introduced by slow settling time of the voltage clamp. Single-g 2 g 5.5 shifts steady—state inactivation to more depolar-
exponentiafunctions superimpose the current decay, consistent with a con-

stantVeommangduring the measurement. pClamp 6.04 and 8.02b programslzmj potentials without affecting the slope factor of the

(Axon Instruments) were used for data analysis and acquisition. Nonlinea$tea-dy'_State inactivation curve (Fig. 1). FigAlandB show
curve-fitting was performed with Origins v.4.1 (Microcal Software). Data are the available currents recorded aVgg, of —20 mV, after
reported as meat SEM. Student's-tests on independent groups were used pre-pulsirg 5 sfrom—120 to—30 mV, for pH) 8.2 and 5.5.
to evaluatep-values. At pH, 5.5 the inward currents ar€8.2. The decrease of
inward current atVi.; —20 mV is a consequence of a
positive shift of activation gating and a change in the
Voltage protocols voltage dependence of channel activation (see below). The
Steady-state inactivation is measured by holding-a00 mv, then pre- ~ CUrrents are normalized to the maximal inward currents and

pulsing from—90 to —30 mV for 5 s, followed by &/.i,to —20 mV. The  are plotted as a function of pre-pulse potential. FigC 1

Cell culture

Biophysical Journal 78(4) 1895-1905



H™ Modify T-Type Channel Activation 1897

FIGURE 1 External acidification to ptb.5
decreases pedk and shifts the voltage depen-
dence of steady-state inactivatioA, 8) Fam-

ily of currents for pH 8.2 and 5.5 elicited by

a Vs 0f —20 mV, following a pre-pulse from
—120 to —30 mV for 5 s. C) Peak currents
from panelsA (square$, andB (open circle$
are normalized to the peak of the maximally
available currents. The relative current is plot-
ted as a function of pre-pulse potential and is
fitted with a Boltzmann distribution splid C D
line). The V,,, of inactivation is shifted from
—68.7 at pH 8.2 to—57.2 at pH 5.5, without 1.0 ]
any effect on the slope (4.6 at pi8.2 and 4.5
at pH, 5.5). ©) A plot of the meanV,,, for
inactivation as a function of pHshows an
11-mV difference between pH8.2 and 5.5
(n = 8; *p < 0.01).

*

0.5 ]

Relative Current
Vi (MV)
»
o
[ o]

120 -80  -40 B0 70 eo0
Pre-pulse Potential (mV) pHo

shows the change of the relative current plotted as a funcscending limb of the inwart{V) curve begins to decline
tion of pre-pulse potential from Fig. 4 andB. The only  (Fig. 2 B), the V,,, for peak inward current shifts from
effect of changing pklfrom 8.2 to 5.5 is a positive shift of —51 = 2 mV (pH, 8.2) to —17 = 5 mV (pH, 5.5;n = 6)
theV,,, by 11 mV ( = 5). Fig. 1D summarizes the fitted (Fig. 2 C), and the voltage dependence becomes more
midpoint as a function of pklover the range 8.2-5.5. The shallow, changing from 4.6 0.3 mV/e-fold at pH, 8.2 to

only statistically significant shift o¥/,,, occurs for p4 5.5. 8.8 = 0.6 mV/k-fold at pH, 5.5 (h = 6; Fig. 2D).

However, acidification to pEl6.0 shifts the meaN/,,, by 4 The potential range tested above may not adequately
to 5 mV. define changes in the voltage dependence of channel acti-
vation and macroscopic conductance. We determined how
pH, modifies both inward and outward currents by stepping
from aV, g 0f —100 to aV, from —90 mV to +100 mV.

This extended range peak current-voltage curve shows that
We used two methods to determine the effects of externgbeak outward current is greater for pbl5 than for 8.2 (Fig.
acidification on macroscopit; activation. First, we mea- 3 A). Fig. 3B is the data in paneA expanded to show that
sured current-voltage curves from peak inward calciumexternal acidification causes a hyperpolarizing shifEgf,.
current by stepping from ¥,y of —100 mV followed by  The pH,-induced change ik, is unequivocal, because at

a Ve ranging from—90 mV to +40 mV for 300 ms. This the same potential of 40 mV we measured inward current
voltage protocol is restricted to measuring net inward curin pH, 8.2 and outward current in pHb.5. The reversal
rent, and is useful for comparison to data in the literature potential E,¢,) for a1H shifts from 49+ 1.2 mV at pH, 8.2

Fig. 2 A is a plot of the peak inward current plotted as ato 36 = 0.58 mV at pH 5.5 (h = 4; p < 0.001).

function of V. for pH, 8.2 and 5.5 in a representative cell.  The shift of E,., for peak currents elicited by sustained
For this wide pH range the peak inward current decreaseslepolarizations suggests a change in selectivity. Therefore,
the 1(V) curve shifts depolarized, and the voltage depen+to assess open channel properties we activated channels and
dence decreases. Fig. BiD summarize the Boltzmann measured tail currents elicited by voltage steps to potentials
distribution fit parameters as a function of pkanging from  ranging from—120 to +100 mV. The pre-pulse duration
8.2 to 5.5. Changes in pHrom 8.2 to 6.8 have no signif- was set to the peak of the outward current measured at
icant effect on conductance, midpoint, or slope of the con—+100 mV for pH, 8.2 and 5.5. The open channel current-
ductance-transformeldV) curve. For pH< 6.8 the macro- voltage curve is clearly nonlinear (Fig.33. The expanded
scopic conductance obtained from a linear fit of thevoltage axis shows unequivocal evidence for a{mtluced

pH, modifies /1 activation voltage
dependence and permeation

Biophysical Journal 78(4) 1895-1905
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FIGURE 2 External acidification to pH
5.5 decreases conductance, shifts the acti-
vation V,,, depolarized, and reduces the
voltage dependence of activation obtained
from the peald (V) curve (A) Peak inward
currents are plotted as a function\f for -16001 . 0l— i i . .
pH, 8.2 (square$ and 5.5 fpen circlep -80 -40 0 40 8.0 7.0 6.0
and fitted to a Boltzmann distributiosdlid

line). Acidification from pH, 8.2 to 5.5 Voltage (mV) pHo

shifts theV,,, for peak current from-45 to
—9 mV, decreases the voltage dependence - * %
from 4.1 to 8.6 mVé-fold, and decreases ] ek 10 ]
conductance from 23 to 5 nSB{D) The .20
means of the conductance, the midpoint — i E
(V1,2), and the slope of inward currents
derived from the fitted Boltzmann distribu-
tion are plotted as a function of pHn =
14; #p < 0.05,*p < 0.01,#*+p < 0.001).

-8001 151

Current (pA)
Conductance (nS)

O

V1/2 (m
*
Slope (mV/e-fold)
(4]
]
-
]

| = 4 ]
-60 . . : . = . 0 T - . . -
8.0 7.0 6.0 8.0 7.0 6.0

pHo pHo

change inE,., (Fig. 3 D). The slope of the open channel range for these two conditions (Fig. @). In Fig. 4 A
current-voltage curve reflects channel conductance. Noticpre-pulses to-80, —55, —45, —20, and 25 mV are shown.
that the maximal slope is in fact slightly steeper for voltagesFig. 4 B shows pre-pulses of 80, 0, 25, 70, and 90 mV.
corresponding to inward current at pB.5 compared to 8.2 Pre-pulses to+75 mV are necessary for maximal current
(Fig. 3C). The dashed line in Fig. 8 represents the data activation at pH5.5 compared te-10 mV for pH, 8.2. The
recorded at pil 5.5 shifted by 15 mV, to normalize for the V,,, for maximal current activation is shifted depolarized
change inE,,. This effect is subtle, but reproducible in all and the slope for maximal current activation is about three-
cells testedr{ = 4, p < 0.01). We conclude that acidifica- fold more gradual for pH 5.5 than 8.2. Fig. 4D andE
tion increases macroscopic T-type channel slope condusummarize the pooled data obtained from Boltzmann fits of
tance under our physiological ionic conditions. the tail I(V) curves plotted as a function of pHAcidifica-

tion from pH, 8.2 to 5.5 shifts th&/, , for activation by 50
mV. The slope factor is approximately tripled at pHo 5.5
compared to 8.2 (16.& 1.8 and 5.3+ 1.6 for pH 8.2 and
5.5, respectively).

External acidification reduces I; activation
voltage dependence

Determining pH effects oh; activation voltage dependence

from the peak inward-V re_Ia_t|_ons_h|p IS proplematlc. Totest External acidification shifts and decreases the
the effects of external acidification on activation we used avoltage dependence of T,

broad range of pre-pulse potentials, followed by a step to a inact
common test potential. We voltage-clamped cells expressFo characterize the pHnodification of channel kinetics we

ing alH fromV,,,o = —100 mV to potentials ranging from measured the effect of gbn macroscopic channel inacti-
—85 to +90 mV for 9 ms, and then measured the instantavation. The decaying phase of current for various sustained
neous tail currents elicited by a return step-t80 mV. All depolarizations is well described by a single exponential
tail currents are well-fitted by a single exponential function.function for both pH 8.2 and 5.5 (Fig. 5A andB). The plot

This is an important minimal test of adequate voltage con-of the time constant of inactivatior(,.) as a function of

trol. Fig. 4, A andB show raw current traces from this tail V., reveals a voltage-dependent and a voltage-independent
current voltage protocol at pjB.2 and 5.5. Different pre- phase ofr,, for all pH, tested (Fig. 5C). There is no
pulse potentials are shown in gi8.2 versus 5.5 because of pH,-induced change in the voltage-independent.: (Fig. 5

the dramatic difference in the maximal current activationC, +60 mV). Nativel; can be described by an ACS-like

Biophysical Journal 78(4) 1895-1905
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A B

500 4

FIGURE 3 External acidification shifts
the E., of alH I+ and increases macro-
scopic open channel slope conductance
(A) Peak inward current-voltage curve for
a representative obtained from a sustained
depolarization for pH 8.2splid squarep
and 5.5 ¢pen circley. Smooth curve is a
modified Boltzmann distribution fit to the
inward current as in Fig. 2B} Same data -1500 -500
as inA, expanded on voltage axis to show ; 2'5 d 3'5 : 4'5 : 5'5
unequivocal demonstration of a change in -100 0 100

E... Note at+40 mV current is inward for Vtest (mV) Vtest (mV)

pH 8.2 and outward for 5.5.0) Open c D

channel (V) curve obtained by pre-pulsing
for a duration corresponding to the peak of
the current elicited by a-100 mV depo-
larization. Tail amplitude versus return =
step potential yields distinctly nonlinear
curve. The dashed line was drawn through
the data for pH 5.5 dpen circle} and
translated+15 mV to illustrate the in-
crease of slope conductancd)(Same
data as inC, expanded on voltage axis to
show unequivocal demonstration of a .
change irE,.,. Note that at-40 mV current -5000 T y d — -500 T T
is inward for pH 8.2 and outward for 5.5. -100 0 100 30 60

Vtest (mV) Vtest (mV)

1500{ L o

Current (pA)
o
Current (pA)
o
d
u|

500 -

Current (pA)
o
Current (pA)
o
o
L]

model of gating (Droogmans and Nilius, 1989). A funda- direction, thenty.,(V) should be altered in response to

mental principle is that for small depolarizations activationexternal acidification. Fig. 6 compares the effect of [@2

is the slow, rate-limiting transition, and therefore contrib-and 5.5 on the voltage dependence of deactivation. The

utes to the macroscopic inactivation rate. Following thissingle-exponential fit the ofy..(V) plot (Fig. 6 E) yields

logic, we predict that acidification should shift and decreasehe slope or voltage dependence of deactivation. Interest-

the voltage dependence of the inactivation time constaningly, the voltage dependence of deactivation (slep#9 +

Fig. 5Cis a plot of ther,,,;as a function of voltage forpiH 1.2 and 46+ 1.0 mV/-fold change for pH 8.2 and 5.5,

8.2 and 5.5. There is not a simple 40-50-mV translation ofespectively) was not significantly affected by pHh fact,

the 1,.(V) curve @ashed ling Fig. 5C). Consistent with  a 40-mV shift ofry.,(V) at pH, 8.2 superimposes over the

the effects of pH modification of steady-state activation 74.,(V) data at pH 5.5 (Fig. 6F). This is in contrast to

gating, ther,..(V) is both more gradual and shifted depo- proton effects on the voltage dependence of activation (Figs.

larized at pH 5.5 relative to 8.2 (Fig. &). 2 and 4). These data suggest that multiple closed-state
transitions of the activation pathway are differentially mod-

External acidification shifts deactivation kinetics ffied by external pH.

on the voltage axis without an effect on
voltage dependence Recovery from inactivation parallels the

To characterize channel deactivation kinetics we activateéi eactivation response to acidification

channels with a pre-pulse t#25 mV for 20 ms and re- In parallel with voltage-gated sodium channels, T-type cal-
turned the membrane potential ranging frafp,,of —40to  cium channels exhibit a delay in recovery from inactivation
—160 mV for pH, 8.2 and 5.5 (Fig. 6A andB). For allV ., (Satin and Cribbs, 1999). The delay in the recovery from
and for all pH, tested the current relaxed with a single inactivation is voltage-dependent. This delay is shorter for
exponential (Fig. 6C andD). The time constant of deac- more hyperpolarized recovery potentials, and becomes neg-
tivation (t4ead) 1S @ function of voltage for the potential ligible at recovery potentials negative t6120 mV. It has
range tested. For pHb.5 the voltage-dependence of acti- been postulated that the delay in recovery from inactivation
vation is shifted~40-50 mV (Figs. 2 and 4). If the deac- reflects a voltage-dependent deactivation step necessary for
tivation process involves the same voltage-dependent ratecovery from inactivation (Kuo and Bean, 1994). Because
transitions as the activation process, but in the opposite neicidification from pH 8.2 to 5.5 shifts thery.,[(V) rela-

Biophysical Journal 78(4) 1895-1905
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A pHo 8.2 B pHo 5.5
1 nAl //
10ms

FIGURE 4 External acidification reduces

and shifts the voltage dependence for acti-

vation (A) pH, 8.2. Tail currents elicited at C D
a V. 0f —80 mV after a 9-ms pre-pulse to
—80, —55, —45, —20, and 25 mV.B) pH,
5.5. Tail currents elicited af,.,0f —80 mV
after a 9-ms pre-pulse t680, 0, 25, 70, and
90 mV. For all pH tested the tail current
decay is fit by a single exponentiaC) The
relative tail current amplitudes are plotted as
a function of pre-pulse potential for pH8.2
(squarey, pH, 5.5 (open circle$, and wash-
out back to pH 8.2 (open squaresfor a
representative cell. The data are fitted with a
Boltzmann distribution golid line V,,, = 2 \

" 46,49, and —46;k = 4.6, 15.9, and 5.7 -100 - -50 B 50 1 8.0 7.0 6.0
for pH, 8.2, 5.5, and washout with 8.2, Pre-pulse Potential (mV) pHo
respectively). D and E) Pooled data from E

Boltzmann fits from 13 cells.[¥) External

Relative Current
V1/2 (mV)
ro
<
HH

acidification from pH, 8.2 to 5.5 shifts the  __ 20y
V,,, for maximal current activation+50 % ] i
mV. (xp < 0.001) ) Acidification topH, 5 ] L
5.5 causes a threefold more shallow slope. = ] *%k
E ] []
o 10
8_ -
»  In # []
0 T T T T T
8.0 7.0 6.0

pHo

tionship ~40 mV, we wanted to determine whether the fraction is significantly smaller for recovery intervais100
voltage dependence of the delay in recovery from inactivams at pH, 8.2 compared to p§5.5 (Fig. 7,B andC). Fig.
tion is also shifted by~40 mV. Recovery from inactivation 7 D shows that the fraction of current recovered at, 32

is measured by pulsin5 s to 0 mV followed by a variable and V... = —120 mV overlaps the fraction of current
recovery interval at recovery potential¥,{) of —80 or  recovered at p§5.5 andV,.. = —80 mV. This result is
—120 mV. The fraction of recovery current was determinedconsistent with a 40-mV shift of deactivation for pi3.5

by measuring tail current at80 mV, following a 9-ms compared to pk8.2.

pre-pulse to+75 mV (Fig. 7). We pre-pulsed t¢-75 mV

for 9 ms to maximally activaté; for pH, 8.2 and 5.5. Tail

currents are fit with a single exponential to determine cur-

rent amplitudes. The data are normalized to the maximaPISCUSSION

current recoveredteB s for each recovery potential. The This study reports the novel finding that external acidifica-
relative current is plotted as a function of recovery intervaltion reduces thexlH T-type calcium channel voltage de-
(Fig. 7). Fig. 7A shows that there is no significant differ- pendence for activation. Similar to most other voltage-
ence between the fraction of current recovered/at = dependent cation channels, external acidification causes a
—120 mV for pH, 8.2 and 5.5. Fov,..= —80, the recovery reduction of the inward current througiiH. However, this

Biophysical Journal 78(4) 1895-1905
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pHo 8.2 pHo 5.5
-40 mV

FIGURE 5 External acidification to pH
5.5 decreases and shifts the voltage dependence
of macroscopic inactivation kineticgA, B)
Representative current traces after a sustained
depolarization to thé&/,., indicated at pH 8.2
(A), or 5.5 B). The time constant of inactivation
(Tnac) IS Obtained by fitting the decay current
from thel (V) protocol with a single exponential
(smooth curvke (C) 7i,aiS plotted as a function

of voltage. At pH, 8.2 (square$ 7;,.iS voltage
independent at potentials positive 480 mV

with an offset of 17 ms. At pKl 5.5 (open
circles) 7. is voltage independent at poten-
tials positive to+55 mV with an offset of 14
ms. Notice ther,.(V) curve at pH 5.5 shifts
more positive and is less voltage dependent
than pH, 8.2 (voltage-dependent slope 7.0

and 17.8 m\#-fold for pH, 8.2 and 5.5, respec-
tively). The effect of pH on 7;,..(V) is not due

to a simple translation on the voltage axis (panel
C, dashed ling

-20 mV

D:my 200 pA |

1nA 50 ms

50 ms

AN
(

2001

1001

Tau of inactivation (ms)

-40 0 40
Voltage (mV)

reduction of inward current is only observed for currents—85 to +90 mV for 9 ms, followed by &/,,,t0 —80 mV.
elicited by a sustained depolarization. The mechanism unFor small depolarizations channel activation is underesti-
derlying this reduction of inward current for thelH chan-  mated, because current time-to-peak-i8 ms. The voltage
nel is a depolarizing shift and a decrease of the voltagelependence of activation is also obscured by the temporal
dependence of activation gating. overlap of inactivation. Nevertheless, an increase in this
Paradoxically to the decrease of current elicited by aactivation curve slope factor, with acidification, indicates a
sustained depolarization, acidification from pH 8.2 to 5.5slowing of the activation rate. These effects are distinct
actually increases macroscopic slope conductance. Externibm sodium channel (Woodhull, 1973; Begenisich and
acidification also hyperpolarizing shifts,.,. This is con- Danko, 1983; Daumas and Andersen, 1993; Benitah et al.,
sistent with the postulate that this T-type calcium channell997) or HVA calcium channel modulation by protons in
isoform becomes less calcium-selective relative to monovarative (Zhou and Jones, 1996) or heterologous expression
lent ions. It is well established that single calcium channelkystems. Both gating charge movement and the energy
conductance for monovalent ions is larger than that fotransferred from the voltage sensor to the gating machinery
divalent cations. Therefore, our data suggest that protonazontribute to this slope factor. Because of the change in
tion of the T-type calcium channel simultaneously slowsslope it is tempting to suggest that external acidification
activation gating and reduces calcium selectivity. titrates some of the charge involved in voltage sensing, thus
reducing the overall gating charge movement. Our conclu-
sion that pH modification involves conformational changes
of calcium channels is consistent with the early finding from
HVA calcium channels that pH modifies one or more sites
An unexpected major finding of our study was that externalon the external surface (Prod’hom et al., 1989).
protons dramatically reduced the slope factor for the acti-

vation curve. To our knowledge there are no reports of H modification of channel kinetics and gating

proton reduction of voltage dependence in a variety Olistinquish effects on specific transitions
cation channels that have been extensively studied. This 9 P

result suggests that T-type channels have evolved uniqughe change in voltage dependence (slope factor) induced by
gating properties. To determine the effect of acidification onprotons may be separable from the midpoint shift. A number
activation kinetics we used an isochronal pre-pulse fronmof emerging schemes of T-type channel gating allow us to

External acidification decreases the voltage
dependence of activation for a1H
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B pHo 5.5

FIGURE 6 InpH, 5.574c,(V) shifts +40

mV compared targ..(V) in pH, 8.2 (A, B)

Tail currents are recorded from a maximally C D
activating potential toV,., ranging from
—40 to —150 mV. (C, D) The deactivating
tail currents forV,.; —100 and—150 are
well fit with a single exponentialsmooth,
solid line) to obtain the time constant of

deactivation fgeac)- (E) TqeacdS plotted as a
function of voltage for p4 8.2 (square$ 1 nAI__
and pH, 5.5 (open circle$, and is fitted with 2ms

a single exponential. The slope facter49,
46, and 48 does not significantly change for
pH, 8.2, 5.5, and washback to 8.2, respec-
tively. (F) The TyeadV) data for pH 8.2 E F
shifted by 40 mV and superimposed over
the 74eac(V) data for pH 5.5. There is no
pH, effect on the voltage dependence of

o 107
deactivation.
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interpret our shift and voltage-dependent effect with respect tinactivation kinetics, there is only a shift on the voltage axis
channel state transitions. T-type calcium channels gate witbf the time course of deactivation; pH does not alter the
similar features as posed by the ACS model (Aldrich et al.yoltage dependence of deactivation. The simplest explana-
1983) for a variety of sodium channels. The cloned T-typetion for these results is that protons slow the voltage depen-
channelsalG, o1H, and native T-type current share severaldence of closed transitions distal to opening only. The
similar macroscopic kinetic features (Chen and Hess, 199Ginding that the proton-induced depolarizing shift is similar
Satin and Cribbs, 1999; Serrano et al., 1999). These includ®r all measures is consistent with a reduction of negative
voltage-dependent and independent phases of inactivation asdrface potential by protons (Hille et al., 1975). Alterna-
deactivation. The voltage-dependent phase of activation can liely, Armstrong and colleagues recently posed the intrigu-
derived from a slow rate of transfer between closed states &g mechanism that apparent surface potential shifts can in
small depolarizations. This would argue that pH effects orfact be due to intrapore ion binding in sodium channels
steady-state activation should also be reflected in the kineticggArmstrong, 1999; Armstrong and Cota, 1999). The crux of
of macroscopic inactivation for small depolarizations. ThisArmstrong’s hypothesis is that intrapore calcium in the
contention is supported by our data. sodium channel facilitates open-to-close gating of the so-
The voltage-dependent phase of deactivation is domidium channel. Lower pH shiftg, ., away fromE., pre-
nated by transitions through closed states proximal to theumably, this reduces calcium occupancy. Although a sur-
open state. However, in contrast to pH modification offace potential mechanism is consistent with our data, we
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FIGURE 7 The onset of recovery from in-
activation at a recovery potentiaV,() of
—120 mV and pH 8.2 is similar toV,,.at —80
mV in pH, 5.5. Recovery from inactivation is
measured by pulsing to 0 mV fdb s and
stepping to—120 or —80 mV for intervals
ranging from 0.002d 8 s @A, inse). The
available currents are measured from tails at
—80 mV after stepping te-75 mV for 9 ms.
Currents are normalized to the maximal cur-
rent recovered afte8 s at thetest recovery
potential. &) The time course of recovery
from inactivation forV,.. —120 mV for pH,
8.2 (square$ and 5.5 ¢pen circley, respec-
tively. There is no significant difference
among the data pointsB) The time course of
recovery from inactivation fov,,. —80 mV
for pH, 8.2 (square} and 5.5 ¢pen circle.
There is no significant difference among the
data points at intervals 60 ms. C) Expanded
scale from paneB showing the first 60 ms
(#p < 0.05,#p < 0.01). O) At pH, 5.5 (open
circles) the recovery of current a¥,.. —80
mV during the first 60 ms overlaps the recov-
ery of current at pl 8.2 (square$ and V.
—120 mV.
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cannot eliminate a connection between changes in porExternal acidification decreases calcium

properties and channel gating. Future experiments varyingelectivity and increases inward
ionic conditions are necessary to test whether intrapore ionipnic conductance

stabilize individual channel states.

The explanation for the increase of maximal macroscopic

channel recovery in that there is no voltage dependence &onductance(ﬁma)) Is simple in the_ gontext_of estabhsh_ed

the rate of recovery from inactivation (Chen and Hess,mOdels of calcium channel selectivity (reviewed by H|IIe,_
1990; Satin and Cribbs, 1999; Serrano et al., 1099). How}992: also see Deng and McCleskey, 1999). Our experi-
ever, in parallel with sodium channel gating schemes (Kucm(?nts were performed in physmloglcal external 'onic con-
and Bean, 1994), there is a voltage dependence to the delQFONS With respect to calcium and sodium. We show a

in the onset of recovery from inactivation bf (Satin and change inE,., that is consistent with a decrease in relative

Cribbs, 1999). The interpretation is that this delay reﬂectscalcIum s_elect|V|ty (Fig. 3.)' We also note that the conduc-
ance of inward currents is greater at o515 compared to

the deactivation through the inactivated states. Our p 4 8.2 Toaether. th dat * that prot d
modification results are entirely consistent with this schemd o ©-<- | 0g€tner, these data suggest that protons are de-
reasing the affinity of calcium to the pore and increasing

for T-type channels. Protons have the same shift effect off

voltage dependence of the onset of recovery from inactivamonovalent permeation. An increase in monovalent perme-

tion as observed for deactivation. ation increases conductance, because monovalent ions do
Native studies of T-type calcium channels suggest tha ot bind to the pore with high affinity (reviewed by Hille,

inactivation is linked to channel activation (Droogmans and 992).

Nilius, 1989). Therefore, changes in activation gating

should be reflected in inactivation gating. The effect on th

V,,, for activation is significant at pki6 or less. While we

did not find a significant difference in thé,, for inactiva-

tion at pH, 6.0, there is an~-5 mV meanV,,, depolarizing  There is substantial apparent block by protonsloand

shift. At pH, 5.5 this shift achieves statistical significance. G,,,,, in both native ventricular myocytes (Tytgat et al.,

Recovery from inactivation of; is distinct from sodium

e . . .
Comparison to native cardiac T-type
calcium current
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1990) and atrial cardiac myocytes (Cohen et al., 1992). IinWe thank Leanne Cribbs for thelH clone and for expert advice, Yi Zhang
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on currents elicited by a sustained zjepolarization (Tytgat e ions, and Alison Nemes and Oscar Crawford for technical assistance.
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v o . . Foundation.
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