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Cell Wall Is Required for Fixation of the Embryonic

Axis in Fucus Zygotes

DARRYL L. KROPF,* BERNARD KLOAREG,T RALPH S. QUATRANOF

Establishment of a primary developmental axis generally is thought to involve
rearrangements in the plasma membrane or cytoplasm of the egg. In this report the
additional requirement for cell wall in polarization of Fucus zygotes was investigated.
Protoplasts of fertilized eggs were tested for their ability to establish an axis in
accordance with an orienting vector of unilateral light. The results demonstrate that
cell wall is not required for axis formation. However, the orientation of the axis
remains labile until new cell wall is synthesized. The presence of a cell wall is an

absolute requirement for axis fixation.

ORMATION OF A PRIMARY EMBRY-
F onic axis establishes the framework

on which all subsequent development
depends, yet it is not well understood. The
main difficulty in studying axis formation is
that in most organisms it takes place early in
the differentiation of female gametes. When
the egg is mature, the orientation of the
preformed axis is clearly visible; in animal
eggs it corresponds to the animal-vegetal
polarity, whereas in higher plant eggs it is
reflected in the asymmetric localization of
the vacuole. Thus, this fundamental process
transpires within a single, relatively undiffer-
entiated cell buried deep inside somatic tis-
sue and not amenable to experimental ma-
nipulation.

Fucus zygotes offer several advantages.
Large populations of fertilized eggs develop
synchronously and are independent of other
cells. During the first hours after fertiliza-
tion, the orientation of the developmental
axis is labile and can be experimentally ma-
nipulated by imposing external gradients on
the zygotes (1). The most convenient polar-
izing vector is unilateral light; zygotes form
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an axis parallel to the light gradient. At 11
hours after fertilization, the axis becomes
irreversibly fixed in space (2). In Fucus the
axis determines the position of the rhizoid,
which emerges from the spherical zygote at
germination, 16 hours after fertilization.
When unilateral light is applied, the rhizoid
grows out from the dark hemisphere.

We recently developed a two-step proce-
dure using cell wall-digesting enzymes for
isolating homogenous populations of proto-
plasts from young Fucus zygotes (3). At the
end of the 4.5-hour digestion period, no cell
wall is visible by Calcofluor (a specific probe
for B-linked glycosidic polymers) staining,
electron microscopy, or birefringence in po-

Fig. 1. Photopolarization of zygotes. Zygotes
were given a pulse of unilateral light from 2 to 11
hours. Protoplasts were then obtained by treating
zygotes for 1.5 hours in medium A [100 ma
NaCl, 20 mM MgCl,, 5 mM KCl, 250 pM
CaCly, 0.2% (w/v) bovine serum albumin (BSA),
0.2 mM phenylmethylsulfonyl fluoride (PMSF),
10 mM tris, and 1M sorbitol, buffered to pH 7.8
with  2-(N-morpholino)ethanesulfonic  acid
(MES)] containing cellulase (CEL) (2 mg/ml)
and alginate-lyase, H45-80 (1 unit/ml), followed
by 3 hours in medium P [ASW containing 0.2%
(w/v) BSA, 0.2 mM PMSF, 0.45M NaCl, 10 mM
MES, buffered to pH 5.8 with tris] containing
CEL (20 mg/ml) and alginate lyase (10 units of
H45-80 and 0.1 unit of AG5-85 per milliliter).

larized light. When these protoplasts are
placed in regeneration medium [RM; 60%
artificial seawater (ASW) containing su-
crose], synthesis of new cell wall is detected
within 6 hours and is similar to wall assem-
bly in normal zygotes (4, 5). Once the
sucrose concentration in RM is lowered to
less than 0.4, the zygotes germinate, form
normal rhizoids, and divide. Cells remain
attached to the substratum throughout pro-
toplast isolation and regeneration. We have
used this procedure in conjunction with
orienting pulses of unilateral light to investi-
gate the role of the cell wall in establishing
the polarity of the embryo.

We first investigated the requirement for
cell wall in maintaining a fixed, polar axis.
Zygotes developing in petri plates in ASW
(6) were oriented by pulses of unilateral
light that terminated at 11 hours, the end of
the period of axis fixation (2). The cell wall
was removed in two steps over 4.5 hours
(11 to 15.5 hours), and the resulting proto-
plasts were allowed to regenerate a wall and
germinate in uniform, nonorienting light
(15.5 to 48 hours). At 48 hours the embry-
os were scored for the position of rhizoid
outgrowth. When zygotes were polarized by
unilateral light, rhizoids grew out parallel to
one another on the shaded hemisphere (Fig.
1) (7). The percent polarization was calcu-
lated as the percentage of embryos bearing
rhizoids on the shaded hemisphere. Control
cells were treated as above except that no
wall-digesting enzymes were added.

Short light pulses did not localize rhizoid
outgrowth efficiently in any of the zygotes,
probably because they did not receive suffi-
cient energy for orientation. In these cases
treated zygotes were not quite as well ori-
ented as controls (the percent polarization
was reduced by 10 and 17% in 3- and 5-
hour light polarizations, respectively).

However, polarization improved when the
light pulse was longer; a 7.5-hour light

[See (3) for details of protocol.] Resultant protoplasts were placed in RM containing 0.8M sucrose for
12 hours, after which the sucrose concentration was lowered in steps of 0.2M every 4 hours. The
regenerating protoplasts germinated on the dark side of the light pulse. Embryos were 4 days old when
the photograph was taken. Arrow indicates direction of light vector. Scale bar, 50 pm.
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pulse polarized 94% of controls and 88% of
protoplasts, and a 9-hour pulse yielded po-
larizations of 98 and 94%, respectively.
(Over 400 embryos were scored for each
percentage; replicate dishes varied by
<3%.) Thus, cell wall removal from well-
polarized zygotes did not disrupt the orien-
tation of the axis. The finding that a high
percentage of protoplasts remained oriented
to the light confirmed that cells were at-
tached throughout the experiment and did
not rotate on the dish.

We next studied whether regenerating
protoplasts have the ability to form a polar
axis in response to light. Zygotes were
grown for 7 hours in uniform light. The

Table 1. (A) Axis formation during wall regener-
ation. A single pulse of unilateral light was given
in RM for the time indicated. Germination was
50% in treated zygotes and 80% in untreated. (B)
Axis fixation during wall regeneration. LP1 and
LP2 were given during regeneration in RM for
times indicated. Polarization by LP1 was assayed
as the percentage of germinated zygotes with
rhizoids on the hemisphere shaded during this
light pulse. Germination was 70% in treated
zygotes and 90% in untreated controls. (C) Axis
formation in protoplasts. The procedure for a 2.5-
hour light pulse is discussed in the text. Germina-
tion averaged 75% in untreated zygotes and 65%
in treated ones. (D) Axis fixation in protoplasts.
The procedure for 21-hour light pulses is dis-
cussed in the text. Because of the long treatment
with dilute enzymes during LP1, germination was
reduced to an average of 30% of treated zygotes.
In all experiments, the first light pulse began at
11.5 hours. Over 250 embryos were scored for
every percentage calculated. Polarization in repli-
cate dishes did not differ by more than 6%. NA,
not applicable.

Duration :
Treat- (hours) zazg::r(l%)
ment* by LP1
LP1 LP2 y
(A) Axis formation during regeneration
+ 5 NA 85
- 5 NA 93
+ 9.5 NA 94
- 9.5 NA 98
+ 12 NA 96
- 12 NA 97
(B) Axis fixation during regeneration
+ 4 4 45
- 4 4 76
+ 8 10 75
- 8 10 94
+ 18 19 94
- 18 19 94
(C) Axis formation in protoplasts
+ 25 NA 76
- 25 NA 94
+ 6 NA 86
- 6 NA 96
(D) Axis fixation in protoplasts
+ 21 21 5
- 21 21 86
+ 45 45 3
- 45 45 99

*(+) indicates treatment with wall-digesting enzymes
and (—) indicates controls without enzyme treatment.
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walls were then digested from 7 to 11.5
hours (uniform light), and the protoplasts
and controls were placed in RM. As soon as
RM was added, the dishes were placed in
unilateral light for various times. At the end
of this orientation period, zygotes were
grown in uniform, nonorienting light, and
the percent polarization was scored as before
at 48 hours. Both regenerating protoplasts
and controls were extensively oriented by
light vectors lasting 5 hours or longer (Table
1A). Cell wall was first detected with Calco-
fluor 2 hours after adding RM. Again the
percentage of treated zygotes polarized
lagged slightly behind controls. Nonethe-
less, wall removal and regeneration did not
affect the zygotes® ability to respond subse-
quently to a polarizing pulse of unilateral
light.

The timing of axis fixation in regenerating
protoplasts and controls was investigated by
adding a second light pulse (LP2), oriented
180° to the first (LP1) and given immedi-
ately after the termination of LP1 (7). If the
axis was fixed during LP1, rhizoids would
emerge on the dark side of this orienting
vector. If, however, the axis was still labile at
the end of LP1, it would be reoriented by
the subsequent LP2 and rhizoids would
grow from the dark side of LP2. Axis fixa-
tion was measured as the percentage of
zygotes oriented by LP1. Three-fourths of
control zygotes had fixed axes within 4
hours in RM, whereas regenerating proto-
plasts reached the same degree of fixation

1) s
2» Y J——
-

after 8 hours (Table 1B). In both cases the
time available to fix an axis in response to
unilateral light was prolonged. Three-
fourths of the zygotes developing normally
in ASW fixed their axes at 11.5 hours (2),
which in this experiment was the time at
which LP1 was initiated. Therefore fixation
was delayed 4 hours in controls and 8 hours
in regenerating protoplasts. Regenerating
protoplasts first stain positively for cell wall
with Calcofluor at 1 to 6 hours of regenera-
tion (3), suggesting that an intact cell wall
may be required for axis fixation.

Recently, we have studied developmental
changes in protein synthesis, using two-
dimensional gel electrophoresis and fluoro-
graphy (8), and have found that the synthe-
sis of a few, specific proteins changes during
early embryogenesis (9). These proteins
serve as molecular markers for the normal
developmental program and allow us to
assign a specific pattern of protein synthesis
to each developmental stage. During normal
development the pattern of protein synthesis
shows the following changes in one region
of a two-dimensional fluorograph: when
zygotes were pulse-labeled from 2 to 6
hours, the lower row of proteins labeled
preferentially (Fig. 2A, row 2); whereas,
when labeled from 21 to 28 hours, synthesis
had shifted to the upper row (Fig. 2C, row
1). Pulsing at an intermediate time, 12 to 16
hours, labeled both rows nearly equally
(Fig. 2B). The ratio of relative optical densi-
ty (OD) (row l/row 2) calculated after

Fig. 2. Comparison of protein synthesis in zygotes developing normally in ASW (A, B, and C), in
protoplasts (D), and in regenerating protoplasts (E). The same region of fluorographs of two-
dimensional protein gels is shown in each frame. Zygotes were labeled with Na,'*CO; (100 p.Ci/ml) in
ASW for the period indicated, rinsed with nonradioactive medium, and frozen at —20°C in an
extraction buffer. At a convenient time proteins were extracted as an acetone powder. Proteins
solubilized from the powder were resolved by isoelectric focusing followed by SDS—polyacrylamide gel
electrophoresis. (A) Zygotes developing normally in ASW labeled from 6 to 12 hours. (B) Normal
zygotes labeled from 12 to 16 hours of development. (C) Normal zygotes labeled from 21 to 28 hours.
(D) Protoplasts. Wall was removed from 7 to 11.5 hours, and cells were labeled from 12 to 22 hours in
medium P containing 15% enzymes to prevent new wall synthesis. (E) Regenerating protoplasts
labeled in RM from 12 to 22 hours after wall removal (7 to 11.5 hours). All fluorographs were in the
linear range for film exposure and were scanned with an LKB Ultrascan XL laser densitometer to
calculate the OD ratios given in the text. Any differences in the exposure time of fluorographs was
eliminated by calculating ratios. Arrow in (A) indicates the position of protein synthesized exclusively in
young zygotes (2 to 6 hours).
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fluorographs were scanned was 0.24, 1.24,
and 4.36 for the untreated zygotes labeled at
2 to 6 hours, 12 to 16 hours, and 21 to 28
hours, respectively. If wall removal at 7
hours stopped development, one would ex-
pect protoplasts to synthesize the 2- to 6-
hour pattern. If, however, protoplasts con-
tinued along a normal developmental pro-
gram, we would expect to see a shift to
synthesis of proteins in row 1. Protein syn-
thesis in protoplasts pulsed from 12 to 22
hours resembled the normal 12- to 16-hour
pattern (Fig. 2D). That is, the intensity of
row 1 was modestly greater than that of row
2; the ratio of relative OD was 1.56. The
shift to synthesis of proteins in row 1 was
more marked in regenerating protoplasts
(Fig. 2E). The ratio of relative OD was 2.41
when regenerating protoplasts were labeled
from 12 to 22 hours. The protein indicated
by the arrow in Fig. 2A was synthesized
during normal development in the 2- to 6-
hour sample, but not at later times. Proto-
plasts and regenerating protoplasts did not
make this protein, confirming that the nor-
mal progression of changes in protein syn-
thesis continued after wall digestion.

Since protoplasts continued along a nor-
mal developmental program with respect to
protein synthesis (Fig. 2), we were able to
study the apparent requirement for cell wall
in axis fixation (Table 1B) by investigating
the ability of protoplasts to establish an axis.
Again axis formation and fixation were stud-
ied together. The procedure used for axis
formation was similar to that used to gener-
ate Table 1A except that the light pulse was
given in the presence of wall-digesting en-
zymes, before wall regeneration. Zygotes
were grown for 7 hours in uniform light in
ASW, their walls were digested from 7 to
11.5 hours as before, and they were placed
in medium P containing 15% of the normal
enzyme concentration, which prevented
new wall biosynthesis. The light pulse was
initiated as soon as the dilute enzyme solu-
tion was added to the protoplasts. At the
end of the light pulse (at 14 hours for a 2.5-
hour light pulse), zygotes were placed in
RM and allowed to regenerate a wall and to
germinate in uniform, nonorienting light.
Orientation was scored at 48 hours. Table
1C shows that three-fourths of protoplasts
formed an axis during a 2.5-hour light pulse.
Untreated controls with walls were polar-
ized to a greater extent, but this difference
diminished as the duration of the light treat-
ment was lengthened to 6 hours.

Axis fixation again was studied by use of
a second light pulse oriented 180° from the
first. After wall removal at 11.5 hours, pro-
toplasts were given LP1 in a 15% enzyme
solution; this lasted from 11.5 to 32.5 hours
for the 21-hour light pulse reported in Table
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1D. The oriented protoplasts were placed in
RM and LP2 was given for 21 hours, from
32.5 to 43.5 hours, during wall regenera-
tion. At the end of LP2, zygotes were placed
in uniform, nonorienting light and allowed
to germinate. Rhizoid position was scored
24 hours later. Although they formed an
axis quite rapidly, protoplasts were unable
to fix it irreversibly in place (Table 1D).
That is, the orientation of the axis remained
labile as long as the cell wall was absent.
Even when LP1 lasted 45 hours, only 3% of
protoplasts underwent fixation; by compari-

son, the axis was fixed in >99% of control :

zygotes by this time.

It has generally been assumed that the
plasma membrane and cytoplasm control
fixation of the primary embryonic axis (10).
We have found that the cell wall also plays
an obligatory role in this poorly understood
process. Enzymatic wall removal inhibited
axis fixation almost entirely, yet, when al-
lowed to regenerate a wall, the protoplasts
regained fixation competence.

In animal cells the structure most analo-
gous to cell wall is extracellular matrix, and
this organelle has also been shown to be
involved in establishing cell polarity (11).
Type IV collagen can orient the apical to
basal axis in epithelial cells (12, 13), and E-
cadherins, components of the Ca®*-depen-
dent cell-cell adhesion system, are involved
in polarization of mouse blastomeres (14).
In light of the results presented here, it is
plausible that extracellular matrix also plays
a part in establishing the primary develop-
mental axis of the animal embryo, that is, the
animal-vegetal axis, which is laid down
while the developing oocyte is surrounded
by somatic tissue and matrix material.

Our findings extend and refine proposed
models for establishing polarity in the Fucus
zygote. An accumulation of Ca** channels
in the plasma membrane at one end of the
fertilized egg (future rhizoid site) is thought
to constitute formation of the initial axis.
The data presented here confirm that the cell
wall does not participate in this process.
Quatrano et al. (15) proposed that fixation
entails anchoring these Ca?" channels to
microfilaments in the cytoplasm; this pro-
posal was based on the finding that cytocha-
lasins, inhibitors of microfilament polymer-
ization, block axis fixation (7). This local-
ized attachment is thought to confer a per-
manent polarity upon the zygotes. The
additional requirement for cell wall during

fixation raises the possibility that the wall

provides an external matrix to which the
microfilaments are connected. From this
perspective, fixation would involve the for-
mation of transmembrane bridges between
cytoskeletal filaments and wall fibrils at the
future rhizoid site. Such transmembrane in-

teractions are well documented in both plant
and animal cells and are usually indirect
linkages involving many accessory proteins
as well as an integral membrane protein
(16). In Fucus the membrane protein may be
the localized Ca*>* channel involved in axis
formation. This arrangement would be rem-
iniscent of the indirect attachment between
the anion channel (band 3), spectrin, and
actin in erythrocytes (17).

It was surprising that the orientation of a
fixed axis was not destroyed by wall remov-
al. This finding may indicate that the re-
quirement for cell wall in polarization is
transient. Once the axis is fixed, other local-
ized processes (such as metabolic activation)
that maintain cell polarity may be initiated
rather quickly. Alternatively, once the wall
structure required for fixation is in place at
the future rhizoid site, it may be insensitive
to digestion. This possibility is bolstered by
reports that the structure and composition
of the wall change around the time of
fixation (I8), and wall removal becomes
more difficult in older embryos (3).

REFERENCES AND NOTES

. L. F. Jaffe, Adv. Morphol. 7, 295 (1968).
. D. L. Kropf and R. S. Quatrano, Planta 171, 158
(1987).

3. B. Kloareg and R. S. Quatrano, Plant Sci. (Lucknow)
50, 189 (1987); Hydrobiolggia 151/152, 123
(1987).

4. K. Boyen, B. Kloareg, V. Vrecland, Plant Physiol.
Biochem., in press; B. Kloareg, D. Kropf, R. S.
Quatrano, C. Boyen, V. Vreeland, in Recent Progress
in Algal Biotechnology, T. Stadler, Ed. (Elsevier, New
York, in press).

5. R. S. Quatrano and P. T. Stevens, Plant Physiol. 58,
224 (1976). )

6. R. S. Quatrano, in Handbook of Phycological Methods:

Development and Cytological Methods, E. Gantt, Ed.

(Cambridge Univ. Press, New York, 1980), pp. 59—

68. )

N~

Dev. Biol. 30, 209 (1973).

8. P. H. O’Farrell, J. Biol. Chem. 250, 4007 (1975); R.
Duncan and J. W. B. Hersey, Anal. Biochem. 138,
144 (1984).

9. D. L. Kropf, R. Hopkins, R. S. Quatrano, in Recent
Progress in Algal Biotechnology, T. Stadler, Ed. (Else-
vier, New York, in press).

10. S. H. Brawley and K. R. Robinson, J. Cell Biol. 100,
1173 (1985).

11. R. L. Trelstad and D. E. Birk, in The Role of
Extracellular Matrix in Develop , R. L. Trelstad
Ed. (Liss, New York, 1984), pp. 513-543.

12. P. Bornstein and H. Sage, Annu. Rev. Biochem. 49,
957 (1980).

13. M. Chambard, J. Gabrion, J. Mauchamp, J. Cell
Biol. 91, 157 (1981).

14. M. H. Johnson, B. Maro, M. Takeichi, J. Embryol.
Exp. Morphol. 93, 239 (1986).

15. R. S. Quatrano, S. H. Brawley, W. E. Hogsctt, in
Determinants of Spatial Organization (papers pre-
sented at the 37th symposium of the Society for
Developmental Biology, Madison, WI, 14 to 16
June 1978), S. Subtelny and I. R. Konigsberg, Eds.
(Academic Press, New York, 1979), pp. 77-96.

16. A. Horwitz, K. Duggan, C. Buck, M. C. Beckerle,
K. Burridge, Nature (London) 320, 531 (1986); B.
Geiger, Biochim. Biophys. Acta 737, 305 (1983); 1.
B. Heath and R. W. Seagull, in The Cytoskeleton in
Plant Growth and Development, C. W. Lloyd, Ed.
(Academic Press, New York, 1982), pp. 163-182.

17. D. Branton, C. M. Cohen, J. Tyler, Cell 24, 24
(1981).

REPORTS 189



18. A. M. Novotny and M. Forman, Dev. Biol. 40, 162
(1974); D. Vreugdenhil, M. L. Dijkstra, K. R.
Libbenga, Protoplasma 88, 305 (1976).

19. Supported by a NSF postdoctoral fellowship in
plant biology (PCM8412389) to D.L.K., a NATO
postdoctoral fellowship to B.K., and NSF grant

DCB 8511252 to R.S.Q. We thank R. Hopkins for
technical assistance in running protein gels, D.
Simpson for preparing the manuscript, and B. Baker
for printing photographs.

27 July 1987; accepted 3 November 1987

Antagonistic Adrenergic-Muscarinic Regulation of
M Current in Smooth Muscle Cells

STEPHEN M. SiMs,* JOSHUA J. SINGER, JOoHN V. WALSH, JRr.

The B-adrenergic agonist isoproterenol and analogs of adenosine 3’,5’-monophos-
phate (¢cAMP) induced a potassium current, M current, in freshly dissociated gastric
smooth muscle cells. Muscarinic agonists suppress this current, apparently by acting
at a locus downstream from regulation of cAMP levels by adenylate cyclase and
phosphodiesterase. Thus, M current can be induced by an agent and regulated in

antagonistic fashion by B-adrenergic and muscarinic systems.

HE MODULATION OF IONIC CHAN-

nels by neurotransmitters occurs via

a variety of second messengers, in-
cluding cyclic nucleotides, guanosine tri-
phosphate (GTP)-binding proteins, calci-
um ions, and metabolites of phosphatidyl-
inositol and arachidonic acid (I-3). Dual
regulation of the same ionic channel by
transmitters exerting antagonistic effects has
been documented for Ca®* channels in heart
(4-6), potassium channels in Xenopus ovari-
an follicles (7), and K* channels (S chan-
nels) in invertebrate neurons (3, §).

The M current is a transmitter-regulated,
voltage-sensitive K* current suppressed by
acetylcholine acting on muscarinic recep-
tors, which was first described in sympathet-
ic neurons (9) and since has been observed
in a variety of cells, including smooth muscle
(10). A number of neuropeptides [substance
P, luteinizing hormone-releasing hormone
(LHRH) (11, 12), and bradykinin (2)] also
suppress M current. But M current has not
appeared to be susceptible to dual regulation
because only its suppression, and not its
induction by transmitters, has been demon-
strated. We report here that M current can
be induced by the B-adrenergic agent iso-
proterenol in isolated smooth muscle cells,
an induction that can be mimicked by
forskolin or phosphodiesterase-resistant an-
alogs of adenosine 3',5’-monophosphate
(cAMP). Hence, this current is regulated in
antagonistic fashion by muscarinic and B-
adrenergic systems. Some of these results
have appeared in preliminary form (13).
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The effects of isoproterenol on ionic cur-
rents were studied in smooth muscle cells
freshly dissociated from the stomach of the
toad Bufo marinus (14). Voltage-clamp was
accomplished with either conventional mi-
croelectrodes (15) or with patch electrodes
in the whole-cell configuration (16). Rec-
ords from a cell held at a depolarized level
and periodically hyperpolarized are shown
in Fig. 1. Isoproterenol caused the slow
development of outward current at —15
mV, which appears as an upward displace-

ment in the holding current. In response to
hyperpolarization of the membrane, the ini-
tial rapid current jump (or “ohmic jump”),
which is directly proportional to the mem-
brane conductance, increased upon isopro-
terenol application (compare Fig. 1, a and
b). Furthermore, after isoproterenol, the
ohmic jump upon hyperpolarization from
—15 to —65 mV was followed by a marked
slow inward current relaxation, which repre-
sents the turning off of the isoproterenol-
induced outward current at —65 mV (10).
This voltage-dependent turnoff of the un-
derlying conductance accounts for the ab-
sence of isoproterenol effects at more nega-
tive potentials.

The outward current activated by isopro-
terenol persisted for several minutes but was
quickly abolished by acetylcholine (ACh).
Suppression of the outward current was
accompanied by a decrease in the ohmic
jump, indicative of a conductance decrease,
and elimination of the inward current relax-
ations, reflecting the abolition of voltage-
dependent current (compare Fig. 1, ¢ and
d). The decrease in conductance and absence
of current relaxations demonstrate that ACh
acts by suppressing outward current and not
by activating an opposing inward current.
[ACh applied to the cell before any exposure
to isoproterenol caused a smaller decrease in
conductance, indicating the presence of
some M current prior to isoproterenol appli-
cation, which we designate “endogenous”

-15mV

—-65 mV

Isoproterenol [—

20 sec

Acetylcholine

]50 pA

Fig. 1. Isoproterenol activates outward current in smooth muscle cell. (Upper trace) Membrane
potential; holding potential, —15 mV, with periodic hyperpolarizations to —65 mV. (Lower trace)
Current, with selected responses to hyperpolarizing commands shown on an expanded time scale.
Isoproterenol caused slow development of outward current (upwards) above the control dashed line.
The induced outward current exhibited voltage sensitivity as indicated by the current relaxations
(compare expanded trace a with traces b and c). (Inward current relaxations at the onset of the
hyperpolarizing pulses represent K* current turning off. Outward current relaxations, at the offset of
the pulses, represent the slow activation of K* current but with some contamination by voltage-
activated Ca* current.) The magnitude of endogenous M current is indicated by the shift of the current
below the control level at —15 mV after ACh application (trace d). Another measure of the endogenous
M current is provided by comparing the ohmic current jumps at the onset of the hyperpolarizing pulse
in traces a and d; the difference is due to endogenous M current. At —65 mV there is little difference in
steady-state current (compare traces a and d), because M current is largely deactivated at this potential.
Inward current relaxation due to the endogenous M current is not readily apparent in trace a, because
the magnitude of this current is relatively small and its relaxations are faster than those of induced M
current. A conventional microelectrode was used in this experiment. The results illustrated are
representative of responses from 44 cells.
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