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gulation of Calcium Concentration in Voltage-

Clamped Smooth Muscle Cells

PETER L. BECKER, JOSHUA J. SINGER, JOHN V. WALSH, JRr.,

FreDRIC S. FAY

The regulation of intracellular calcium concentration in single smooth muscle cells was
investigated by simultaneously monitoring electrical events at the surface membrane
and calcium concentration in the cytosol. Cytosolic calcium concentration rose rapidly
during an action potential or during a voltage-clamp pulse that elicited calcium
current; a train of voltage-clamp pulses caused further increases in the calcium
concentration up to a limit of approximately 1 uM. The decline of the calcium
concentration back to resting levels occurred at rates that varied with the calcium
concentration in an apparently saturable manner. Moreover, the rate of decline at any
given calcium concentration was enhanced after a higher, more prolonged increase of
calcium. The process responsible for this enhancement persisted for many seconds after
the calcium concentration returned to resting levels. Thus, the magnitude and duration
of a calcium transient appear to regulate the subsequent calcium removal.

N SMOOTH MUSCLE, AS IN SKELETAL
and cardiac muscle, cytosolic calcium
concentration ([Ca?*]) is the principal

regulator of contraction (1). In contrast to

the two types of striated muscle (2, 3),

however, the relation between membrane

clectrical events and the rise and fall of
cytosolic [Ca?*] has not been examined
directly in smooth muscle on the time scale
of physiological events. We have measured

[Ca?"] with high-time resolution in voltage-

clamped single smooth muscle cells, thus

allowing simultaneous momtormg of Ca®*
currents (Ic,) and changes in cytosolic

[Ca?*]. Furthermore, because Ca** influx

could be rapidly initiated and terminated by

using the voltage-clamp technique, we could
study the processes responsible for restoring
cytosolic [Ca?*] to resting levels. These
techniques have enabled us to describe sev-
eral kinetic and regulatory characteristics of
the processes that control the [Ca**], and
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thus contraction, of smooth muscle.

We used single smooth muscle cells isolat-
ed from toad stomach (4) that were loaded
with the fluorescent Ca®* indicator fura-2
(5, 6). Cytoplasmic [Ca®*] was measured
with a high-time resolution microfluori-
meter (7). Membrane potential and ionic
currents were monitored with a single mi-
croelectrode (8) rather than a patch elec-
trode to avoid dialysis of the cytoplasm and
thus minimize the loss of factors that might
be important in buffering or regulating the
[Ca?*]. In 20 mM extracellular Ca**, the
resting cytosolic [Ca**] in relaxed, micro-
clectrode-impaled smooth muscle cells aver-
aged 226 =22 nM (mean = SEM; n =
17), a value similar to that reported in
unimpaled cells (9).

Transient elevations in the cytosolic
[Ca?"] occurred in response to action po-
tendals (APs) induced at the offset of a
hyperpolarizing current or in response to
depolarizing command pulses under voltage
clamp (Fig. 1). The average increase in
[Ca?"] in response to either type of stimula-

tion was 379 = 32 nM (n = 25). During an
AP, in which inward current is carried exclu-
sively by Ca?* (10), the rise in [Ca’"]
occurred most rapidly starting at a potential
of about —20 mV, and this rapid phase
ended after the AP reached its peak (Fig. 1,
A and B). Typically, a slow, small rise occurs
as the potential rises through the range of
—35 to —20 mV. During a depolarizing
voltage-clamp command pulse, the rise in
[Ca*"] was roughly proportional to the
cumulative inward Ic, (Fig. 1D) for the
initial 100 to 200 ms (11), a period when
the magnitude of the inward Ic, was large.

This observation, coupled with the fact that
the [Ca?"] continues to rise throughout the
AP suggests that, unlike skeletal muscle, the
rise in cytosolic [Ca*] depends strongly on
Ca’" influx through voltage-dependent sar-
colemmal Ca®* channels. Toward the end of
a 2-s command pulse, the I¢, declined, and
the [Ca®"] either rose slowly or started to
fall. However, in all cases the [Ca*"] de-
clined more rapidly upon repolarization,
suggesting that Ca** influx persisted as long
as the cell was depolarized.

Although the rise in [Ca’*] appeared
roughly proportional to the integrated in-
ward Ic,, the amount of Ca®>* entry deter-
mined by integrating the Ic, far exceeded
that calculated from the measured free
[Ca®"] change. For example, integration of
the Ic, during the first 50 ms of the com-
mand pulse in Fig. 1D indicated a Ca®*
entry sufficient to elevate the [Ca®"] by 19
pM, 40-fold greater than the measured 0.47
pM change in the free [Ca?"] (12). Thus,
most of the Ca" that crosses the sarcolem-
ma must be binding to Ca*" buffers, a
conclusion consistent with current estimates
of the physiological Ca>* buffering capacity
in smooth muscle (13).

A train of depolarizing command pulses
produced summation of the [Ca®*] (Fig. 2).
However, each successive pulse resulted in a
smaller increase in [Ca?"], and a steady-state
ceiling was reached. This ceiling averaged
856 + 57 nM (n = 20), similar to the value
obtained in response to cholinergic agonists
or high K concentrations in non—voltage-
clamped cells (14). Several factors appear to
be responsible for this ceiling. Peak Ic,
decreased with successive voltage-clamp
pulses (Fig. 2B), presumably because of the
inactivation of Ca?" channels (15). Further-
more, as discussed below, the processes re-
sponsible for lowering the [Ca®*] are accel-
erated after a higher intracellular [Ca*"] is
achieved.

On termination of a depolarizing com-
mand pulse, the I, was also terminated, and
the processes responsible for Ca>* removal
from the cytosol could be studied in isola-
tion. The relation between the rate of
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[Ca?*] decline (d[Ca?*)/df) and the cyto-
plasmic [Ca**] is shown for a single tran-
sient in Fig. 3. Although the decline in the
[Ca®*] was faster at higher [Ca®']’s, the
underlying process appears to be saturable
because the relation between d[Ca*]/dt and
[Ca®"] was less steep at higher [Ca®']’s.
This is in contrast to the nonsaturable rela-
tion in skeletal muscle (2) and molluscan
neurons (16). If we assume a constant CaZ*
buffering capacity over this concentration
range, the extent of curvature in the relation
between d[Ca?"/dt and [Ca®*] in Fig. 3 is
consistent with a process that has an appar-
ent Michaelis constant (K,,) for Ca?* in the
range of several hundred nanomolar and

Fig. 1. Ca®* transients and A
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that operates against a continual inward
Ca’" leak. Such a low K, suggests that the
decline in [Ca®*] over this concentration
range is predominantly due to sarcolemmal
or sarcoplasmic reticulum Ca-ATPase
pumps (17, 18), rather than to the lower
affinity Na-Ca exchange mechanism (19).
The rate of [Ca?"] decline at any given
level of [Ca*"] was enhanced after higher,
more prolonged increases in [Ca?*]. This
enhancement is illustrated in Fig. 4, A and
B, which shows four [Ca®"] transients in-
duced by different voltage-clamp protocols.
The rate of [Ca®>"] decline of transient 3,
which achieved a higher peak [Ca?'], is
greater than that of transient 1 at every

N
/1:;1\\/

e’

i
—_ w“wv'y‘w' -
1s e

riod of the depolarizing command pulse. The current was integrated by measuring the area between the
current trace and the current level at the end of the 2-s command pulse. The Ca** traces in (A) and (C)
were smoothed by using an averaging interval of ~300 ms to reduce noise. The Ca®* traces in (B) and
(D) were not smoothed. [Ca?*] scales in this figure and Figs. 2 to 4 are linear. Capacitive transients are
not apparent in (C) because not every sampled point was displayed. Bath solution contained 20 mM
Ca?* and 10 mM TEA. In (C) and (D), the microelectrode contained 3M CsCl. The larger fluctuations
in the Ca?* trace at higher [Ca®*[s are not biological but reflect the fact that the raw 340- and 380-nm

photon counts have a signal-dependent noise component that, because of the relation between [Ca

2+]

and the 340/380 fluorescence ratio, causes a higher absolute noise at higher [Ca**]’s. The dependence
of the noise level on [Ca?*] is also observed in test solutions of fura-2 containing different [Ca®*]’s.
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[Ca?*] during a train of five
300-ms command pulses to
0 mV from a holding po-
tential of —100 mV, fol-
lowed by a 2.5-s command
pulse. (B) A higher time res-
olution view of the first five
voltage-clamp pulses from
(A) showing the membrane
current in addition to the
voltage and [Ca**]. The
large current transients at
the termination of the volt-
age-clamp  pulse  were
blanked for a 20-ms period
for clarity. Microelectrode
contained 3M CsCl.

[Ca**]. The magnitude of enhancement in
transient 3 is typical of this phenomenon,
which was observed in 24 of 25 cells exam-
ined. Moreover, the process responsible for
the enhancement observed after prolonged
stimulation persisted even after [Ca®*] had
returned to basal levels, as seen in Fig. 4, A
and B, by a comparison of the rate of [Ca®"]
decline in transient 4 with that of transient
1. This enhancement process gradually di-
minished over a period of about 30 s (Fig. 4,
C and D). A qualitative indication that this
enhancement process persists after the
[Ca®"] returns to rest is the presence of an
“undershoot” in [Ca®*] after prolonged ele-
vation (for example, transient 3 in Fig. 4A).
Such “undershoots” lasted approximately as
long as the enhancement process persisted.
An “undershoot” in the [Ca®*], which was
observed in 14 out of 16 cells, would be
expected if an enhancement of Ca®* removal
persisted beyond the period of [Ca**] eleva-
tion.

Although the precise mechanism of the
enhancement of the decline in [Ca®'] is not
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Fig. 3. (A) [Ca®*] as a function of time and (B)
d[Ca®*]/dt as a function of [Ca®*] resulting from
a single 300-ms depolarizing voltage-clamp com-
mand pulse to 0 mV from a holding potential of
—100 mV. Ca** trace in (A) was smoothed with
an averaging interval of approximately 50 ms. In
(B), consecutive symbols represent estimates of
d[Ca®*]/dt taken 250 ms apart. The rate of [Ca®*]
decline plotted in (B) was estimated by the slope
of a linear fit to the [Ca®*] data. We used a 0.5-s
interval of the [Ca®*] data to determine the slope
immediately after the clamp pulse, and this inter-
val was extended to 2-s at later points to reduce
noise. Thus, the d[Ca®*]/dt values calculated near
the peak of the [Ca®*] are noisier and show more
variation because of the smaller number of data
points used to calculate d[Ca**]/dt. The [Ca®*"]
paired with cach d[Ca*"]/dr measurement was
taken as the average [Ca*"] over a 250-ms time
interval.
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in response to either a single 300-ms voltage-clamp pulse (transients 1, 2, and 4) or a train of 19 such
pulses (transient 3). Ca>* trace in (A) was smoothed by using an averaging interval of ~300 ms.
Greater [Ca®"] rise in transient 4 (compared with 1) was accompanied by proportionately more inward
current (not shown). (B) The rate of [Ca®*] decline plotted as a function of [Ca?*] for transients 1, 3,
and 4. For each trace, consecutive symbols are 250 ms apart. The upturn in d[Ca®*]/dt at the right of the
numbers 3 and 4 in (B) was not a consistent observation. Increased variability in this region may be due
to the smaller [Ca®* ] data set used to determine d[Ca®*)/dt at the onset of the decay of the transient (see
legend to Fig. 3). (C) Records illustrating the protocol for determining the time course of the
persistence of the enhancement of Ca?* removal as plotted in (D). A brief control elevation of the
[Ca®*] was generated and then a prolonged elevation (>5 s); subsequently, brief test [Ca2*] elevations
were generated at various intervals after the prolonged elevation. Then d[Ca®* ]/dt was measured at an
intermediate [Ca®*] during each transient (S1, $2, and S$3). (D) The percentage of enhancement in each
test [Ca’*] transient, calculated as [(S3 — S1)/(S2 — S1)] x 100, plotted as a function of the time
interval between the prolonged elevation and brief test pulse (data are from a total of seven cells).

clear, a number of possibilities can be ex-
cluded on the basis of available data. The
enhancement was observed in unimpaled
cells exposed to high K" concentrations. It
did not correlate either with contraction or
with changes in the membrane-holding cur-
rent. These observations indicate that the
mechanism is not based on either electrode
impalement, cell shape change, or a change
in the basal Ca’* leak. We observed no
evidence that the ability to elevate the
[Ca®*] is impaired during the time that the
enhancement persists, which indicates that
the mechanism is not based on a depolariza-
tion-induced depletion of an internal Ca®*
store. It is more likely that enhancement of
net Ca>" removal results from a feedback
stimulation by [Ca’*] on Ca’* extrusion
mechanisms. Sarcolemmal Ca’>* pumps in
these and other smooth muscles are stimu-
lated by a Ca’*-calmodulin-dependent
mechanism (18, 20), and in some smooth
muscle cells sarcoplasmic reticulum Ca®*
pumps may be regulated by Ca?*-calmodu-
lin—dependent phosphorylation of the regu-
latory protein phospholamban (21). Thus, a
prolonged rise in [Ca?"] could cause a per-
sistent stimulation of membrane-associated
Ca®* pumps.

The enhancement of the [Ca®* ] decline in

14 APRIL 1989

smooth muscle is the opposite of what has
been observed in skeletal muscle, in which
prolonged [Ca®'] elevations induced a
slowing of the rate of [Ca?*] decline (2). A
more complicated response exists in mollus-
can neurons, where the initial rate of [Ca®*]
decline after [Ca’*] elevations of longer
duration was faster, although the later rate
of decline was slower (16). The enhance-
ment of the rate of [Ca®"] decline by a high
[Ca?*] increase characterized in our study
may be important for the normal function of
gastric muscle, in which contraction must be
phasic for the tissue to function properly. A
persistent enhancement of Ca’* removal
induced by high [Ca?*] would tend to limit
the duration of a contraction. Furthermore,
such a process may also be a component
underlying the sustained [Ca®*] oscillations
observed in many cell types (22).
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Influence of the Major Histocompatability Complex
on Positive Thymic Selection of Vg17a™ T Cells

MARCIA A. BLACKMAN, PHILIPPA MARRACK, JOHN KAPPLER

A monoclonal antibody was used to show directly positive thymic selection of the T cell
repertoire in mouse strains expressing the 17a B-chain variable domain (Vg17a) of the
T cell receptor. In the absence of the potent tolerizing class IT major histocompatability
complex (MHC) molecule, I-E, peripheral expression of Vgl7a* T cell receptors
varied with the MHC haplotype of the mouse strain. In the most extreme case, H-29
mice expressed high peripheral levels of CD4* Vgl17a* T cells (14 to 19 percent),
whereas H-2" mice expressed low levels (3 to 4 percent). Analysis of (b X q)F; mice
and chimeric mice showed that these differences were determined by positive thymic
selection and implicated the thymic epithelium as the controlling cell type.

CELL SPECIFICITY IS DIRECTED TO-

ward antigen (Ag) that is complexed

with a cell-surface molecule encoded
by the MHC. Also, T cells preferentially
recognize antigen in association with the
organism’s own MHC haplotype—a phe-
nomenon termed sel-MHC restriction—
and yet cannot respond to self- MHC alone
(self-tolerance). The T cell receptor (TCR)
is a heterodimer, consisting of an « and a
chain. In addition to the TCR, which pro-
vides the specificity for Ag/MHC, T cells
bear “accessory” molecules, CD4 and CD8,
which bind monomorphic determinants on
class IT and class I MHC molecules, respec-
tively. In the periphery, class I-restricted T
cells are almost exclusively CD87*, whereas
class Il-restricted cells are CD4*. Thus,
peripheral T cells are self- MHC—restricted,
tolerant to self, and express an accessory
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molecule appropriate to the cel’s MHC
restriction. The process of T cell maturation
in the thymus that produces such a precisely
defined repertoire is believed to involve two
selection events, a positive selection of T
cells bearing TCRs biased toward self- MHC
and a negative selection, or elimination, of
T cells with autoreactive receptors.
Attempts to study thymic development
have been hampered by the inability to
measure populations of antigen-specific T
cells directly. Recently, two new experimen-
tal approaches have been used: monoclonal
antibodies (MAbs) that bind populations of
TCRs that share some features of their
structure and specificity (1-3) and TCR
() transgenic mice that express predomi-
nantly one defined T cell specificity (4-6).
We have examined the mechanism of toler-
ance to self-MHC with a MAb, KJ23a, that
recognizes TCRs expressing the 17a B-chain
variable region (Vg17a) (1, 7, 8). Because of
the presence of a nonfunctional allele,
V;17b, in many strains of mice, Vg17a has a
restricted strain distribution (9). In Vg17a*
strains of mice, TCRs that bear this Vg
region react with high frequency to the class
II MHC molecule, I-E. Antibody to Vgl7a
could therefore be used to follow a popula-
tion of T cells with a defined reactivity
pattern. Mouse strains expressing I-E mole-
cules had dramatically reduced peripheral
expression of V17a receptors. Examination

of thymocytes in these I-E—tolerant mice
showed that tolerance to self-MHC is medi-
ated by clonal deletion of cells bearing au-
toreactive receptors during the immature,
“double-positive” (CD4"/CD8") stage of
thymocyte maturation in the cortex (1). The
presence of I-E on bone marrow—derived
cells alone was sufficient to induce tolerance
in the periphery (7).

Positive selection is less well character-
ized. The bias of the T cell repertoire to
preferential recognition of antigen in the
context of self-MHC is thought to reflect a
positive selection event in the thymus, that
is, only receptors capable of recognizing
selt MHC (presumably in association with
self-peptides) are given a signal to mature,
but the evidence in support of positive
selection has been indirect. Many (10, 11),
but not all (12), studies in chimeric mice
show that the peripheral repertoire is
skewed toward recognition of antigen in the
context of the MHC haplotype expressed in
the thymus, and, in particular, the thymic
epithelium [(13), but see (14)]. The inter-
pretation of these studies has been made
equivocal by the fact that the repertoire was
measured by antigen reactivity (requiring
immunization of experimentally manipulat-
ed animals), which might be influenced by
peripheral and regulatory factors. Recently,
positive selection was studied in TCR (a)
transgenic mice (5). The receptor (as well as
the accessory molecule) of the transgenic
mice was preferentially expressed on T cells
in mice of the MHC haplotype from which
the receptor was originally cloned and not in
two other haplotypes, implying positive se-
lection by MHC in the absence of nominal
antigen (5).

We report a direct demonstration of posi-
tive selection during thymocyte develop-
ment, using the Vgl7a system previously
used to define tolerance to sel-MHC. An
examination of peripheral Vg17a TCR levels
in mouse strains that do not express class 11
I-E molecules revealed a hierarchy of expres-
sion that correlated with MHC haplotype,
such that H-29 > H-2° > H-2" (Table 1A).
Variation in expression was the greatest
between H-29 and H-2° mice, particularly
within the CD4 compartment of T cells (14
to 19% versus 3 to 4%). To confirm that the
levels correlated with MHC haplotype and
not strain-specific background genes, we
bred the functional Vgl7a locus into B10
and B10.Q mice (15). The Vgl7a levels
measured in these mice (Table 1A) con-
firmed the correlation with MHC haplo-
type.

The correlation between MHC and
Vgl7a levels in the periphery is determined
during thymic selection. We found that 10
to 11% of the immature cortical o™ thymo-
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