We have not determined the complete nu-
cleotide sequence of this individual’s other
allele of the insulin receptor gene and do not
know whether it is normal. The proband
may be a compound heterozygote for two
different mutations or, alternatively, the
Val®® mutation may be dominant (12).
Previous studies have shown the participa-
tion of acquired defects in insulin receptor
tyrosine kinase activity in the pathogenesis
of NIDDM (13). Furthermore, insulin-re-
sistant patients have been described who
may have primary genetic defects in their
insulin receptor kinase activity (14, 15).

In conclusion, our data suggest that a
defect in the insulin receptor tyrosine kinase
can interfere with insulin action in vivo, thus
supporting the hypothesis that mutations in
the insulin receptor gene may be the cause of
NIDDM, at least in a subpopulation of
individuals (12, 15-17).
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Histone H5 in the Control of DNA Synthesis and

Cell Proliferation

J1AN-MIN SUN,* RYSZARD WIADERKIEWICZ,T ADOLFO RUI1z-CARRILLOT

The linker histones (H1, H5, H1°) are involved in the condensation of chromatin into
the 30-nanometer fiber. This supranucleosome organization correlates with the resting
state of chromatin, and it is therefore possible that the linker histones play an active
role in the control of chromatin activity. The effect of H5 has been directly determined
by expression of an inducible transfected H5 gene in rat sarcoma cells, which do not
produce H5. Transfection resulted in the reversible inhibition of DNA replication and
arrest of cells in Gy, at which time H5 concentrations approached that of terminally
differentiated avian erythrocytes. The arrest of proliferation was accompanied by
specific changes in gene expression probably related to the cell cycle block. The
selectivity of these effects suggest that H5 plays an active role in the control of DNA

replication and cell proliferation.

HE DIFFERENT LINKER HISTONE

subtypes share similar structural fea-

tures and bind, albeit with different
affinity, to seemingly equivalent chromatin
sites (1). The homologous variants H5 and
HI° are synthesized in the maturing avian
erythrocyte [HS (2, 3)] or during the differ-
entiation of mammalian cells [H1° (4)] and
may have analogous functions. Expression
of H5 and H1° is regulated independently
of that of the main cellular histones [H1,
H2A, H2B, H3, and H4] and is not cou-
pled to DNA replication (3, 5). This results
in increased amounts of H5 or HI° in
terminally differentiated cells. H5, an early
marker of the avian erythroid lineage, in-
creases in relative content with the degree of
cellular maturity as a direct consequence of
an increase in transcription rate of the H5
gene and a progressive loss of the prolifera-
tion potential of the cells (3). The increase in
linker histone content (H1 + HS5) accompa-
nies a progressive condensation of chroma-
tin and the inactivation of most cellular
genes (2, 3). Despite these correlations, the
extent to which H5 contributes to the differ-
entiation and loss of self-renewal capacity of
the erythroid cells is still a matter of specula-
don.

We have directly determined the effect of
H5 by transfection of a glucocorticoid-in-
ducible H5 gene (pMSHS5) (6) into rat
sarcoma XC cells (7). This transformed cell
line expresses relatively high levels of the
glucocorticoid receptor (GR), and its
growth characteristics are not noticeably

affected by dexamethasone (Dex). In addi-
tion, XC cells do not differentiate, a trait
important for distinguishing possible effects
of H5 on cell proliferation from indirect
effects due to cell differentiation.

The steroid hormone-responsive HS5
gene and a sclectable marker gene
(pRSVneo) (8) were cotransfected (9) into
XC cells, and G418-resistant colonies were
isolated in which expression of H5 was
hormone-dependent. An electrophoretic
analysis of the basic nuclear proteins (10)
from one such clone, XC10, grown in the
presence and absence of 0.5 wM Dex, is
shown in Fig. 1. The hormone induced the
expression of a protein with the mobility of
H5, not induced in the control XC8 cells,
and its identity as H5 was confirmed by im-
munoblotting (11).

After hormone treatment, the amount of
H5 in XCI10 cells progressively increased
and reached a maximum after 2 days (Fig.
1B) comparable to that found in mature
erythrocytes (Fig. 1A) and, at the same
time, the amounts of H1 decreased (Fig.
1B). The HS content of XC10 cells began
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Table 1. Cell-cycle parameters of H5-expressing XC10 cells.

Treat- % Cells in Time to Rate of DNA
Days ment* S+ Gy + doublet synthesis ([*H]Thy
Mt (hours) cpm per 10° cells)§
1 51 18 (£3) 455
1 Dex 29 45 (%3) 87
2 52 19 (£2) 492
2 Dex 23 62 (+4) 90
3 45 18 (=1) 560
3 Dex 24 52 (£3) 132
4 41 19 (£2) 610
4 Dex 31 40 (%5) 263
*Dexamethasone (0.5 wM) was added to the culture atday 0.~ tDetermined by flow cytometry (3).  tAverage.

§Cells were pulsed for 30 min with 65 pCi/ml of [methyl->H]thymidine (80 Ci/mmol, Dulont Biotechnology

Systems) at

to decrease after 2 days of Dex treatment
because of inactivation of the MMTV pro-
moter (see below), while there was a con-
comitant increase in the level of H1 (Fig.
1B). Continued incubation of XC10 in the
presence of Dex for 2 weeks or longer
resulted in further decrease of H5 and full
restoration of H1. The apparent partial re-
placement of H1 by H5 most likely reflects a
degree of competition between these his-
tones for the same chromatin sites and the
higher affinity of HS5 for chromatin (12).
However, the amount of H1 replaced was
less than the input of H5 (Fig. 1B), as
occurs during erythrocyte maturation (2, 3),
an indication that the noninduced XC10
cells have less than one molecule of H1 per
nucleosome or that H5 can also bind at sites
other than where the linker DNA enters and
leaves the nucleosome (1).

Comparison of several properties of H5
from XC10 cells and mature erythrocytes
indicated that the histone is properly bound
to XC10 chromatin. The H5 showed exclu-
sive nuclear localization as determined from
immunofluorescence with monoclonal anti-

A XC10 ME XC8
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end of each day in culture, and the radioactivity incorporated was measured (3).

bodies to H5 (11) and was bound to nucleo-
some particles obtained by micrococcal nu-
clease digestion of nuclei (13). Moreover,
HS5 had a turnover rate similar to that of H1
and required, as expected from erythrocyte
chromatin, a higher salt concentration than
H1 for HS to be extracted from nuclei (13).

The influence of H5 on the rate of prolif-
eration was determined by comparing the
growth of XC10 and XCS8 cells in the pres-
ence or absence of 0.5 pM Dex (14). Dex
had no effect on the growth of the nontrans-
fected XC8 cells (Fig. 2A), whereas it signif-
icantly reduced proliferation of H5-express-
ing XC10 cells (Fig. 2B). The variations in
doubling time followed exactly the changes
in H5 content of the XC10 cells (Figs. 1B
and 2B). The doubling time increased to
more than three times that of the controls in
the first 2 days (Table 1), coincident with
the maximum accumulation of H5 in chro-
matin (Fig. 1B), and slowly decreased at
longer times (Table 1) as the content of H5
decreased (Figs. 1B and 2B). Analysis of the
DNA content by flow cytometry (3) re-
vealed that the number of cells in G; in-

B
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Fig. 1. Expression of chicken H5 in XC cells. (A) Basic nuclear proteins from XC10 cells transfected
with pMSHS (6), control XC8 cells, and mature chicken erythrocytes (ME), after separation by gel
electrophoresis (10). The position of the linker histones (H1 and HS5), core histones (CH: H3, H2B,
H2A, and H4), and the number of days in culture in the presence (+) or absence (—) of Dex is
indicated. (B) Variation of the H1 and H5 content, relative to that of the core histones, in H5-
expressing XC10 cells. Ratios (+10%) were calculated by densitometry of duplicate gels and are
averages.
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creased in parallel with the increase in H5
(Table 1). The percentage of cells traversing
Sand in G; + M was reduced by more than
one-half after 2 days, whereas no such effect
was seen with the control cells. The rate of
[*H]thymidine uptake into DNA in the H5-
expressing cells was reduced to one-fifth of
the control (Table 1), further indicating that
the S-phase cells expressing HS5 replicate
DNA at a slower rate than those not ex-
pressing it. The growth arrest by H5 was
not due to cytotoxic effects of H5 or the
selection agent G418, since control and H5-
expressing XC10 cells showed the same col-
ony-forming capacity and since growth ar-
rest also occurred in the absence of G418
(Fig. 2B). Moreover, the effect was not due
to particular properties of the XC10 clone,
since similar observations were made with
other transfected cells (clones XC4 and
XC20) also expressing high levels of H5
upon Dex induction.

The amount of H5 needed for the arrest
of cell proliferation is similar to that found
in mature erythroid cells arrested in terminal
G, (Fig. 1A). High levels of H5 may be
required if the histone has a preference in
vivo to bind to chromatin organized in
supranucleosome structures as it has in vitro
(15). That is, H5 could cooperatively bind

107"

10

Number of cells

Days in cuiture

Fig. 2. Effect of H5 expression on cell prolifera-
tion. XC8 (A) and XC10 (B) cells were grown in
the absence (@) or presence (O) of 0.5 wM Dex,
and the number of cells in each culture was
determined at the indicated intervals (14). The
growth curves in (A) and (B) are the average of
two independent experiments. In a parallel experi-
ment, Dex-treated XC10 cells were grown in the
absence of G418 (H).
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first to available sites in precondensed and
condensed chromatin. Since condensed
chromatin is normally inactive, H5 may not
interfere with cell growth until lower affinity
sites (for example, those in active chroma-
tin) are filled. The effect of H5 would then
be restricted to certain regions of the
genome where it may render replication
origins inaccessible and interfere with DNA
elongation or inactivate genes required for
entry into S phase, or do all three. Alterna-
tively, H5 could randomly bind to chroma-
tin and cause, in a dose-dependent manner,
a nonselective inhibition of gene expression
that would limit the amount of factors re-
quired for DNA replication.

In vitro experiments indicated that H5
had an effect in transcription. Incorporation
of [*’H]UTP into RNA transcribed by RNA
polymerase II or RNA polymerases I + III
by nuclei of H5-expressing cells was about
50% that of the hormone-treated controls
(16). This reduction could be due to a
general decrease in the elongation rates of
the RNA polymerases or to selective sup-
pression of gene activity or to both. To
distinguish between these effects, the steady-
state levels of several mRNAs (17), with
respect to ribosomal RNA (rRNA), were
examined during the induction of H5
expression. After only 1 day there was a
decrease in c-myc and the GR mRNA in H5-
expressing XC10 cells (Fig. 3A), whereas no
such trend was observed in the hormone-
treated XC8 cells (Fig. 3B). The maximum
decrease in mRNA and the subsequent re-
covery inversely correlated with H5 content
(Figs. 1B and 3A). In contrast, the levels of
the core histone mRNA examined (H3 and
H4) increased parallel to the H5 content
(Figs. 1B and 3A), while those of B-actin
and vimentin were not significantly altered
(Fig. 3, A and B).

The varied trends in the levels of the
different mRNAs indicate that the effect of
HS is selective and that the changes in gene
expression could be related to the cell cycle
arrest. Thus, the increase in H3 and H4
mRNAs could be an indication that the H5-
expressing cells proceed through early and
mid G; before being arrested in late G;, at a
point after histone gene activation but be-
fore the onset of DNA replication. There is a
precedent for such uncoupling in cell cycle
mutants of baker’s yeast (18). The alterna-
tive that the cells sense the influx of H5 as a
signal to trigger histone gene activation is
unlikely. Maximum levels of H3 and H4
mRNAs were attained after a substantial
amount of H5 had been deposited in chro-
matin, and the subsequent decrease in core
histone mRNA occurred while the amount
of H5 was relatively high (Figs. 1B and 3A).

The decrease in the mRNA levels of c-myc
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Fig. 3. Effect of H5 on gene expression. Total
RNA from H5-expressing XC10 (A) and control
XC8 cells (B) was scparated by electrophoresis
and blotted onto membranes (17). The same
membranes were successively hybridized with the
indicated probes. A compilation of the autoradio-
graphs is shown. The days in culture in the
presence (+) or absence (—) of 0.5 pM Dex is
indicated. Ribosomal RNA was visualized by
cthidium bromide staining.

and the GR mRNA is probably also related
to cell cycle arrest. The c-myc proto-onco-
gene, coding for a cell proliferation compe-
tence factor, is down regulated in nonproli-
ferating cells (19). Similarly, expression of
the GR is lowest in the G, phase (20). The
lack of effect of H5 on the levels of B-actin
and vimentin mRNAs (Fig. 3) is also in
keeping with arrest in G; since vimentin is
preferentially expressed in G; (21), and the
levels of B-actin are not particularly affected
during the cell cycle.

The decrease in the amount of HS5
mRNA (Fig. 3A) is probably not relevant to
the effect of HS, since it is known that the
MMTV promoter becomes refractory to
prolonged stimulation by the hormone (22).
The lack of recovery of HS mRNA could
result from the binding of negative tran-
scriptional factors (22) or the lower levels of
the GR in the H5-containing cells, or both.

These observations indicate that there is a
concerted cellular response to the presence
of H5 but do not distinguish cause from
effect. The cell cycle block could be a conse-
quence of the effect of H5 on gene expres-
sion or vice versa. However, the selectivity
of the changes in gene expression, some of
which probably reflect alterations in the
transcription rates of the corresponding
genes (23), suggests that the mere presence
of H5 is not sufficient to inactivate tran-
scription. Previous observations have also
indicated that the template capacity of genes
specific to the erythroid lineage (for exam-

ple, pA-globin and histone H5 genes) is
virtually the same in erythroblasts and ma-
ture erythrocytes (3) despite the higher link-
er histone content of the mature cells. Nu-
cleosomes (24) or supranucleosome particles
(25) harboring these active gene sequences
contain H1 and H5 as does the inactive
chromatin. Therefore, the presence of H5
appears to have no effect on the activity of at
least differentiation-specific genes (erythro-
cytes) or genes expressed in G; or constitu-
tively expressed during the cell cycle (XC
cells). Unless the active effect of H5 is
directly or indirectly restricted to growth-
related genes, these observations suggest
that the alterations in gene expression are
the consequence rather than the cause of the
cell cycle block.

Regardless of the mechanism of action,
the active role played by HS in the control
of cell proliferation suggests a crucial role
for the histone during the differentiation of
the avian erythrocyte. Given the structural
relatedness between H1° and HS, it is likely
that H1° is instrumental in arresting the cell
cycle during the differentiation of mammali-
an cells. It will be interesting to determine
whether these effects are specific for the
replacement linker histones or can be mim-
icked by any H1 subtype, provided that they
are constitutively expressed, in sufficient
amounts, during the cell cycle.

REFERENCES AND NOTES

1. J. D. Allan, P. G. Hartman, C. Crane-Robinson, F.
X. Avilés, Nature 288, 675 (1980); P. Puigdomen-
ech, M. José, A. Ruiz-Carrillo, C. Crane-Robinson,
FEBS Lett. 154, 151 (1983); D. Z. Staynov and C.
Crane-Robinson, EMBO J. 7, 3685 (1988).

2. M. A. Billet and J. Hindley, Eur. J. Biochem. 28, 451
(1972); R. Appels and J. R. E. Wells, J. Mol. Biol.
70, 425 (1972); A. Ruiz-Carrillo, L. J. Wangh, V.
C. Littau, V. G. Allfrey, J. Biol. Chem. 249, 7358
(1974).

3. M. Affolter, J. Coté, J. Renaud, A. Ruiz-Carrillo,
Mol. Cell. Biol. 7, 3663 (1987).

4. R. Gjerset, C. Gorka, S. Hasthrope, J. J. Lawrence,
H. Eisen, Proc. Natl. Acad. Sci. U.S.A. 79, 2333
(1982); R. W. Lennox and L. H. Cohen, in Histone
Genes, Organization and Regulation, G. S. Stein, J. L.
Stein, W. F. Marzluff, Eds. (Wiley, New York,
1984), pp. 373-395; A. Chabanas et al., J. Mol.
Biol. 183, 141 (1985); A. Alonso, B. Breuer, H.
Bouterfa, D. Doenecke, EMBO J. 7, 3003 (1988).

5. J. Pershon and R. D. Cole, Nature 285, 431 (1980);
Biochemistry 21, 456 (1982); J. A. D’Anna, L. R.
Gurley, R. A. Tobey, ibid., p. 3991; S. Dalton et al.,
Mol. Cell. Biol. 6, 601 (1986).

6. A Not I-Xmn I fragment containing the coding
sequences of the H5 gene (26) was inserted at the
Sma I site of the polylinker (MCS) of Escherichia coli
gpt-deleted pMSG (Pharmacia) to produce pMSHS.
Transcription of the H5 sequences in pMSHS is
under the control of the mouse tumor
virus long terminal repeat. XC cells [3 % 10°, grown
at 37°C in Dulbecco’s minimum essential medium
(Gibco), 10% fetal calf serum, 5% CO,] were
transfected (9) with a mixture of 30 pg of pMSHS5
and 0.5 ug of pRSVneo DNA. Seventy-two colo-
nies were isolated after sclection with 350 pg of
active G418 per milliliter, 31 of which gave positive
immunofluorescence after ure to monoclonal
antibodies to H5 (11) after treatment with Dex (0.1
to 0.5 pM).

SCIENCE, VOL. 24§



. ]. Svoboda, Nature 186, 980 (1960).

C. Gorman et al., Science 221, 551 (1983).

. F. Graham and A. van der. Eb, Virology 52, 456

(1973).

10. Basic proteins were extracted from isolated nuclei
[M. K. Urban and A. Zweidler, Dev. Biol. 95, 421
(1983)] and separated in 14% polyacrylamide gels
[U. K. Laemmli, Nature 227, 680 (1970)]. Since
colonies of transfected cells showing the highest
expression of H5 were tetraploid, a tetraploid clone
(XCB8) was isolated from the original culture and
used as control.

11. M. Rézalski, L. Lafleur, A. Ruiz-Carrillo, J. Biol.
Chem. 260, 14379 (1985).

12. N. M. Kumar and I. O. Walker, Nucleic Acids Res. 8,
3535 (1980). ‘

13. A. Ruiz-Carrillo, unpublished results.

14. Dishes of XC8 and XClO0 cells were sceded
(2.8 x 10° per 15 cm?) at day 0, and 0.5 M Dex
was added to half of the cultures. Dishes from each
series were treated with trypsin at the indicated
times until complete cell detachment. Cells were
counted with a hemocytometer and a Coulter
counter. Mortality was measured by trypan blue
exclusion.

15. A. Ruiz-Carrillo, P. Puigdomenech, G. Eder, R.

Lurz, Biochemistry 19, 2544 (1980); J. O. Thomas

and C. Rees, Eur. J. Biochem. 134, 109 (1983).

0 0N

16. Similar numbers of XC10 and XC8 cells from 1- and
2-day cultures treated with Dex were permeabilized
and used to determine the rate of [*H]JUTP incorpo-
ration into acid-insoluble radioactivity [M. Affolter
and A. Ruiz-Carrillo, J. Biol. Chem. 261, 11496
(1986)]. a-Amanitin (2 pg/ml) was included in
parallel assays to distinguish between the activities of
RNA polymerases IT and I + III.

17. RNA from whole cells (20 pg) was analyzed as
described (3). The following DNA fragments were
used as probes: 4.8-kb Bam HI-Xba I of pSVc-myc-
1 [H. Land, L. F. Parada, R. A. Weinberg, Nature
304, 596 (1983)]; 4.5-kb Hind III-Eco RI of
pAcl8.1 (B-actin) [U. Nudel et al., Nucleic Acids Res.
11, 1759 (1983)]; 1.2-kb Eco RI of pCH3dR8
(H4) [B. J. Sugarman, J. B. Dodgson, J. D. Engel,
J. Biol. Chem. 258, 9005 (1983)]; 1.3-kb Eco RI of
pCH3dR1 (H3) [J. D. Engel, B. J. Sugarman, J. B.
Dodgson, Nature 297, 434 (1982)]; 0.85-kb Not I-
Xmn 1 of pCHV2.5BH (HS5) (26); 2.6-kb Xba I-
Nco I of pRSVGR (glucocorticoid receptor) [R.
Miesfeld, S. Rusconi, P. J. Godowski, B. A. Maler,
K. Yamamoto, Cell 46, 389 (1986)]; 1.2-kb Bam
HI of hp4F1 [hamster vimentin (20)].

18. L. Hereford, S. Bromley, M. A. Osley, Cell 30, 305
(1982).

19. M. D. Cole, Annu. Rev. Genet. 20, 361 (1986).

20. J. A. Cidlowski and G. A. Michaels, Nature 266, 643

(1977); G. R. Crabtree, A. Munck, K. A. Smith, J.
Immunol. 125, 13 (1980); J. A. Cidlowski and N. B.
Cidlowski, Endocrinology 110, 1653 (1982).

21. R. R. Hirschhorn, P. A. Aller, Z.-A. Yuan, C. W,
Gibson, R. Baserga, Proc. Natl. Acad. Sci. U.S. A.
81, 6004 (1984); S. Ferrari et al., Mol. Cell. Biol. 6,
3614 (1986).

22. S.J. Langer and M. C. Ostrowski, Mol. Cell Biol. 8,
3872 (1988).

23. The inference of transcription rates from mRNA
levels is only valid if there is no posttranscriptional
regulation. Although this may not be the case for
some of the mRNAs examined, it is also true that the
mRNAs were analyzed at time intervals that are long
compared to their half-lives.

24, S. Torres-Martinez and A. Ruiz-Carrillo, Nucleic
Acids Res. 10, 2323 (1982).

25. H. Weintraub, Cell 38, 17 (1984).

26. A. Ruiz-Carrillo, M. Affolter, J. Renaud, J. Mol.
Biol. 170, 843 (1983).

27. We thank J. Aubin for flow cytometer analyses, N.
Peris and G. Langlois for artwork, and K. Yamamo-
to for kindly providing the XC cell line and
pRSVGR. Supported in part by a grant from the
Medical Research Council of Canada. A.R.-C. is a
Scholar of the Medical Research Council of Canada.

6 February 1989; accepted 18 April 1989

Rapid B-Adrenergic Modulation of Cardiac Calcium
Channel Currents by a Fast G Protein Pathway

ATSUKO YATANI AND ARTHUR M. BROWN

B-Adrenergic agonists activate the G protein, G;, which stimulates cardiac calcium
currents by both cytoplasmic, indirect and membrane-delimited, direct pathways. To
test whether B-adrenergic agonists might use both pathways in the heart, isoproterenol
was rapidly applied to cardiac myocytes, resulting in a biphasic increase in cardiac
calcium channel currents that had time constants of 150 milliseconds and 36 seconds.
B-Adrenergic antagonists of a G protein inhibitor blocked both the fast and slow
responses, whereas the adenylyl cyclase activator forskolin produced only the slow
response. The presence of a fast pathway in the heart can explain what the slow
pathway cannot account for: the ability of cardiac sympathetic nerves to change heart

rate within a single beat.

TIMULATION OF CARDIAC SYMPA-

thetic nerves releases norepinephrine,

which increases the rate and force of
the heartbeat through activation of B-adre-
nergic receptors. B-Adrenergic agonists such
as isoproterenol (ISO) imitate these effects
and increase Ca®>* currents through a cyto-
plasmic, adenosine 3’,5’-monophosphate
(cAMP) pathway (1) having latencies of 2
to 20 s and half-times of 10 to 100 s (2). The
G protein G (3) is a branch in this signaling
pathway and increases Ca®* currents by
both membrane-delimited, direct and cyto-
plasmic, indirect pathways (4, 5). By analo-
gy with direct muscarinic activation of atrial
K" channels, the direct Gg pathway could
produce responses to ISO at least ten times
faster than those observed (see Fig. 1C).
However, in previous experiments, the con-
centration of ISO was not changed quickly
enough to see a fast response. To test for the
presence of a fast response, we recorded
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whole-cell Ca®* channel currents from sin-
gle cardiac myocytes (6) and applied rapid
jumps of ISO with the concentration clamp
method (7).

With this method, the response time was
10 ms (Fig. 1, A and B) and the changes in
membrane currents observed at longer times
reflect the traversal times of the pathways of
interest. As a first step, we applied the
muscarinic agonist carbachol (20 pM),
which produced a K* current (Fig. 1C)
with a delay of 35 * 7 ms and a subsequent
activation time constant () of 650 + 130
ms (n = 4), similar to values reported else-
where (8). For Ca®* currents, the situation
is different because Gy—unlike the G pro-
tein Gy, which is obligatory for opening of
atrial muscarinic K* channels—is only a
modulator (5). To produce Ca** channel
currents, depolarizing voltage-clamp steps
were required, and to increase the amplitude
of the currents Ba>* was used as the charge

carrier (Ig,) (Fig. 1B). There is an addition-
al complication in that after the whole-cell
recording configuration has been estab-
lished, the high threshold, dihydropyridine
(DHP)-sensitive Ca?* channel currents that
we were studying initially increased in am-
plitude and then exhibited rundown (Fig.
1D) (9). Concentration steps of ISO were
applied after the rundown had begun its
slower phase.

In 20 experiments, ISO (0.1 nM to 10
wM) was applied 50 to 300 ms before the
depolarizing test pulse (Fig. 2, A and B). In
all cases, the first pulse after ISO treatment
exhibited an increase in peak current ampli-
tude and a slowing of inactivation (Fig. 2A).
At concentrations above 10 nM the ampli-
tude of the peak current in subsequent
pulses continued to increase (Fig. 2A3) but
the subsequent rate of increase was much
slower, giving a biphasic appearance to the
plot of the peak current versus time (Fig.
2B). Beginning with the second pulse after
ISO (10 s later) the current waveform be-
came similar to control so that the increased
currents were simply scaled enlargements of
the control waveform (Fig. 2B, insets 1 and
2). The peak current-voltage curve recorded
in the steady state (at 60 s) was also un-
changed from control. In each experiment,
step changes of control solutions had no
effects on current amplitude or waveform.
In seven additional experiments with ISO at
2 uM, we fitted the slow increase with a
single exponential function after a delay.
The time constant was 36 % 4 s, similar to
other rates of increase of Ca’* channel
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