(1984); M. Mueller-Neumann, J. Yoder, P. Star-
linger, Mol. Gen. Genet. 198, 19 (1984); J. English,
E. Ralston, H. K. Dooner, Maize Genet. Coop.
Newsl. 61, 81 (1987).

4. R. Kunze, U. Stochaj, J. Laufs, P. Starlinger, EMBO
J. 6, 1555 (1987); E. Finnegan, B. Taylor, E.
Dennis, J. Peacock, Mol. Gen. Genet. 212, 505
(1988).

5. N. van Schaik and R. A. Brink, Genetics 44, 725
(1959); I. M. Greenblatt, ibid. 108, 471 (1984); H.
K. Dooner and A. Belachew, in preparation.

6. ]J. D. G. Jones, Z. Svab, E. Harper, C. Hurwitz, P.
Maliga, Mol. Gen. Genet. 210, 86 (1987); P. Ma-
liga, Z. Svab, E. Harper, J. Jones, Mol. Gen. Genet.
214, 456 (1988).

7. A. Hoekema, R. Hirsch, P. Hooykas, R. Schilper-
oort, Nature 303, 179 (1983).

8. R. Horsch et al., Science 227, 1229 (1985).

9. J. D. G. Jones, F. Carland, H. K. Dooner, unpub-
lished data.

10. R. Jorgensen, C. Snyder, J. D. G. Jones, Mol. Gen.
Genet. 207,471 (1987); J. D. G. Jones, D. Gilbert,
K. Grady, R. Jorgensen, ibid., p. 478.

11. J. Velten, R. Velten, R. Hain, J. Schell, EMBO J. 3,
2723 (1984).

12. M. J. Simmonds, J. Raymond, M. Boedigheimer, J.

Zunt, Genetics 117, 671 (1987).

13. H. Cuypers, S. Dash, P. A. Peterson, H. Saedler, A.
Gierl, EMBO J. 7, 2953 (1988).

14. H. K. Dooner et al., Mol. Gen. Genet. 200, 240
(1985).

15. T. Kunkel, Proc. Natl. Acad. Sci. U.S.A. 82, 488
(1985).

16. E. Ralston, J. English, H. K. Dooner, Genetics 119,
185 (1988).

17. T. Murashige and F. Skoog, Physiol. Plantarum 15,
473 (1962).

18. T. Maniatis, E. Fritsch, J. Sambrook, Molecular
Cloning: A Laboratory Manual (Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY, 1982).

19. We thank D. Gilbert, L. Harper, and G. Chuck for
technical assistance; T. Lemieux and C. Robinson
for plant care; E. Crump, R. Narberes, C. Stephens,
and ]. Hayashi for figure preparation; and D. Bur-
gess, C. Dean, P. Dunsmuir, R. Jorgensen, and E.
Ralston for valuable discussions. Supported in part
by a National Science Foundation Small Business
Innovation Research grant. This is Advanced Genet-
ic Sciences paper number 5-10.

18 August 1988; accepted 7 December 1988

Allelotype of Colorectal Carcinomas

BERT VOGELSTEIN,* ERIC R. FEARON, ScoTT E. KERN,
STANLEY R. HAMILTON, ANN C. PREISINGER, YUSUKE NAKAMURA,

RAy WHITE

To examine the extent and variation of allelic loss in a common adult tumor,
polymorphic DNA markers were studied from every nonacrocentric autosomal arm in
56 paired colorectal carcinoma and adjacent normal colonic mucosa specimens. This
analysis was termed an allelotype, in analogy with a karyotype. Three major conclu-
sions were drawn from this analysis: (i) Allelic deletions were remarkably common;
one of the alleles of each polymorphic marker tested was lost in at least some tumors,
and some tumors lost more than half of their parental alleles. (ii) In addition to allelic
deletions, new DNA fragments not present in normal tissue were identified in five
carcinomas; these new fragments contained repeated sequences of the variable number
of tandem repeat type. (iii) Patients with more than the median percentage of allelic
deletions had a considerably worse prognosis than did the other patients, although the
size and stage of the primary tumors were very similar in the two groups. In addition
to its implications concerning the genetic events underlying tumorigenesis, tumor
allelotype may provide a molecular tool for improved estimation of prognosis in

patients with colorectal cancer.

HE INACTIVATION OF TUMOR SUP-
pressor genes is thought to be im-
portant in the development of many
human malignancies (7). Inactivation of
these genes, through deletion or mutation,
presumably allows a cell to escape normal
growth controls. Only one candidate tumor
suppressor gene has been cloned (2), but the
existence of other such genes has been in-
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ferred from experiments in which specific
chromosomal regions were found to be de-
leted in tumors. For example, allelic dele-
tions involving 13q, 11p, and 22q are fre-
quently found in retinoblastomas (3),
Wilms’ tumors (4), and acoustic neuromas
(5), respectively. Although initial experi-
ments concentrated on the loss of individual
chromosomal regions from specific tumors,
recent reports hint at a greater complexity.
In particular, allelic deletions of chromo-
some 1lp or 13q have been reported in
different studies of breast cancers (6); dele-
tions of 3p, 13q, and 17p have been report-
ed in carcinomas of the lung (7); and dele-
tions of 5q, 17p, 18q, or 22q have been
reported in colorectal cancers (8, 9). To gain
a broader perspective on the prevalence of
allelic deletions in a common adult tumor,

we have studied markers from every non-
acrocentric autosomal arm in a large number
of human colorectal tumors. We have
termed this analysis an allelotype, in analogy
with a karyotype.

Two technical developments were neces-
sary for the present study. First, a large
number of probes useful for identifying
restriction fragment length polymorphisms
(RFLPs) have been generated. The variable
number of tandem repeat (VNTR) probes
are particularly useful for such analyses, be-
cause each probe can distinguish the two
corresponding parental alleles in a high pro-
portion of normal DNA samples (10, 11).
Second, colorectal tumors, like many solid
tumors, contain variable numbers of non-
neoplastic cells that can mask allelic dele-
tions occurring within the neoplastic tumor
cell population. A cryostat sectioning meth-
od for physically fractionating such tumors
to enrich for neoplastic cells has been de-
scribed (12).

DNA was purified from cryostat sections
of 56 primary colorectal carcinomas re-
moved at surgery and compared to the
DNA from normal colonic tissue of the
same patients. Probes detecting RELPs were
used to determine whether one of the two
parental alleles detected by each probe was
specifically lost in the DNA from the tumor
cells. All nonacrocentric autosomal arms
were studied; the only genes known to be
present on the acrocentric arms (13p, 14p,
15p, 21p, and 22p) are ribosomal. For each
of these 39 chromosomal arms, enough
probes were used to ensure that the two
parental alleles could be distinguished in the
normal tissue of at least 20 patients (that is,
the informative patients).

Alleles from each chromosomal arm were
lost in at least some tumors (Fig. 1A). The
frequency of allelic loss varied considerably,
however, with alleles from two chromo-
somal arms (17p and 18q) lost from more
than 75% of tumors, alleles from nine arms
(1q, 4p, 5q, 6p, 6q, 8p, 9q, 18p, and 22q)
lost in 25 to 50% of tumors, and the
remaining 28 arms lost in 7 to 24% of the
tumors (Fig. 1A). There were 127 examples
of allelic deletions in which the patient was
informative for markers on both the p and q
arms of the chromosome containing the
deletion. In 65% of these cases, allelic loss
occurred in only one of the two chromo-
somal arms. The majority of the deletions
observed in this study therefore represented
subchromosomal events, such as might be
mediated by interstitial deletion, mitotic re-
combination, or gene conversion, rather
than loss of a whole chromosome.

The frequency of allelic deletions was also
remarkable when viewed from the perspec-
tive of individual tumors (Fig. 1B and Table
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1). We defined fractional allelic loss (FAL)
in a tumor as the number of chromosomal
arms on which allelic loss was observed
divided by the number of chromosomal
arms for which allelic markers were informa-
tive in the patient’s normal cells. The median
FAL in the 56 tumors studied was 0.20; in

Table 1. Loss of alleles in individual tumors.

other words, alleles were lost from 20% of
the evaluable chromosomal arms. In 12 tu-
mors, more than a third of the evaluable
chromosomal arms had undergone allelic
deletion.

We also determined whether the fraction
of allelic loss in individual tumors had any

Number
Tu- Chromosomal arms on which allelic of arms FAL
mor* markers were lost with
no losst
S7 7q, 18q, 20p 19 0.136
S15 5q, 17p, 18q 17 0.150
S16 17p, 18q 19 0.095
S20 9q, 12q, 17p, 18q, 20q, 22q 17 0.261
S22 1p, 8p, 17p, 18p, 18q 25 0.167
§43 1p, 1q, 3q, 4p, 5q, 11p, 13q, 14q, 17p, 18q 5 0.667
545 10q, 15q, 17p, 18p, 18q 24 0.172
§50 2p, 2q, 6p, 6q, 8p, 15q, 17p, 17q, 18q, 21q 20 0.333
S51 4p, 14q, 17p, 18q 20 0.166
§59 1q, 4p, 5q, 13q, 17p, 18p, 18q, 19p, 19q 15 0.375
S61 9q, 17p, 18q 17 0.150
S62 17p, 21q 22 0.083
S67 1p, 5p, 5q, 11q, 17p, 18q 23 0.207
S§74 4p, 5q, 7q, 11p, 12q, 16p, 16q, 17p, 18q, 19q, 22q 10 0.524
S82 5q 22 0.043
$89 1q 24 0.040
S91 1p, 5q, 10q, 12p, 16q, 17p, 22q 18 0.280
S92 20 0.000
S93 1q, 5q, 6p, 6q, 10p, 15q, 17p, 17q 19 0.296
§96 5q, 9p, 16q, 17p, 22q 21 0.192
598 2q, 9q, 15q, 17p 21 0.160
S99 13q, 17p, 18q 18 0.143
S103  14q, 17p, 18q 20 0.130
S104 24 0.000
S§106  4p, 5q, 8p, 9p, 17p, 17q, 18p, 18q 14 0.364
S§108  10q, 17p, 18q, 19q 21 0.160
S§109  6p, 6q, 16q, 17p, 19p 17 0.227
S115  5q, 14q, 17p, 17q, 18q, 21q 18 0.250
S119-A 1gq, 6p, 6q, 14q, 17p, 18p, 18q, 21q, 22q 14 0.391
S119-D 6q, 9q, 18q 20 0.130
S122  3p, 6p, 6q, 8p, 9p, 9q, 17p, 17q, 18q, 22q 19 0.345
S$123  1q, 5q, 6p, 6q, 7p, 7q, 9q, 18q 18 0.308
S124  1q, 2q, 3q, 4q, 6p, 6q, 7q, 9q, 11p, 14q, 17p, 18q, 19q 11 0.542
S§126  3q 22 0.043
S133  3p, 5p, 5q, 6p, 6q; 11p, 17p, 17q, 20p 16 0.360
S136 1q, 3p, 16q, 17p, 18q, 19p 23 0.207
S140  4q, 5q, 8p, 12q, 17p, 18q, 19q 18 0.280
S141-A 3q, 7p, 7q, 8p, 10p, 10q, 13q, 14q, 17p, 17q, 18p, 18q, 19p, 19q, 22q 9 0.625
S141-B 8p, 9p, 10p, 11q, 14q, 17p, 18p, 18q, 22q 15 0.375
S153  1q, 7q, 8p, 17p, 18q, 22q 20 0.231
S154  4p, 17p, 18q 21 0.125
Si61  1p, 1q, 5q, 8p, 8q, 17p, 18q, 20p, 20q 20 0.310
S162  1q, 5q, 6q, 8p, 8q, 10q, 12p, 17p, 18q, 21q, 22q 14 0.440
S165  5q, 9p, 9q, 13q, 17p 16 0.238
S167  3p, 9q, 14q, 17p, 18p, 18q, 21q, 22q 21 0.276
S168  1q, 5q, 17p, 18q 22 0.154
S§170  5q, 18q, 22q 27 0.100
S173 21 0.000
S174  8p, 11p, 11q, 14q, 17p, 18p, 18q 21 0.250
S175  18q, 20p 27 0.069
S177  17p, 18p, 18q 17 0.150
S184  17p, 18q 22 0.083
S190  1p, 3p, 9p, 9q, 12q, 17p, 18p, 18q 19 0.296
S191  2q, 5q, 17p, 19p 21 0.160
PS-6  2p, 11q, 12p, 17p, 18q 17 0.227
PS-12  17p, 18p, 18q 21 0.125

*Two patients (S119 and S141) had two separate tumors.

1TNumber of arms on which DNA from normal tissue

demonstrated heterozygosity with one or more allelic markers, but both alleles were retained in tumor DNA.
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relation to clinical or histologic features. For
this analysis, the patients were divided into
two groups: those with tumors containing
less than the median FAL (group I, FAL
<0.2) and those containing greater than the
median (group II). Both groups of patients
were followed for a period averaging 38
months (Table 2). The sex and age distribu-
tion of the two groups of patients were
similar, and the average size and extent of
invasion (Dukes’ classification) of their tu-
mors were nearly identical (Table 2). The
prevalence of another genetic alteration
(RAS gene mutation) that occurs common-
ly in colorectal tumors (8, 13, 14) was
identical in the two groups (Table 2). De-
spite these similarities, the patients with
more deletions were significantly more likely
to develop recurrent disease (including dis-
tant metastases in all but one patient who
developed tumor recurrence) than the other
group (P < 0.01, Table 2). These patients
were also significantly more likely to die
with or from their cancer (P < 0.01, Table
2). There was also a significant relation
between allelic deletions and clinical course
in the subset of patients with less advanced
disease at the time of surgery (Dukes’ stage
A or B). In 14 such patients with more than
the median FAL, 11 (79%) developed re-
current disease (usually distant metastases)
postoperatively. Only 2 of 14 stage A or B
patients in the low FAL group had tumor
recurrence (P < 0.001, Fisher’s exact test).
Thus the measurement of allelic losses might
help identify patients with an otherwise
relatively favorable prognosis who could
benefit from additional therapy.

The allelic losses described in Table 1 are
conservative measures of the true extent of
allelic loss, for two reasons. First, each probe
used was not informative in every case, so
that, on average, 24.4 chromosomal arms
were evaluable in each tumor out of a total
of 39 chromosomal arms studied. Second,
subchromosomal deletion events that did
not result in loss of the region containing
the polymorphic markers would not be de-
tected. The frequency of this latter possibili-
ty is difficult to estimate accurately, al-
though studies have shown that large re-
gions of chromosomal arms are involved in
many of the allelic deletions that have thus
far been observed in tumors, particularly on
chromosomes 5, 17, and 18 (8, 9).

The variability and frequency of allelic
deletions in individual primary tumors not-
ed here is much higher than those noted in
previous studies in which RFLPs were ana-
lyzed. This difference is likely due to the
following reasons: (i) Many more chromo-
somal positions were examined in the pre-
sent study than in previous ones; and (ii) the
study of DNA isolated from cryostat sec-
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tions of tumors allows a more reliable visual-
ization of allelic deletions than the study of
DNA isolated from unfractionated tumors.
Indeed, our results are not inconsistent with
karyotypic and flow cytometric studies of
colorectal and other solid tumors, which
have often shown a high degree of chromo-
somal loss or aneuploidy, particularly in
more aggressive tumors (15-18). RFLP
analysis extends the karyotypic analyses in
two ways. First, it is often difficult to know
whether the changes observed in karyotypes
of primary tumors are present in only a
portion of the cells, for example, those that
are most rapidly dividing. The allelic dele-
tions noted in Fig. 1, however, were all
clonal, that is, they were present in at least
80% of the neoplastic cells within the tu-
mor, as assessed by quantitative comparison
of the autoradiographs with histologic anal-
ysis of the cryostat sections from which the
DNA samples were prepared. Hence, the
deletions occured in the majority, if not all,
of the tumor cells within the carcinomas.
Second, it is often difficult in karyotypic
studies to ascertain whether chromosomal
regions that appear to be lost are actually
missing from the cell, as opposed to being
masked by translocation to other chromo-
somes, especially when the karyotype is
complex. With RFLP analysis, however, the
finding of allelic loss is conclusive proof of
the absence of the allele.

An unexpected observation noted during
the course of these studies was the occur-
rence of genetic alterations within the re-

striction fragments detected by some -

probes. In five different instances, new
bands not observed in the DNA from nor-
mal tissue were found in DNA from the
corresponding tumor. Each case involved a
probe from a different chromosomal arm,
and these five probes were all of the VNTR
type (Fig. 2, B and C). The size of the new
bands in an individual tumor was either
decreased (in tumors number S98, S153,
and S191) or increased (in tumors S7 and
S175) by a similar number of base pairs
regardless of the enzyme used (19).

Such changes in VNTR sequences have
not been observed previously in tumors
when probes hybridizing to known chromo-
somal positions were used. However, there
have been reports of changes in “DNA
fingerprint” patterns of tumor DNA sam-
ples when the samples were analyzed with
probes that detect a large number of VNTR
sequences simultaneously (20). It has been
hypothesized that VNTR sequences are
“hot spots” for the generation of new alleles
(10, 11), and our finding that these se-
quences were altered in five different cases
supports this hypothesis. Although the oc-
currence of changes in DNA fragments con-
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taining VNTR sequences was rare (five al-
leles altered out of 2900 VNTR alleles
examined), no rearrangements of fragments
without VNTR sequences were observed in
our study (3100 alleles were examined with
non-VNTR probes).

What is the significance of the multiple
genetic alterations described in this study?
Two explanations are possible for the physio-
logic basis of a clonal genetic alteration such as
an allelic deletion or change in VNTR. First,
it is possible that the genetic alteration in-

>

Fig. 1. (A) Frequency of allelic
deletions in individual chromo-
somal arms. Allelic deletions were
evaluated with RFLP analyses,
examples of which are in Fig. 2.
DNA from paired normal colonic
mucosa and tumor tissues was
cleaved with one of three enzymes
(Taq I, Msp I, or Hind III), and
evaluated with probes from each
nonacrocentric autosomal arm.
The probes used are listed (23),
together with references describ-
ing their derivation and polymor-
phism patterns. Only informative
tumors, that is, those in which
DNA from the normal tissue ex- B
hibited a heterozygous pattern

for one or more allelic markers

from the indicated chromosomal

arm, were used to determine alle-

lic loss frequencies. The number

of tumors informative for each
chromosomal arm is listed in

(23). An allelic loss was scored if

an RFLP fragment present in
normal DNA was lost in at least

80% of the neoplastic cells, as
assessed by comparison of the
autoradiographs with histologic
evaluation of the cryostat sections

from which the tumor DNA was purified. Open bars, q arm; hatched bars, p arm. (B) Frequency of
allelic deletions in individual tumors. The FAL in each tumor was defined as the number of
chromosomal arms on which allelic loss was observed divided by the number of chromosomal arms for
which allelic markers were informative. The chromosomal arms on which the allelic deletions occurred
in each tumor are listed in Table 1.
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Fig. 2. (A) Examples of allelic deletions. DNA from normal (N) and carcinoma (C) tissues of patient
S141 (tumor A) was cleaved with restriction endonucleases, and the fragments were separated by
electrophoresis and transferred to nylon filters. The filters were incubated with the indicated radioactive
probes. Sizes (in kilobases) of the polymorphic restriction fragments are shown on the left of each
autoradiograph. With probes RM 7.4 and g3, the larger allele was lost from the tumor; with probe
EFD 64.1, the smaller allele was lost. (B and C) New fragments detected in colorectal tumors with
VNTR probes. Autoradiographs of DNA blots prepared as described in (A) are shown. For each N-C
pair, the results of digestion with two different enzymes are shown, and the probe is indicated. (B)
Patient §7 and (C) patient S191. Sizes (in kilobases) of the major polymorphic restriction fragments are
shown on the left of each autoradiograph, and the new fragments in the tumor samples are marked with
asterisks. Areas of tumors containing a high proportion of neoplastic cells were isolated as described,
and 12-pm-thick-cryostat sections of these areas were used to prepare DNA (12). Grossly normal
colonic mucosa adjacent to the tumors was obtained from each patient and used to prepare control
DNA. DNA purification, restriction endonuclease digestion, electrophoresis, DNA transfer, and DNA
hybridization were performed as described (12, 24).
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Table 2. Relation of FAL to clinical and histologic features. In comparing the means for group I with
those of group II, age, follow-up period, tumor size, and Dukes’ classification were nonsignificant on
the basis of the ¢ test. For the comparisons of percentages, RAS was nonsignificant and tumor
recurrence and death were significant on the basis of the Fisher exact test (P < 0.01).

NI:e T' Follow-  Tu- RAS  Tumor
Group* FAL of Age up mor Dukes’ muta- recur- Death#
p (mean) pa- (years)  periodf size  class.§ tionll  rencef (%)
tientst (months)  (cm) (%) (%)
I 0.11 27 67 38 53 2.3 52 30 26
11 0.32 25 67 38 5.6 2.4 52 68 64

*Group I patients had tumors with an FAL less than the median value (0.2) of the 56 tumors listed in Table 1; group
II patients had tumors with an FAL greater than 0.2.  TAll patients from Table 1 with a single carcinoma were
included.  $Mean follow-up period in patients who survive is listed. The mean follow-up period in all patients
combined (that is, those who are still alive plus those who died) was 31 and 17.5 months for group I and II patients,
respectively.  §Dukes’ classification scored as 1.0 for Dukes’ A tumors (confined to muscularis propria), 2.0 for
Dukes’ B tumors (extension through muscularis propria), and 3.0 for Dukes’ C tumors (metastatic to regional lymph
nodes). IIRAS gene mutations in this group of tumors were reported in (8) and (13). fDistant metastases
developed in all except one patient who developed tumor recurrence. #Death with or from carcinoma. An
additional 6 and 12% of group I and II patients, respectively, died without definite evidence of recurrent carcinoma.

cludes or is linked to a gene whose product
can affect neoplastic growth. According to
this explanation, there are numerous suppres-
sor genes present throughout the genome,
and the inactivation of any of them through
deletion could have incremental effects on the
regulation of cell growth. Such genes may not
require inactivation of both parental alleles to
promote a neoplastic effect, but, as suggested
(8, 21), such effects may be exerted when the
genes are present at only half the normal copy
number. The behavior of solid tumors may in
large part depend on the balance of such
genes, and the heterogeneity in allelic dele-
tions noted here may underlie the well-docu-
mented heterogeneity of tumors with regard
to invasiveness, responses to therapy, and
other biologic properties (22). Alternatively,
at least some of the clonal alterations in
colorectal tumors may have no intrinsic effect
on cell growth but may coincidentally occur
during the same mitosis in which another
more biologically potent genetic alteration
also occurs. For example, it is possible that
many alleles are deleted simultaneously in an
abnormal mitosis in which many chromo-
somes segregate aberrantly. Because allelic
losses are irreversible, these “passenger” losses
will remain as the cell proliferates and eventu-
ally becomes the predominant clone in the
tumor population.

Whatever the role of these allelic dele-
tions, their multiplicity must be taken into
account in any model for the genetic origin
of human tumorigenesis. Moreover, they
prompt significant caution in interpreting
the significance of individual allelic deletions
or other genetic alterations occurring in
these and other tumors. The results shown
in Fig. 1 and Table 1 emphasize that such
individual changes represent, at most, single
components in a complex tumor evolution-
ary process. On the other hand, the data in
Table 2 suggest that recognition and mea-
surement of the accumulated genetic

2I0

changes, such as provided by the allelotype,
may lead to useful molecular correlates of
tumor behavior.
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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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