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Summary. Progesterone initiates the resumption of the meiotic divi-
sions in the amphibian oocyte. Depolarization of the Rana pipiens
oocyte plasma membrane begins 6-10 hr after exposure to proges-
terone (1-2 hr before nuclear breakdown). The oocyte cytoplasm
becomes essentially isopotential with the medium by the end of
the first meiotic division (20-22 hr). Voltage-clamp studies indicate
that the depolarization coincides with the disappearance of an
electrogenic Na*, K *-pump, and other electrophysiological studies
indicate a decrease in both K" and Cl~ conductances of the oocyte
plasma membrane. Measurement of [*HJ-ouabain binding to the
plasma-vitelline membrane complex indicates that there are high-
affinity (K4=4.2x 1078 M), K *-sensitive ouabain-binding sites on
the unstimulated (prophase-arrest) oocyte and that ouabain binding
virtually disappears during membrane depolarization. [*H]-Leucine
incorporation into the plasma-vitelline membrane complex in-
creased ninefold during depolarization with no significant change
in uptake or incorporation into cytoplasmic proteins or acid soluble
pool(s). This together with previous findings suggests that proges-
terone acts at a translational level to produce a cytoplasmic fac-
tor(s) that down-regulates the membrane Na*, K *-ATPase and
alters the ion permeability and transport properties of both nuclear
and plasma membranes.
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Introduction

The vertebrate oocyte is arrested in first meiotic pro-
phase until hormonal release at the time of ovulation.
The oocyte then completes one and one-half meiotic
divisions and is again arrested at second meiotic meta-
phase. Fertilization allows completion of the meiotic
divisions and is followed by the cleavage phase of
development. During the meiotic divisions, the oocyte
plasma membrane undergoes a depolarization near
the end of the first meiotic division and repolarizes
during the first mitotic division after fertilization [2,
14, 18, 24, 27]. Studies with oocytes of Rana indicate
[27] that the onset of depolarization coincides with
the swelling and subsequent breakdown of the large
nucleus (some 8-12 hr after hormonal reiniation of
the first meiotic division), the oocyte cytoplasm be-
coming essentially isopotential with the medium by
the completion of the first meiotic division (20-22 hr).

This depolarization is associated, in part, with a de-
crease in K* permeability of the plasma membrane
[19, 27] and is a prelude to the development of an
excitable state early in the second meiotic division
[11.

Previous electrophysiological studies in this labo-
ratory [27] and by Wallace and Steinhardt [24] have
suggested that a substantial portion (up to 40 mV)
of the resting potential of denuded, prophase-arrested
oocytes is due to an electrogenic Na*, K*-pump.
Biochemical studies [15, 16] have shown that the oua-
bain-sensitive Na*, K*-ATPase essentially disap-
pears during the depolarization phase of meiosis, sug-
gesting that one site of hormone action may be the
membrane Na®, K*-pump. The present study was
undertaken in order to characterize the properties
of the oocyte membrane Na*, K*-ATPase at differ-
ent times during the first meiotic division. The bio-
chemical and biophysical characterization of the plas-
ma membrane Na*, K*-ATPase in Rana oocytes is
greatly facilitated by the unusually large size of the
cell (1,800 pm diameter) and by the relative ease of
manual removal of the intact plasma membrane. As
outlined below, the integrity of the vitelline envelope
(a meshwork of fibers closely applied to the oocyte
surface [31]) makes it possible to isolate the intact
plasma membrane. The relatively long time course
(minutes to hours) of depolarization-repolarization
[15, 18] in oocytes during ovulation and fertilization
(the meiotic divisions) makes it possible to study the
biochemical events underlying the electrical events in
an excitable cell. A preliminary report has been pre-
sented [26].

Materials and Methods

Materials

Sexually mature Rana pipiens females were obtained from the Lake
Champlain region of the United States and maintained in artificial
hibernation at 4 °C. Oocytes free of follicular envelopes and follicle
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cells were prepared by the method of Masui [11] with the modifica-
tions described elsewhere [27]. The Ringer’s solution used through-
out these studies is a modified amphibian Ringer’s solution contain-
ing 111 mM NaCl, 1.9 mm KCl, 1.1 mm CaCl,, 2.4 mm NaHCOj,,
0.08 mm NaH,PO,, and 0.8 mM MgSO,.

Progesterone, 17f-estradiol, and strophanthidin (Sigma Chem-
ical Co., St. Louis, Mo.) were prepared in 95% ethanol, and 1 pl/ml
was added per ml of Ringer’s solution, whereas ouabain (Sigma
Chemical Co., St. Louis Mo.) was dissolved directly in Ringers.
[y—32?P]-ATP, tetra (triethylammonium) salt (sp act, 3000 Ci/
mmol), [*H(G)]-ouabain (22.6 Ci/mmol), [*H]-L-leucine (110-145
Ci/mmol), **KCl, and **NaCl were obtained from New England
Nuclear (Boston, Mass.).

Meiotic Agonists: Nuclear Breakdown

Twenty denuded oocytes were incubated at 20-22°C in 10ml
Ringer’s solution containing agonists as indicated. Untreated con-
trols included oocytes in Ringer’s solution as well as Ringer’s
solution with 1 pl/ml ethanol added. The various inducing agents
were present continuously during the period shown. Nuclear break-
down was detected by dissection of oocytes after boiling in 70%
ethanol for 2 min. Unless otherwise noted, the percentage of nucle-
ar breakdown was measured after 24 hr exposure.

[*H ]-Ouabain and **K* Uptake and Exchange,
and **Na* Efflux

Thirty denuded oocytes per experiment were incubated in 4.0 ml
Ringer’s solution containing [*H]}-labeled ouabain as outlined in
the individual experiments. In some experiments, [K *}, was in-
creased by isomolar substitution of KCl for some or all of the
NaCl in the standard Ringer’s. Oocytes were kept slowly moving
and were handled using glass pipettes with a bore diameter slightly
larger than the oocyte. At 5, 15, 30, and 60 min, six oocytes were
removed, rinsed five times with 50 ml aliquots of Ringer’s solution,
and transferred to a buffered sucrose solution as described below.
Uptake was measured at 20-22 °C. The volume of oocytes added
was less than 2% of the volume of the incubation medium, and
in 1o case did oocytes take up more than 1% of the added **K *
or [H] after 60 min.

42K + uptake and exchange and *’Na™* efflux from denuded
oocytes have been described previously [19].

Isolation of Nuclei and Plasma-Vitelline
Membrane Complex

Six oocytes were transferred to 3.0 ml of 0.24 M sucrose containing
1.1 mm CaCl, and 10 mm HEPES buffer (pH 7.0) at 20-22 °C.
A small slit was made in the animal hemisphere, and the nucleus
was expressed through the slit by slight pressure on the oocyte
with fine-tipped forceps. The nuclei were quickly collected with
a Pasteur pipette, rinsed with two 3.0-ml volumes of buffered su-
crose solution (above), and transferred to a scintillation vial for
counting. The enucleated oocytes were then opened further with
forceps and the plasma-vitelline membrane complex everted and
drawn into a Pasteur pipette. Movement of the membrane complex
up and down within the pipette resulted in a rapid displacement
of residual platelets and granules; the clear membrane complex
was then passed through two 3.0-ml volumes of buffered sucrose
solution and counted. Total time for recovery of nuclei and mem-
branes from six oocytes was about 20 min.

Electrophysiological Measurements

Membrane potential measurements were made using a W-P Instru-
ments M-707 microprobe system (New Haven, Conn.) and stan-
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dard 2.5 M KCl-filled glass micropipettes. Qocytes were voltage-
clamped by feeding the membrane potential signal into a negative
feedback circuit, the ouput of which was fed back into the oocyte
via a second micropipette. Clamping current was measured by
recording the voltage drop across a resistor placed in series with
the feedback micropipette. In a typical experiment, an cocyte was
clamped at its original resting potential. A series of voltage steps
was then imposed upon the oocyte; the “instantaneous” clamping-
currents were measured, and the oocyte membrane conductance
was measured as the slope of the line I=gF as determined by
linear regression analysis. When strophanthidin was added, the
oocyte membrane current was allowed to approach a new steady-
state and the series of voltage steps was repeated. All studies were
carried out at 20-22 °C using modified Ringer’s solution (see
above), Li*-Ringer’s solution (LiCl substituted for NaCl), or 5x
[K *1, Ringers (i.e., Ringers in which [K *], was increased to 9.5 mM
by the addition of KCI).

ATPase Activity Measurements

Denuded oocytes were homogenized (150 mg wet wt ml~*) in dis-
tilled water and 0.2 ml added to 2.3 ml medium containing a final
concentration of 0.5 mM ATP, 5.0 mm HEPES buffer (pH 7.4),
10 mmM NaCl, 100 mm KCl, 2.5mm MgCl,, and 500,000 dpm
(y-3*P}-ATP, Tetra(triethylammonium) salt (sp act, 3000 Ci/mmol).
The reaction mixture was incubated at 26 °C, and 0.4 m] aliquots
were removed at 0, 5, 15, 30 and 60 min. Each aliquot was treated
immediately with 0.4 ml 10% TCA at 0-4°C, centrifuged at
3,000 x g for 15 min, and the 32P; extracted from the supernatant
by the method of Petzelt [21]. Basal ATPase levels were measured
in medium containing 110 mm NaCl.

[PH]-Leucine Incorporation

Denuded oocytes were incubated at 20-22 °C in Ringer’s solution
(5 oocytes/ml) containing 0.09 pm [*HJ-L-leucine (sp act 57-130
Ci/mmol) and 0 or 1.65 uM progesterone. Care was taken to insure
that the [leucine], did not become rate-limiting; in the experiments
shown, less than 5% of the leucine in the medium was taken
up by the oocytes. At the times indicated, 5 to 10 oocytes were
removed from the incubation medium, rinsed five times with
Ringer’s solution, and the plasma-vitelline membrane complex was
isolated as described above. Membranes were either counted direct-
ly or were treated on Whatman GF/C fiiters with 2.0 ml 6% TCA
at 4 °C for 15 min, rinsed, and then counted. A 0.5-ml aliquot
of cytoplasm was counted directly, as well as after TCA-precipita-
tion (6% TCA, final concentration, at 4 °C for 15 min) and collec-
tion on a GF/C filter. [*H] was measured using an Intertechniques
Scintillation Spectrometer, and counts were corrected for quench-
ing using an external standard.

Results

Changes in Plasma Membrane Properties and Na ™,
K *-ATPase Activity diring the First Meiotic Division

The electrophysiological properties of voltage-
clamped Rana oocytes arrested at first meiotic pro-
phase are compared with those of oocytes completing
the first meiotic division (20-25 hr) in Table 1. Treat-
ment of voltage-clamped, prophase oocytes with
107° M strophanthidin resulted in a rapid (<1 min)
decrease in membrane current without a significant
change in membrane conductance, whereas treatment
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Table 1. The effect of strophanthidin on the electrical properties
of denuded Rana oocytes during the first meiotic division?®

Preparation Ei_o (mV) I(nA) g (us)
Prophase-arrest (18,9)® —59+238 — 4.440.5
Prophase-arrest+107° M —42+29 63 +8 4.1+05
strophanthidin (18.9)

Post-GVBD,© 17-22 hr (15,3) —18+19 — 2.0+0.4

Post-GVBD+107% m (15,3)
strophanthidin

—17+12 — 1.6+14 16403

Ey-, is the potential at which the membrane current is equal
to zero. This is equal to the resting potential in the case of untreated
oocytes, and is usually no more than a few millivolts different
from the resting potential in treated eggs, the difference being
due to small voltage-dependent conductance changes. I is the cur-
rent necessary to maintain the oocyte at its original resting poten-
tial. g is the “instantaneous™ oocyte conductance.
®  Values are mean+ seMm (No. of oocytes, No. of frogs).
¢ Germinal vesicle (nuclear) breakdown.

Table 2. The effect of Li*-Ringer’s solution on the electrical proper-
ties® of denuded prophase-arrest Rana oocytes

Preparation Ei—o mV) I (nA) g (us)
Prophase-arrest (10,1)® —-79+1.3 - —
Prophase-arrest (10,2) in —49+1.2 — 3.6+04°F
Li*-Ringer’s solution®

Prophase-arrest (3,1) in —44+24 —-7+1.7 3.7+£0.3

Li*-Ringer’s solution
+1073 M strophanthidin ¢

E\_¢, I, and g are defined in Table 1.

Values are the mean +seM (No. of oocytes, No. frogs).
Oocytes were denuded and maintained in Li*-Ringer’s solution.
The total time in Li*-Ringer’s solution was 2 to 3 hr.

4 Three oocyies were voltage-clamped at the resting potential
and the oocyte current and conductance was measured (see Meth-
ods) before and after the addition of 107> M strophanthidin.

b

of oocytes completing the first meiotic division with
107> M strophanthidin resulted in neither a change
in membrane current nor a change in conductance.
Four observations provide additional evidence
that the effect of strophanthidin on plasma membrane
current is via inhibition of an electrogenic Na™*, K *-
ATPase. First, since intracellular Li* is transported
by the Na*, K*-pump at a much slower rate than
is Na™ [8], incubation in Li*-Ringer’s solution would
be expected to decrease or abolish an electrogenic
resting potential component. As shown in Table 2,
prophase oocytes which had been maintained in Li*-
Ringer’s solution had resting potentials which were
much lower (depolarized) than those of control oo-
cytes. Addition of 107° M strophanthidin to Li*-
treated oocytes resulted in minimal further changes
in resting potential, membrane current, and mem-
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Fig. 1. The time course of “2K * uptake and **Na™ efflux (inser)
in untreated (0——0) and strophanthidin (10~° m)-treated (®——e)
prophase oocytes. Oocytes were either (i) pretreated for 2 min with
Ringer’s solution containing zero or 10~ M strophanthidin prior
to beginning “*K * uptake in similar media, or (i) preloaded with
22Na* for 2 hr and then rinsed with Ringer’s solution for 1 min
prior to transfer to Ringer’s solution containing either zero or
1073 m strophanthidin. Estimates of the Na*, K *-pump coupling
ratio and the electrogenic current can be derived from the measured
steady-state fluxes by assuming: (i) that the resting potentials of
untreated and strophanthidin-treated oocytes were about —60 and
—40 mV, respectively (Table 1), (i) that the strophanthidin-in-
duced depolarization does not significantly affect plasma mem-
brane ion permeability, and (iii) that fluxes measured in the pres-
ence of strophanthidin reflect passive ion movements. Thus, the
steady-state fluxes measured in strophanthidin-treated oocytes at
30 and 60 min (60 min points not shown for 2*Na ™) were corrected
to a resting potential of —60 mV by multiplying the fluxes by
the ratio a/b, where a and b are equal to (VF/RT)/(1-exp (-VF[RT))
at —60 and —40 mV, respectively, and where V is the membrane
potential (whose sign is positive if it assists ion movement). R,
T, and F have their usual meanings. Subtraction of the corrected
fluxes from those measured in untreated oocytes results in estimates
of fluxes attributable to the Na*, K *-pump: 0.077 and 0.061 mmol
Na* liter ™* min™* and 0.037 and 0.035 mmol K * liter ! min~!
at 30 and 60 min, respectively. The Na*, K *-pump coupling ratio
is thus estimated to be between 3 Na®:2K™* and 2 Na™:1K™*,
and the electrogenic current predicted from these data is between
65 and 100 nA per oocyte.

brane conductance. Second, since it can be argued
that a strophanthidin-induced decrease in membrane
current may be due to extracellular K* accumulation,
it is necessary to show that a current change of at
least equal magnitude is observed in higher [K 7],
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Table 3. Comparison of strophanthidin-sensitive Na ™, K *-ATPase
activity * in prophase arrested and post-GVBD stage Rana oocytes

1

Preparation P, released pmol mg ™! min~

Homogenate Homogenate

+ 1 mM strophanthidin

483+ 64 (4)°
86+ 105 (3)

Prophase arrest
Post-GVBD©

154+ 24 (4)
602 £ 60 (3)

*  Maximal strophanthidin-sensitive ATPase activity was obtained
with incubation medium containing 100 mm K * and 10 mm Na*.
In these studies the rate of P; released over the first 15 min was
corrected for ATPase activity in K *-free medium.

b Mean+seM (No. of experiments).

17-20 hr after initial exposure to 3.2 uM progesterone.
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Fig. 2. Upper: Uptake of [*H]-ouabain (9 x 1078 M, final sp act
12 Ci/mmol) by the plasma-vitelline membrane complex in physio-
logical [K*], (1.9 mM o—0) and high [K*], (113 mM, e—e)
Ringers’ solution. Uptake is expressed as fmol/oocyte. (Bars indi-
cate SEM for five experiments). Lower: Uptake of [*H]-ouabain
by the plasma-vitelline membrane complex expressed as % total
[*H]-ouabain taken up by the oocyte. Physiological [K *],, 0—o0;
high [K *],, ®—e

when strophanthidin is added. A series of voltage-
clamp experiments done in 9.5mm K™ Ringer’s
showed a strophanthidin-sensitive membrane current
of 180+17 nA (mean+sE, n=35) as compared to
91+ 12 nA (n=4) for control oocytes in the standard
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Fig. 3. Scatchard plot of [*H]-ouabain binding to plasma-vitelline
membrane complex of denuded prophase oocytes. Uptake was
measured after 60 min at 20-22 °C in the presence of varying
amounts of [*H] ouabain + 100-fold excess unlabeled ouabain. The
solid line was generated assuming two classes of binding sites with
Ky’s and capacities, respectively, of 3.2 x 108 M and 15 fmol, and
2.0x 1076 M and 80 fmol. The dashed line shows the contribution
of the high-affinity sites (3.2 x 10~ % M K,) to the Scatchard curve

Ringer’s solution. Third, as shown in Fig. 1, 107° M
strophanthidin inhibited both the uptake of **K*
from the medium and the efflux of 22Na™ from pro-
phase-arrested oocytes. Calculations based on these
data indicate a coupling ratio of between 3 Na™:2 K*
and 2 Na™:1 K* for the Na®, K *-pump (see Fig. 1,
legend) and an electrogenic current of between 65
and 100 nA per oocyte, a range consistent with that
measured electrophysiologically. Fourth, strophanthi-
din inhibited Na*, K "-ATPase activity in homoge-
nates of prophase oocytes by about 70% (Table 3).
By the end of the first meiotic division, endogenous
Na*, K *-ATPase activity had decreased five- to six-
fold and the addition of 1.0 mm strophanthidin actu-
ally stimulated Na*, K *-ATPase activity sevenfold.

Changes in [ H ]-Ouabain Uptake
by the Vitelline-Plasma Membrane Complex
during the First Meiotic Division

Denuded prophase-arrested oocytes were incubated
in Ringer’s solution containing 8.6 x 10 ~® m [*H]-oua-
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Fig. 4. Comparison of [°H] ouabain binding to the plasma-vitelline
membrane complex and time course of nuclear (GVBD) breakdown
in denuded oocytes. [*H]-Ouabain uptake during 30-min pulses
in unstimulated oocytes (0—o) and oocytes during continuous
exposure to 3.2 M progesterone (e—e). (A—2) Time course of
germinal vesicle (nuclear) breakdown
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Fig. 5. Effect of progesterone preincubation on [*H]-ouabain
uptake by the plasma-vitelline membrane complex. Left-hand ordi-
nate. Membrane bound [*H]-ouabain in progesterone-treated
oocytes as % of [*H]-ouabain bound by untreated sibling oocytes
{(0—0). Right-hand ordinate: % nuclear breakdown (GVBD,
e —e). Denuded oocytes were preincubated with the progesterone
concentration indicated for 1 hr prior to exposure to Ringer’s solu-
tion containing 9 x 1078 M [*H]-ouabain plus the same [progester-
one], for 30 min

bain, and the vitelline-plasma membrane complex was
isolated at 5, 15, 30, and 60 min. The ouabain concen-
tration used was about one hundredth of that required
for strophanthidin-inhibition of the in situ Na*t, K *-
ATPase. As shown in the upper part of Fig. 2, mem-
brane uptake approached a plateau by 60 min. Maxi-
mal uptake was about 10 fmol/oocyte or about
3.1 nmol kg~ * wet wt (3.2+ 0.1, mg wet wt per oocyte,
mean + D, n=4). As shown in the lower part of Fig. 2,
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membrane-associated [*H]-ouabain accounted for
nearly 80% of the total uptake during the first
5-15 min and plateaued at about 65% after 30 min.
About 0.5% of the total [H] was recovered in the
nucleus by 30 min with the remaining 35% in the
cytoplasm. [*H]-ouabain accumulation by the oocyte
membrane was inhibited by elevated (113 mm) K™
concentrations in the medium. Increasing [K *], from
1.9 to 9.5 mm inhibited [*HJ-ouabain binding by 75%
with maximal inhibition (85%) at 40-50 mwm [K *]..
K; was found to be about 5 mm [K *],.

Figure 3 illustrates a Scatchard type plot of [*H]-
ouabain binding to prophase oocyte membranes. De-
nuded oocytes were incubated with various ouabain
concentrations for 60 min and membranes were iso-
lated as described in Methods. Bound ouabain is ex-
pressed as fmol per oocyte membrane. A plot of B/F
vs. B indicates a single class of binding sites with
a K4~3x107% ™ at ouabain concentrations below
107° m and additional low affinity site(s) at concen-
trations above 107® M. Mean values +seM for five
experiments were 4.2+0.9x 107® m and 16+ 2 for K,
and fmol bound per oocyte, respectively. Assuming
a 1:1 relationship between ouabain binding and mem-
brane binding sites, the x intercept indicates about
1 x10'° “high affinity” sites per oocyte membrane.
For an oocyte 1.8 mm in diameter there would be
a maximum of about 1,000 ouabain binding sites per
pm?,

In contrast to the prophase oocyte, oocytes com-
pleting the first meiotic division (18-24 hr) accumu-
lated only 0.19+0.05 (mean+seM, n=4) fmol [*H]-
ouabain per oocyte membrane in 60 min. This uptake
represents only about 2% of that taken up by the
prophase-arrested oocyte (Fig.2). To determine if
[PH]-ouabain uptake by the oocyte membrane
changed at specific time point(s) during meiosis, oo-
cytes were continuously exposed to induced levels
(3.2 pm) of progesterone and [*H]-ouabain uptake was
measured using 30-min pulses at intervals during com-
pletion of the first meiotic division. As illustrated
in Fig. 4, there was an apparent decrease in [*HJ-
ouabain uptake by the oocyte membrane during the
first hr followed by a subsequent decrease during nu-
clear (GVBD) breakdown, [*H]-Ouabain uptake by
untreated (control) oocytes remained relatively con-
stant over the 14 hr shown.

Since [*H]-ouabain uptake by oocytes undergoing
meiosis was measured in the presence of 3.2 um pro-
gesterone, competition studies were carried out be-
tween steroid (progesterone) and sterol (ouabain). De-
nuded oocytes were preincubated for 1 hr in 0.032,
0.32, 3.2, and 32.0 uM progesterone concentrations
and then exposed to 8.6 x 107® M [*H]-ouabain plus
the same [progesterone], for 30 min. As shown in
Fig. 5, 0.032 uMm progesterone reduced [*H]-ouabain



46

S.P. Weinstein et al.: Electrogenic Na*, K *-ATPase and Meiosis

Table 4. [*H]-Leucine uptake and incorporation into the Rana oocyte during the first meiotic division

Time Nuclear [*H]-Leucine (dpm/oocyte)
(hr) breakdown
(%) Membrane complex Cytoplasm, TCA soluble Cytoplasm, TCA Ppt.
Control  Prog. Control Prog. Control  Prog
1 0 39 57 7,760 7,050 396 350
2 0 102 70 11,600 8,570 1,130 760
5 0 346 350 14,900 14,000 2,480 1,820
8 0 472 510 14,200 13,600 4,220 3,390
10 90 541 7,470 12,300 12,600 8,190 5,370
16 100 894 5,810 14,900 12,800 6,240 4,610

At different times after denuded oocytes were placed in Ringer’s containing [*H]-L-leucine without
control) or with 1.65 uM progesterone (prog.), oocytes were removed and processed as described in

the text.

uptake by the membrane with maximal inhibition of
[*H]-ouabain uptake at about 0.32 pm. Interestingly,
50% competition with [*H]-ouabain binding coin-
cided with 50% response at [progesterone], of
0.032 pm. Thus, the initial decrease in [*H]-ouabain
uptake by the oocyte membrane seen in Fig. 4 appears
to be due to competition for progesterone binding
sites.

Changes in [>H - L-Leucine Incorporation
during the First Meiotic Division

The virtually complete disappearance of both the stro-
phanthidin-sensitive membrane current and [*H]-oua-
bain binding at about the time of nuclear breakdown
prompted us to examine the metabolic integrity of
the oolemma. Table 4 shows the results of an experi-
ment in which the time course of [*H]-leucine uptake
and incorporation were compared in untreated (con-
trol) and progesterone-induced (1.6 uM) oocytes prior
to, during, and after nuclear breakdown. In this ex-
periment, nuclear breakdown and loss of [*H]-oua-
bain binding occurred at 8-10 hr. Qocytes were col-
lected at the times indicated, the vitelline-plasma
membrane complex was removed, rinsed as described
in Methods, and [>H] measured. Cytoplasmic proteins
were precipitated with 6% TCA and compared with
the TCA-soluble [*H]. When expressed as % of the
control oocytes, [*H]-leucine incorporation into oo-
cyte membranes increased more than 13-fold at about
the time of nuclear breakdown (8-10 hr) with no sig-
nificant change in [*H]-leucine uptake into the acid-
soluble pool. In three such experiments, progesterone
induced [*H]-leucine uptake and/or incorporation by
940% + 280, 81% +23, and 98% + 8 for membranes,
cytoplasmic proteins, and TCA-soluble, respectively,
by the completion of nuclear breakdown. 17f-Estra-
diol (a noninducer) did not affect [*H]-leucine uptake
and/or incorporation. Only about 5-6% of the mem-

brane-associated [*H]-leucine could be extracted with
6% TCA; 60-70% of the extracted [*H] could be
recovered by co-precipitation with unlabeled oocyte
protein. In the control (prophase) oocytes, 5.4% + 2.2
(mean + SEM, n=4) of the total acid-precipitable [°H]-
leucine-labeled protein was recovered with the mem-
brane fraction, whereas 55.1% + 2.1 of the total [*H]}-
labeled protein was associated with the oocyte mem-
brane following nuclear breakdown.

Discussion

The results reported here indicate that the plasma
membrane potential of the amphibian oocyte in pro-
phase arrest is in large part due to an electrogenic
Na®*, K*-pump and that this electrogenic pump is
down-regulated in response to progesterone during
the first meiotic division, The disappearance of the
strophanthidin-sensitive membrane current, K* con-
ductance, Na*, K*-ATPase activity, and [*H]-oua-
bain binding to the plasma membrane complex ap-
pears to coincide with plasma membrane depolariza-
tion [27] as well as with the swelling and breakdown
of the oocyte nucleus that occurs 8-10 hr after the
hormonal stimulus for resumption of meiosis.

An examination of [*H]-ouabain binding to the
plasma-vitelline membrane complex of the prophase
oocyte indicates at least two components: a K *-sensi-
tive, high affinity site (K4=4.2x107% M) linked to
inhibition of the pump, and a low affinity site which
may not necessarily be associated with transport in-
hibition. This differential sensitivity is suggested by
the finding that [*H]-ouabain uptake by the mem-
brane continued to increase when (1) the glycoside
concentration was increased beyond that causing
maximal transport (**K *, membrane current) inhibi-
tion, and (ii) exposure times longer than those re-
quired (1-2 min) to produce full inhibition were used.
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The apparent K; (42x 1078 M) and site density
(1000/um?) of the [*H]-ouabain binding described
here are somewhat lower than that reported for mus-
cle [4]. High affinity [*H]-ouabain binding disap-
peared at about the time of nuclear breakdown
(Fig. 4). Furthermore, [*Hl-ouabain taken up by the
membrane complex prior to nuclear breakdown ap-
peared both in the medium and oocyte cytoplasm
at about the time of nuclear breakdown, suggesting
that the K* site at the outer surface of the oocyte
membrane, in effect, disappears. This could be due
to changes in protein conformation and/or transloca-
tion of the catalytic subunit of the pump ATPase
into the cytoplasm.

Progesterone appears to act at the oocyte surface
to reinitiate the meiotic divisions [5, 6, 22]. An inter-
esting finding was that progesterone inhibited [*H]-
ouabain binding to the plasma-vitelline membrane
complex (Fig. 5). Maximal inhibition of ouabain
binding occurred at progesterone concentrations es-
sentially equal to that of ouabain. However, only
40-45% of the [*H]-ouabain binding was blocked by
preincubation with increasing [progesterone], and
suggests that both progesterone-sensitive and proges-
terone-insensitive ouabain binding sites are present
on the membrane Na*, K*-ATPase. Both possible
“sites” appear to be K "-sensitive and have a similar
K, since only a single K, was apparent and 40-50 mMm
K™ displaced 80-85% of the bound [*H]-ouabain.
Although this would suggest a possible direct action
of progesterone on the Na*, K *-pump, no significant
change in membrane current was seen from 0 to
60 min following addition of progesterone to the pro-
phase oocyte. Progesterone does have an early action
that includes the release of Ca?* from the oocyte
surface during the first minute [20] and a down-regu-
lation of membrane adenylate cyclase within the first
15-30 min [9]. In any case, it is apparent that proges-
terone induces the depolarization of the oocyte plas-
ma membrane which begins at about the time of nu-
clear breakdown. Interestingly, both of these events
can be prevented by treating oocytes with the protein
synthesis inhibitor, cycloheximide [27]. Thus, it ap-
pears that properties of the nuclear and plasma mem-
brane are under translational control.

One known translational event is the appearance
of a cytoplasmic protein factor within the first few
hours after exposure to hormones releasing the pro-
phase block [12, 25]. This protein factor (called ““mat-
uration promoting factor” or “ MPF ) when injected
in small quantities into prophase-arrested oocytes ini-
tiates nuclear breakdown and arrest at second meiotic
metaphase [12]. The appearance of this factor can
be blocked by cycloheximide [25], and it is produced
even in the absence of the oocyte nucleus [12]. Pre-
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vious studies in this laboratory with Rana oocytes
[26] and by Lee and Steinhardt [10] with Xenopus
follicles have shown that transfer of cytoplasm from
oocytes undergoing the first meiotic division into pro-
phase-arrested oocytes results in both nuclear break-
down and plasma membrane depolarization identical
to that measured after hormone-stimulation. Transfer
of cytoplasm from prophase-arrested Rama oocytes
was without effect [26]. The two events were again
found to be coupled temporally, and suggest that
the same cytoplasmic factor(s) may be altering both
plasma and nuclear membrane properties. A role for
MPF in plasma membrane depolarization would ex-
plain the protein synthesis requirement, and suggests
that this protein factor may down-regulate the Na™¥,
K *-pump ATPase as well as turn off K * conductance
of the plasma membrane. Studies are in progress to
determine the effect of purified MPF on Na*, K*-
ATPase activity in isolated oocyte plasma-vitelline
membranes.

A second known translational event in Rana is
a marked increase in protein synthesis at about the
time of nuclear breakdown [23, 17]. As shown here,
this newly synthesized protein appears to be largely
associated with the plasma-vitelline membrane com-
plex; [*H]-leucine incorporation increased about nine-
fold in the membrane complex with no significant
change in the acid-soluble pool or in incerporation
into cytoplasmic proteins. The relationship between
MPF production and synthesis of this membrane pro-
tein is not clear. We have also shown [7] saturable
and specific binding (K;=2.8 x 1078 u) of the nonme-
tabolizable progestin R5020 to macromolecules in the
prophase oocyte cytosol. As discussed elsewhere [7],
Molinari et al. [13] have proposed that the “native”
cytosol receptor may exert a regulatory function in
the initiation of protein synthesis in the extranuclear
compartment. This mechanism would be consistent
with the finding that progesterone induces both MPF
production and membrane depolarization and that
both events are cycloheximide sensitive and occur in
enucleated oocytes. Further studies are necessary to
determine if the increase in membrane protein synthe-
sis (Table 4) occurs in the absence of the nucleus.

In summary, progesterone appears to act at the
oocyte surface to initiate events that lead to the syn-
thesis of a cytoplasmic protein factor or factors which
in turn results in the down-regulation of the electro-
genic Na*, K*-pump and depolarization of the oo-
cyte plasma membrane. Depolarization coincides with
a marked increase in protein synthesis and/or turn-
over in the plasma membrane and is indicative of
major changes in membrane structure and function.
Membrane depolarization and structural changes may
be essential for the development of an excitable state
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as a prerequisite for fertilization. It should be empha-
sized that the depolarization which occurs during nu-
clear breakdown is only one of a series of electrical
and permeability changes during the meiotic divi-
sions. A positive-going hyperpolarization occurs fol-
lowing sperm entry {15, 18]; the oocyte then repolar-
izes (inside negative), and the ouabain-sensitive Na™,
K *-ATPase activity reappears during the first mitotic
(cleavage) division [15, 16]. Thus, the techniques and
model system used here should prove to be very useful
for investigating the mechanism(s) of up- as well as
down-regulation of this ubiquitous plasma mem-
brane-bound enzyme.

This research was supported in part by National Institutes of
Health grant HD-10463. S.P.W. was supported by Training Grant
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