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SUMMARY

1. Electrophysiological properties of the growth hormone-releasing hormone
(GRH) receptor were studied in Xenopus oocytes with an intact follicle cell layer (i.e.
follicular oocytes) by measuring whole-cell current using the two-electrode voltage-
clamp method.

2. A slow transient outward current was elicited in oocytes, clamped at -60 mV,
by the application of rat GRH but not bovine, porcine, or human GRH.

3. The response to GRH was not suppressed by blockers known to inhibit other
endogenous receptors present in follicular Xenopus oocytes; blockers used were
timolol (2,UM; ,1-adrenergic blocker), theophylline (0-1 mM; purinergic blocker) and
atropine (100 nM; muscarinic blocker).

4. The current response evoked by rat GRH occurred in a dose-dependent
manner. The concentrations of GRH for threshold and maximum responses were 1
and 100 nm respectively and the estimated EC50 (half-maximal effective con-
centration) was approximately 7 nM. The amplitude and conductance of the response
became larger and the latency, time-to-peak and half-decay time were shortened
when the concentration of GRH was increased.

5. The GRH response was reversibly inhibited by a K+ channel blocker,
tetraethylammonium+ (TEA+; 20 mM). The reversal potential for the GRH response
was around - 100 mV and was compatible with the reported value for a K+ current
in Xenopus oocytes. Furthermore, a depolarizing shift of 40 mV in the reversal
potential was observed when the external K+ concentration was increased from 2 to
10 mm, agreeing with the Nernst equation. In contrast, no significant shift in the
reversal potential was observed by changing the external concentration of Na+ or
Cl-.

6. The GRH response was not suppressed in oocytes treated with an acetoxy-
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methyl ester of bis-(o-aminophenoxy)-ethane-N,N,N',N'-tetraacetic acid (BAPTA/
AM; 10/M) which penetrates the cell membrane and chelates internal Ca2 .

7. The GRH response was potentiated by pre-treatment with forskolin (0 4 ,ZM;
5 min), which stimulates adenylate cyclase and increases the internal concentration
of adenosine 3',5'-cyclic monophosphate (cyclic AMP).

8. The GRH response was not obtainable when follicle cells surrounding oocytes
were removed mechanically with forceps or enzymically with collagenase (i.e.
denuded oocytes). The response was also suppressed when gap junctions, which
electrically couple follicle cells and the oocyte, were blocked by 1-octanol (1 mM).

9. The first amino acid is considered to be important for the binding of peptide
ligands to their receptors. The first amino acid of rat GRH is histidine while that of
the other three GRHs is tyrosine. Human vasoactive intestinal peptide (VIP), whose
first amino acid is histidine, however, did not activate the GRH receptor to evoke
a K+ current.

10. It is concluded that: (1) membrane currents evoked by GRH in Xenopus
oocytes were exclusively dependent on the activation of K+ channels, whose activity
was not dependent on internal Ca2+, but occurred via the cyclic AMP pathway, (2)
there is species specificity in evoking current responses, suggesting a specific receptor
for GRH, (3) GRH receptors are endogenous and present in follicle cells. The
sequence of evolutionary change in the structure of GRH is discussed.

INTRODUCTION

Xenopus oocytes have been widely used to study the structure and mechanisms of
function of ion channels and receptors for neurotransmitters and hormones. Oocytes
not only possess native receptors but also can express foreign receptors when injected
with exogenous mRNAs (for reviews see Soreq, 1985; Dascal, 1987; Snutch, 1988).
Endogenous receptors found, in Xenopus oocytes include those for acetylcholine
(ACh) (Kusano, Miledi & Stinnakre, 1977, 1982), catecholamines (Kusano et al. 1977,
1982; Sumikawa, Parker & Miledi, 1984; Van Renterghem, Penit-Soria & Stinnakre,
1984), gonadotrophins (Woodward & Miledi, 1987 a), adenosine (Lotan, Dascal,
Cohen & Lass, 1982), angiotensin II (Lacy, McIntosh & McIntosh, 1989),
cholecystokinin (CCK), corticotrophin-releasing factor (CRF), arginine vasopressin
(AVP) (Moriarty, Gillo, Sealfon & Landau, 1988), vasoactive intestinal peptide (VIP)
(Reale, Ashford & Barnard, 1987; Woodward & Miledi, 1987 b), oxytocin and
prostaglandins (Miledi & Woodward, 1989 a). Endogenous receptors for the majority
of these ligands (except for ACh and CCK) are considered to be present in follicle cells
which surround oocytes. Macrovilli from follicle cells contact with microvilli of the
oocyte via gap junctions, resulting in the direct electrical connection between these
cells (Browne, Wiley & Dumont, 1979; Browne & Werner, 1984; Van der Hoef,
Dictus, Hage & Bluemink, 1984). Receptors for ACh and CCK are present not only
in follicle cells but in the oocyte membrane (Kusano et al. 1982; Moriarty et al. 1988).
The functional significance of these endogenous receptors has not been elucidated,
although receptors for gonadotrophins may play a role in regulating follicular
development and maturation. Here we report a membrane current response elicited
by growth hormone-releasing hormone (GRH) which showed a species specificity
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among GRHs derived from different animals (rat, cow, pig and human) in follicular
Xenopus oocytes.

METHODS

Preparation offollicular and denuded Xenopus oocytes
Mature females ofXenopus laevi8 were obtained from Xenopus Ltd (South Nutfield, UK), African

Xenopu8 Facility (Noordhoek, South Africa) and Seibu Department Store (Tokyo, Japan). Xenopu8
oocytes (stages V and VI), whose diameters were larger than 1-0 mm (Dumont, 1972), were
collected from the ovary of frogs anaesthetized by cooling with ice (Barish, 1983). Oocytes,
connected with the covering connective tissue, were freed from each other with watchmakers'
forceps. These isolated oocytes are surrounded by a monolayer of follicle cells and therefore called
'follicular oocytes'. When necessary, the follicle cell layer was carefully removed with watchmakers'
forceps or by treatment with collagenase (2 mg/ml; Sigma Type I) in Ca2+-free solution (ND96
solution; Boton, Dascal, Gillo & Lass, 1989) for 1P5-2-5 h. These oocytes without the follicle cell
layer are called 'denuded oocytes'. Defolliculation was checked under a microscope. Gap junctions,
which electrically connect the oocyte and the follicle cell layer (Browne et al. 1979; Browne &
Werner, 1984; Van den Hoef et al. 1984), were blocked by 1 mM-l-octanol (Sigma) (Lacy et al.
1989). Oocytes were kept at 19 °C in modified Barth's solution (Barth & Barth, 1959) supplemented
with penicillin (100 i.u./ml), streptomycin (100 ug/ml), 025 mM-sodium pyruvate and 2% ficoll
(Sigma) until electrophysiological study which was performed up to 3 days after isolation of
oocytes.

Electrophy8iology
Whole-cell currents were measured from Xenopus oocytes using the conventional two-electrode

voltage-clamp method as described in a previous paper (Yoshida, Plant, Taylor & Eidne, 1989).
Glass microelectrodes were filled with 3 M-KCl and had DC resistances of 0-7-1V5 MfQ for current-
passing electrodes and 1-3 MQ for potential-measuring electrodes. Membrane potential and current
signals from oocytes were processed by a digital audioprocessor (SONY PCM-701ES, Japan)
modified to accept DC signals (Lamb, 1985) and stored on videotapes with a video cassette
recorder (Panasonic NV-G12B, Japan). The stored data were displayed on a chart recorder
(GRAPHTEC, Model SR 6335-2L) for illustrations. The reversal potential for current responses to
GRH was estimated by changing the holding potential or by using the ramp method under voltage-
clamp conditions. Ramp voltages of 0-8-10 s -in duration and slopes of 80-120 mV/s were
repetitively applied to oocytes and evoked currents were monitored. The total ionic current across
the cell membrane, I.' which is evoked by a ramp voltage during a GRH response, is described by
the following equation:

Im =IK+I = 9K(V EK)+91(V-E1), (1)
where IK is the current carried by K+ which is responsible for the GRH response and I, is the
background leakage current carried by ions other than K+ (Hodgkin & Huxley, 1952). Their ionic
conductances are gK and g1, respectively. V and E designate the membrane potential and the
reversal potential for a particular ion, respectively. The membrane current before the application
of GRH is described by the leakage conductance only, i.e. Im = I, = g9 (V-EI). From eqn (1), when
the membrane potential is equal to EK, the membrane current Im takes the constant value
gl(EK-EI) regardless of the time-dependent change in 9K at EK; the driving force (V-EK) for K+
is zero. Indeed in the present study, a family of membrane currents, which were evoked by
repetitive voltage ramps during a response to GRH, met at the same point corresponding to EK.

In order to measure the total capacitance of oocytes, current pulses of 10-15 ms in duration were
applied to the oocyte membrane under the current-clamp conditions. Since the duration of the
current pulse was much shorter than the time constant of the oocyte membrane (longer than
100 ms), the membrane potential changed almost linearly during current pulses. The rate of change
of the membrane potential (dV/dt) and the amplitude of the applied current were measured and
the total capacitance value of oocytes was calculated using the equation (Yamashita, 1982):

dQ dVI
Q=CV, i.e. -= =IC- or C=

dt dt dV/dt

All experiments were carried out at room temperature (20-23 °C).
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Solution,
The ionic composition of the standard solution used for electrophysiology was (in mM): 115 NaCl,

2 KCI, 1-8 CaCl2, 1 MgCl2 and 10 HEPES (pH 7-4). The amount of Na+ used for titrating HEPES
to obtain pH 7-4 was measured and compensated for to make the total Na+ concentration 115 mm.
Growth hormone-releasing hormone (GRH) derived from four species (rat, bovine, human and
porcine) was purchased from Sigma. Amino acid sequences of these GRHs are shown in Fig. 8. The
membrane-impermeant anion methanesulphonate- (Aldrich) was used to substitute for Cl-.
Sodium (Na+) was substituted by Tris+ (Sigma) and the pH of the Na+-free solution was adjusted
at 7-4 with HCI. The tonicity of the solution was made equal to that of the standard solution with
Tris by considering its dissociation, using the Henderson-Hasselbach equation. This Na+-free
(Tris+) solution was mixed with standard solution to obtain the necessary amount of Na+. Bis-(o-
aminophenoxy)-ethane-N,N,N',N'-tetraacetic acid (BAPTA) is a pH-insensitive Ca2+ chelator and
the membrane-permeant acetoxymethyl ester form (BAPTA/AM) (Calbiochem, San Diego, USA)
was used to chelate internal Ca2 . Other drugs were obtained from Sigma. Forskolin (adenylate
cyclase activator, Calbiochem), 1-octanol and BAPTA/AM were firstly dissolved in dimethyl
sulphoxide (DMSO, Sigma), and diluted to desired concentrations with the final concentration of
0.1 % (v/v) DMSO. DMSO at this concentration showed no effect on its own. The pH of all solutions
used for electrophysiology was adjusted to 7-4. Solutions were introduced to and removed from the
experimental chamber by perfusion.

Statistical tests
In the present study, the two-tailed Mann-Whitney U test, one of the non-parametric tests (or

distribution-free statistics), was used for the statistical test for two independent groups, because
this test needs only nominal or ordinal scale data and not normal distribution or homogeneity of
variance which are required to use t tests; both normal distribution and homogeneity of variance
are difficult to check in groups consisting of less than thirty data (Phillips, 1978).

RESULTS

Species specificity of responses to GRH
The resting potential of Xenopus oocytes is approximately -60 mV when

measured with a single microelectrode (Yoshida et al. 1989). In the present study,
therefore, the holding potential was set at -60 mV unless otherwise mentioned.

Figure 1 shows whole-cell current records upon the application of GRH (100 nM)
of four different species (rat, bovine, porcine and human) in a single follicle-enclosed
oocyte. Each application ofGRH is indicated by a horizontal bar. Note that only rat
GRH(1-29), among the four GRH types, was effective in inducing an outward
current (n = 5). It is also to be noted that the outward current evoked by continuous
exposure to rat GRH showed decay after reaching its peak. Other GRH types
(bovine, porcine and human) tested in Fig. 1 were complete forms consisting of forty-
four amino acids. In general, a complete form of a ligand may fail to evoke a response
even if its fragments can induce a response if this response is induced non-specifically.
The possibility that the response seen was due to a non-specific response to a short
peptide sequence was ruled out when the complete form of rat GRH(1-43) became
available and also produced a response from Xenopus oocytes (n = 3). In addition, a
shorter form (1-29) of bovine GRH failed to evoke membrane current (n = 4) (not
illustrated). This strict species specificity of the response to GRH in Xenopus oocytes
can be ascribed to the prominent differences in the structures of rat GRH from that
of bovine, porcine and human GRHs (see Discussion).
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Effects of blockers known to inhibit other endogenous receptors in Xenopus oocytes
As mentioned in the Introduction, a number of ligands are reported to evoke

current responses in follicular Xenopus oocytes. Most of them are transient outward
currents similar to the GRH response shown in Fig. 1. Species specificity of the GRH

50 nA

5 min

Human Bovine
* ~~~Rat

Porcine

Fig. 1. A current response to growth hormone-releasing hormone (GrRH) in a follicular
oocyte of Xenopus laevis. Whole-cell currents were recorded from the oocyte using the
two-electrode voltage-clamp method. The holding potential was -60 mV. GRH (100 nM)
from different species (human, porcine, bovine and rat), indicated in the figure, were
successively applied to the oocyte. Note that a transient outward current was evoked only
by rat GRH. The application of GRH is indicated by horizontal bars under the current
trace. Solutions including GRH were introduced to and drained from the experimental
chamber by perfusion. The dead time of the perfusion system was less than 2 s in this and
in all the following figures. Upward deflections from the baseline indicate outward
currents in all figures.

response strongly suggests that the response is mediated by a specific receptor for
GRH. In order to further confirm that the response to GRH was not due to the
activation of other endogenous receptors, effects of blockers of known endogenous
receptors were tested on the response to GRH. Blockers used were timolol (2 ,UM; ,-
adrenergic blocker), theophylline (041 mM; purinergic blocker) and atropine (100 nM;
muscarinic blocker). These concentrations are sufficient to block the receptors in
Xenopus oocytes (Kusano et al. 1982; Lotan et al. 1982). In the present study, the
application of theophylline (n = 4), timolol (n = 4) or atropine (n = 3) could not
exert a blocking action on responses evoked by rat GRH (not illustrated). These data
indicate that the response to GRH occurred via a specific receptor for GRH and that
rat GRH did not activate receptors other than the GRH receptor through cross-
sensitization.

Dose dependence of the GRH response
As is the case with other endogenous responses from Xenopus oocytes, the

sensitivity of GRH varied considerably from frog to frog. For instance, the
amplitude of the response elicited by 100 nM-rat GRH ranged from 14 to 409 nA and
the mean value from representative fifteen oocytes was 104 9 + 99-6 nA (mean + S.D.).
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200 nA

5 min

1 nM 5 nM 10 nM 100 nM

Fig. 2. Dose dependence of current responses elicited by rat GRH in a follicular Xenopus
oocyte. Different concentrations of GRH were applied consecutively to the same oocyte.
Each GRH application was followed by approximately 30 min wash before the next
application of GRH. Small voltage pulses of constant amplitude (3 mV, 1 s duration,
0 5 Hz) were applied to the oocyte to monitor changes in the membrane conductance. A
thicker line indicates a larger conductance. The application ofGRH is indicated by bars.
Current and time calibrations apply to all traces.

O 1-0 A B
0 1 200-s

0 9 87 987

V

-log [GRHl (M)

Fig. 3. Dose dependence of responses to GRH. A, normalized values of the peak amplitude
(O) and the conductance (A) caused by GRH. B, plots of latency (E1), time-to-peak (O)
and half-decay time (A) (see text for definition of these parameters). Attached bars
indicate S.D. (n = 4).

Responses to rat GRH occurred in a dose-dependent manner as shown in Fig. 2.
Usually, no current response was evoked in Xenopus oocytes when the concentration
of rat GRH was lower than 1 nm. The amplitude of the response showed a steep
increase with increasing the concentration of GRH and it was saturated at 100 nm.
The value of the peak amplitude at a given concentration ofGRH was normalized by
dividing it with that at 100 nm and its averaged values from four cells are plotted on
the semilogarithmic scale (Fig. 3A, O). A concomitant alteration in the membrane
conductance was also monitored by applying constant voltage pulses. An increase in
the membrane conductance is reflected in the width of the current trace. The GRH
response was slow in time course and the change in the conductance occurred
gradually and reached a maximum at the peak of the response followed by a decay
in the continuous presence of GRH. The membrane conductance before (resting
conductance) and during the application ofGRH was calculated from the change in
the membrane current. The maximum conductance of the GRH response was
calculated by subtracting the resting conductance from the maximum total
conductance during responses to GRH. For example, the membrane conductance
before the application of 100 nm-GRH was 2-3 /tS, and this was increased to 14-5 #uS
at the peak of the response (Fig. 2). Therefore, the peak K+ conductance activated
by GRH was 12-2 #cS.
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Normalized mean values obtained from four oocytes for the membrane
conductance of responses are plotted against concentration of rat GRH (Fig. 3A, *).
The concentrations of rat GRH which elicited threshold and maximum responses
were 1 and 100 nm, respectively (although in some oocytes a small response of less
than 10 nA was observed at 0-1 nM). An approximate EC50 (half-maximal effective
concentration) estimated from the amplitude and conductance plots was 7 nM. The
latency of the response became shorter when the concentration ofGRH was increased
(Fig. 3B, EJ). The time course of the GRH response became faster when the
concentration of GRH was increased; the time-to-peak (Fig. 3B, 0) and the half-
decay time (duration between the peak and its half-amplitude on the decay phase)
(Fig. 3 B, A) were shortened with increasing GRH concentration.

Ionic basis of the GRH response
The equilibrium potentials for K+, Na+ and Cl- in Xenopus oocytes are

approximately - 100, +80 and -25 mV, respectively (Dascal, 1987). Currents
elicited by rat GRH were outward at the holding potential of -60 mV, suggesting
that the GRH response was dependent on K+. Experiments were therefore carried
out to confirm that the GRH response was dependent on K+.
Tetraethylammonium+ (TEA+) has been widely used as a K+ channel blocker in a

variety of cells including Xenopus oocytes (Lotan et al. 1982; Woodward & Miledi,
1987 a). In the present study, no significant outward current was evoked by rat GRH
in the presence of 20 mm-TEA' (not shown). This blocking effect of TEA+ was better
demonstrated when TEA+ was introduced during the GRH response (Fig. 4). Figure
4A shows a control response elicited by the application of 100 nM-rat GRH
(horizontal bar). On the rising phase of a response to 100 nM-GRH, i.e. before the
outward current reached it peak, 20 mM-TEA-Cl was added to the GRH solution
(shown by the dashed line) (Fig. 4B). The outward current rapidly returned to its
original level, i.e. the GRH response was aborted by TEA+. Recovery of the
response to GRH was observed when TEA+ was washed out with standard solution
for 30 min (Fig. 4C). Recovered GRH responses were usually slightly smaller in
amplitude than control responses. It is concluded that TEA+ reversibly inhibits the
GRH response (n = 5).

Further evidence that the GRH response is dependent on K+ was obtained by
measuring its reversal potential. In the present study, the reversal potential was
estimated by two methods. The first method involved changing the holding potential
to various values, in a step-wise manner, during the GRH response and estimating
the reversal potential from the point where the current becomes zero (Kusano et al.
1982; Boton et al. 1989; Yoshida et al. 1989). This method was possible because the
GRH response was slow in time course. The average reversal potential for the GRH
response obtained by this method, in standard solution (2 mM-external K+), was
-99.7 + 3-5 mV (n = 3). The Erev determined by the ramp technique (see Methods)
was - 101 3 + 3-6 mV (2 mM-external K+; n = 4), not statistically different from that
calculated by the stepping method.
Dependence of the GRH response on K+ was further ensured by changing the

external concentration of K+. The bathing medium was switched from normal 2 mm
to 10 mm in the same oocyte, and a family of membrane currents was obtained by
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the ramp method during the GRH response (not illustrated). The average reversal
potential for the GRH response in high-K+ (10 mM) solution was -613 + 29 mV
(n = 4) giving a depolarizing shift in the reversal potential of 40 0 mV. This is in good
agreement with the expected shift of 40 7 mV predicted by the Nernst equation

A B C

I20nA
5 min

Fig. 4. Blocking effect of tetramethylammonium+ (TEA+) on a response to rat GRH. A,
a control response to 100 nM-rat GRH (bar). B, a transient outward current was evoked
by 100 nM-rat GRH (bar), and it was aborted before reaching the peak by the
introduction of 20 mM-TEA' (dashed line) in the continuous presence of 100 nM-GRH. C,
recovery of the response to 100 nM-rat GRH (bar) after the same oocyte had been washed
with standard solution for 30 min. Current and time calibrations are the same for all
records.

(22 °C). No significant shift was observed when the concentration of other ions was
changed. For example, when the external concentration of Na+ was decreased to one-
fifth of that of the normal concentration, by replacement with Tris+, the obtained
reversal potential for the GRH response was -101I3 + 1 7 mV (n = 3). The reversal
potential for responses to GRH was - 100-7+ 3-2 mV (n = 3), when the external
concentration of Cl- was lowered to one-third of its standard concentration, by
substitution with membrane-impermeant methanesulphonate- (Sharp & Thomas,
1981).

Mechanism of the GRH response
It is known that Ca2+-activated K+ channels are widely distributed in various

kinds of cells (Latorre, Coronado & Vergara, 1984; Petersen & Maruyama, 1984;
Rudy, 1988). In order to check whether Ca2+-activated K+ channels were activated
during the GRH response, oocytes were pre-treated with an acetoxymethyl ester of
bis-(o-aminophenoxy)-ethane-N,N,N',Y'-tetraacetic acid (BAPTA/AM; 10 /tM) for
2-3 h and then challenged with rat GRH. When BAPTA/AM is applied externally,
it penetrates the cell membrane and is cleaved by cytoplasmic esterases to yield free
BAPTA which remains trapped in the cell and chelates internal Ca2+. This pre-
treatment with BAPTA/AM was sufficient to block an increase in the cytoplasmic
Ca2+, because ionomycin, a Ca2+ ionophore, failed to evoke a current in BAPTA/AM-
pre-treated Xenopus oocytes. In oocytes which were not treated with BAPTA/AM,
ionomycin evoked an inward current via the activation of Ca2+-activated Cl-
channels by increasing the internal concentration of Ca21 (S. Yoshida & S. Plant,
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unpublished observation). In the present study, pre-treatment of oocytes with
10 /im-BAPTA/AM for 2-3 h did not obviously inhibit transient outward current
responses to GRH. The average peak amplitude of responses to 100 nM-rat
GRH(1-29) was 49-8 + 18-7 nA (n = 4). This mean value is not significantly different

A B
gX 1 ~50 nA

Fig. 5. Facilitatory effect of forskolin on the GRH response. A, a response to 100 nM-rat
GRH obtained from a Xenopus oocyte. B, the same oocyte shown in A was washed with
standard solution for 30 min, pre-treated with 0-4 ,SM-forskolin for 5 min and was
challenged by 100 nM-rat GRH in the continuous presence of forskolin. The application
of GRH is indicated by the bars.

from that obtained from the control oocytes mentioned above (104-9+ 99-6 nA; n =
15). It is concluded that the K+ channel activated during GRH responses was not
dependent on the elevation of the intracellular concentration of Ca2+.

It has been shown that a rise in intracellular Ca2+ does not play a predominant role
in activating the K+ channel for the GRH response. Another major pathway known
in Xenopus oocytes is the adenosine 3',5'-cyclic monophosphate pathway (cyclic
AMP pathway). Ion channels have been shown to be activated by the injection of
cyclic AMP into Xenopus oocytes (Dascal, Lotan, Gillo, Lester & Lass, 1985; Miledi
& Woodward, 1989 b). In the present study, the internal concentration of cyclic AMP
was increased by activating adenylate cyclase by the external application of
forskolin. Five minute pre-treatment of oocytes with 0 4 /tM-forskolin increased the
response elicited by 100 nM-GRH 1-56 + 0-35 times (n = 3). An example of the effect
of forskolin is shown in Fig. 5.

Interaction between GRH and VIP responses
The first amino acid of rat GRH is histidine whereas it is tyrosine for bovine,

porcine and human GRHs (see Fig. 8). Since the first amino acid is thought to be
important for GRH molecules to bind the GRH receptor (Frohman, Downs,
Chomezynski & Frohman, 1989), it is possible that some other peptides whose first
amino acid is histidine may activate the GRH receptor or GRH molecules may
activate some other receptors whose ligands possess histidine as the first amino acid.
Histidine is the first amino acid in several bioactive peptides such as vasoactive
intestinal peptide (VIP), glucagon, secretin and porcine intestinal peptide (PHI).
VIP is known to evoke a transient K+ current in follicular Xenopus oocytes (Reale
et al. 1987; Woodward & Miledi, 1987b). Therefore human VIP was used in the
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present study in order to examine an interaction between GRH and VIP. VIP
(human or porcine) consists of the following twenty-eight amino acids: His-Ser-Asp-
Ala-Val-Phe-Thr-Asp-Asn-Tyr-Thr-Arg-Leu-Arg-Lys-Gln-Met-Ala-Val-Lys-Lys-
Tyr-Leu-Asn-Ser-Ile-Leu-Asn (the amino acids shared with rat GRH are shown in
bold face; 26% homology).

A B

20 nA (A)
1100 nA (B)

GRH GRH
VIP VIP

Fig. 6. Effects of human vasoactive intestinal peptide (VIP) and rat GRH in follicular
Xenopus oocytes. A, a transient outward current response to 1 ,tM-VIP from an oocyte
which was not responsive to GRH (100 nM). B, records from a different oocyte which
responded to 100 nM-rat GRH but did not show a response to VIP (100 nM).

As shown in Fig. 6A follicular oocytes which did not show a response to GRH
(100 nM) did show a transient K+ current in response to 1 JLM-VIP (n = 2). Also, as
shown in Fig. 6B, some oocytes which did not show a response in VIP (100 nM)
responded to the same concentration of rat GRH (n = 3). The oocyte in Fig. 6B did
not respond to a higher concentration of VIP (1 /aM) either. These results indicate
that VIP and GRH act on distinct receptors.

Abolition of the GRH response by removing the connection between follicle cells and
the oocyte membrane

All responses to rat GRH shown above were obtained from follicular Xenopus
oocytes. In contrast, no responses could be observed in oocytes whose follicle cell
layer was removed mechanically with watchmakers' forceps or enzymically with
collagenase (see Methods). A representative example is shown in Fig. 7.
A control response to 100 nM-rat GRH(1-29) is illustrated in Fig. 7A. When the

follicle cell layer, consisting of a monolayer of follicle cells, was removed mechanically
with forceps, no change occurred in the membrane current following the application
of 100 nM-rat GRH (n = 4) (Fig. 7B). Similarly, no current responses to 100 nM-rat
GRH were observed in oocytes whose follicle cells were removed with collagenase
(n = 6; not illustrated). Removal of follicle cells from the oocyte membrane was
checked by measuring the total membrane capacitance of follicular and mechanically
or enzymically denuded oocytes. The average total capacitance value was
469-1 + 66-4 nF (n = 20) for control follicular oocytes (12-1-3 mm in diameter) while
the value was 245-8+ 31-3 nF for denuded oocytes (n = 10). The decrease in the total
membrane capacitance by removing follicle cells indicates that the follicle cell layer
was electrically connected to the oocyte membrane. Follicle cells are known to be
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connected to the oocyte membrane via gap junctions (Browne et al. 1979; Browne &
Werner, 1984; Van den Hoef et al. 1984). Another method to remove the connection
between follicle cells and the oocyte membrane was to treat follicular oocytes with
a gap junction blocker, 1-octanol (Lacy et al. 1989; Sandberg, Bor, Hong, Marwick,

A B C

I 50 nA

5 min

Fig. 7. Effect of removing the connection between the oocyte membrane and the follicle
cell layer on the GRH response. A, control. An outward current was evoked by 100 nM-
rat GRH in a Xenopus oocyte with the intact follicle cell layer. Introduction of 100 nM-rat
GRH into the experimental chamber is indicated by bars in all records. B, an oocyte
whose follicle cell layer was mechanically removed with forceps. C, an oocyte whose gap
junctions, which electrically connect the oocyte and the follicle cell layer, were blocked by
the pre-treatment with 1 mm-1-octanol.

Millan & Catt, 1990). The total capacitance value obtained from follicular oocytes
which were treated with 1 mM-1-octanol for 10-30 min was 303-8+ 27-6 nF (n = 4).
Octanol did not affect the oocyte membrane non-specifically; for example, the
resting potential, a good indication of oocyte condition, was not affected. Also,
octanol itself did not show any effect on its own when it was applied to oocytes by
perfusion. Oocytes were pre-treated with 1 mM-1-octanol and were exposed to
100 nM-rat GRH(1-29) together with 1 mM-l-octanol. No significant change in the
membrane current was observed from three oocytes as shown in Fig. 7C. A small
outward current of 11-5 nA in amplitude was observed from a fourth oocyte. In fact,
the average total capacitance value of octanol-treated oocytes was larger than that
of mechanically or enzymically denuded oocytes, suggesting that the blocking of gap
junctions by octanol was not always complete. These data obtained from denuded
and octanol-treated oocytes indicate that surrounding follicle cells play a major role
in the response to GRH.

DISCUSSION

Mechanism of the response to growth hormone-releasing hormone in Xenopus oocytes
In the present study, an outward current response was evoked by growth

hormone-releasing hormone (GRH) in Xenopus oocytes whose follicle cell layer was
intact (follicular oocytes). This response to GRH occurred in a dose-dependent
manner (Figs 2 and 3). The response to GRH was exclusively dependent on K+,
because it was inhibited by tetraethylammonium+ (TEA+) and when the external
concentration of K+ was increased a depolarizing shift in the reversal potential for
the response was in good agreement with that expected from the Nernst equation.
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Altering the external concentration of Na+ or Cl- did not induce any significant
change in the reversal potential for the GRH response. It has been reported that the
application ofGRH evoked rhythmic outward currents associated with an increased
conductance to K+ in rat anterior pituitary cells (Nussinovitch, 1988).

10 20
mGRH (142): His-ValAsp-Ala-le-Phe- TyLuSr FAlaA-Ly-[ I jKl-Ie-
rGRH (143): His-Asp-Ala-fle-Phe lce-Tyr-Arg -l Leu ly-Gln-Leu_Ala-Arg-Lys-Leu-Leu.isle-Ma
bGR1H (1-44): Tyr-Ala-Asp-Ala-fle-Phe-Thr-Asn-Sr-Tyr-Arg- ys-Val-LcuGy-Gln-Leu-Ser-Aa-Arg-Lys-Leu-Leu-Gln-Asp-IIe-Met
pGRH (144): Tyr-Ala-Asp-Ala-Ue-Phe-Thr-Asn-Scr-Tyr-Arg-Lys-Val- LuGly4Gln-Leu-Ser-Ala-Arg-Lys-Leu-Leu-Gln-Asp-ne-Met
hGRH (1-44): Tyr-Ala-AspAia-ne-Phe-Thr-Asn-Ser-Tyr-Arg-Lys-Val- LuGlyXln-Leu-Ser-Ala-Arg-Lvs-Leu-Leu-Gln-Asp-fl-Met

40
mGRH(1422)4L u-Gl jJ linE -Ala-Arg-Leu-Ser
rGRH (143): As n ly-lu-Arg-Asn-Oln-Glu--Guik-ScrfrgPheAsn
bGRH (1-44): vs-GGlu-Arg-Asn-lalu-GlnXly- Arg-Lcu
pGRH (1-44): S AG1l0 -G ln-GOlu-A1a-Arg{Va1 Arg-Lcu
hGRH (1.44): &K-L=

Fig. 8. Amino acid sequences ofGRHs derived from four different species (rat, cow, pig and
human) used in the present experiment. Mouse GRH is also shown for reference. Amino
acids shared by more than two species ofGRHs are boxed. Amino acids are numbered for
convenience.

It is apparent that the chelation of intracellular Ca2+ by BAPTA does not inhibit
the response to GRH and therefore the response is not dependent on the release of
Ca2+ from intracellular stores. In this respect the results are similar to those found
for the response to adenosine in Xenopus oocytes. The injection of Ca2' has been
shown to have no effect on the response to adenosine (Dascal et al. 1985) and the
injection of a Ca2+ chelator EGTA did not decrease the response (Stinnakre & Van
Renterghem, 1986).

In Xenopus oocytes, it has been suggested that pre-treatment with the adenylate
cyclase activator forskolin or with the cyclic AMP phosphodiesterase inhibitor
isobutylmethylxanthine (IBMX) causes an increase in intracellular cyclic AMP,
probably though activation of cyclic AMP-dependent protein kinases resulting in the
activation ofK+ channels, i.e. cyclic AMP-dependent K+ channels (Van Renterghem,
Penit-Soria & Stinnakre, 1984; Van Renterghem et al. 1985; Lotan, Dascal, Oron,
Cohen & Lass, 1985; Stinnakre & Van Renterghem, 1986; Smith, Brooker &
Brooker, 1987; Woodward & Miledi, 1987 a, b; Moriarty et al. 1988). The GRH
response was augmented in amplitude when follicular oocytes were pre-treated with
forskolin (Fig. 7), indicating that the K+ channel is cyclic AMP dependent. It is
known that the cyclic AMP system is involved in the secretory process of growth
hormone (GH) in response to GRH (Brazeau, Ling, Esch, Bohlen, Maugin &
Guillemin, 1982; Bilezikjian & Vale, 1983; Labrie, Gagne & Lefevre, 1983;
Schettinni, Cronin, Hewlett, Thorner & Macleod, 1984). The involvement of the
cyclic AMP pathway in the GRH response is also known in cultured ovine and bovine
pituitary cells (Law, Ray & Wallis, 1984; Hart, Ray & Wallis, 1988). These cells
respond to GRH in a dose-dependent manner (1 pM-100 nM) to produce a rise in GH
release and also in the intracellular level of cyclic AMP (Law et al. 1984; Hart et al.
1988). A role for cyclic AMP is also supported by the evidence showing that
phosphodiesterase inhibitors, cyclic AMP derivatives and activators of adenylate
cyclase can cause stimulation of the GH release (Brazeau et al. 1982).
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Species specificity observed in the GRH response
In the present study, follicular Xenopus oocytes responded only to rat GRH, both

the fragment (1-29) and the complete form (1-43), but not to porcine, bovine or
human GRH.
The amino acid sequences of these four different species ofGRH are shown in Fig.

8 and amino acids common to more than two GRHs are boxed (Guillemin, Brazeau,
Bohlen, Esch, Ling & Wehrenberg, 1982; Gubler, Monahan, Lomedico, Bhatt,
Collier, Hoffman, Bohlen, Esch, Ling, Zeytin, Brazeau, Poonian & Gage, 1983;
Spiess, Rivier & Vale, 1983; McCutcheon, Bauman, Murphy, Lance & Coy, 1984;
Mayo, Cerelli, Lebo, Bruce, Rosenfeld & Evans, 1985a; Mayo, Cerelli, Rosenfeld &
Evans, 1985 b; Frohman et al. 1989). Note that these four species ofGRH are similar
in structure. The overall homology among these GRH types is 65 %. When rat GRH
is omitted, bovine, porcine and human GRHs show homology as high as 89 %. The
homology of rat GRH with bovine, porcine and human GRHs is 72, 72, and 67 %,
respectively. Such a homology is enough for human GRH to evoke electro-
physiological responses in rat pituitary cells (Chen, Israel & Vincent, 1989).
Considering that human GRH is closer to porcine GRH (93% homology) than bovine
GRH (89% homology), we propose a possible evolutionary sequence of change which
occurred in the structure ofGRH of frog < rat < cow < pig < human. Recently, the
complete structure of mouse GRH consisting of forty-two amino acids was deduced
from its cloned DNA (cDNA; Frohman et al. 1989). It is interesting that the amino
acid sequence of mouse GRH shows quite a low homology (51 %) with that of rat
GRH even though they are both rodents. It is considered that the first amino acid
is important for GRH molecules to bind to the GRH receptor (Frohman et al. 1989).
The first amino acid of mouse GRH, like rat GRH, is histidine and it seems likely
that mouse GRH would evoke a response in follicular Xenopus oocytes. Unfor-
tunately, however, mouse GRH is not available at the moment. As for the
homology, the values of mouse GRH with bovine, porcine and human GRHs are 52,
50 and 50 %, respectively. These values are lower than those obtained for rat GRH.
Thus, it is suggested that the sequence of the evolutionary change in the structure
of GRHs occurred in the order: frog < mouse < rat < cow < pig < human.

Possible location of the GRH receptor
In the present study, the GRH response disappeared when the follicle cell layer

was removed mechanically with forceps or enzymically with collagenase (Fig. 7B),
as has been observed for other endogenous receptors (Kusano et al. 1982; Van
Renterghem et al. 1985; Miledi & Woodward, 1989b). Furthermore, the GRH
response was suppressed by treatment with a blocker of gap junctions, 1-octanol
(Fig. 7 C), as was the case for endogenous receptors for angiotensin II, adenosine and
adrenaline in follicular Xenopus oocytes (Lacy et al. 1989; Sandberg et al. 1990).
Responses in follicle cells can be recorded from oocytes because macrovilli of follicle
cells contact with microvilli of the oocyte via gap junctions, resulting in direct
electrical connection (Browne et al. 1979; Browne & Werner, 1984; Van den Hoef et
al. 1984). Gap junctions are known to be permeable to small ions and molecules
including cyclic AMP (Pitts & Sims, 1977; Lawrence, Bees & Gilula, 1978), inositol
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trisphosphate and Ca2" (Saez, Connor, Spray & Bennett, 1988). Many reported
endogenous receptors in Xenopus oocytes are thought to be in follicle cells activating
cyclic AMP-dependent K+ channels (Van Renterghem et al. 1984, 1985; Lotan et al.
1985; Stinnakre & Van Renterghem, 1986; Smith et al. 1987; Woodward & Miledi,
1987 a, b; Moriarty et al. 1988). In contrast, CCK and ACh act through the
phosphatidylinositol pathway (PI pathway) and are considered to be present in the
oocyte membrane (Kusano et al. 1982; Moriarty et al. 1988). The present data suggest
that GRH receptors are predominantly present in follicle cells and activate cyclic
AMP-dependent K+ channels.

Functional significance of GRH receptors in follicle cells
It is possible, if GRH receptors are indeed in follicle cells surrounding the oocyte,

that follicle cells play a role in controlling the development of oocytes by secreting
GH to oocytes. A further possibility for the role of GRH and the other endogenous
receptors which cause a rise in the cyclic AMP level of the oocyte (via gap junctions)
has been put forward by Moriarty et al. (1988). They suggested that the resulting rise
in cyclic AMP, which is known to maintain the Xenopus oocyte arrested in the first
meiotic prophase (Maller & Krebs, 1980), may regulate this arrest. Further study is
required to determine the function ofGRH receptors in development of the Xenopus
oocyte.

We thank Drs K. A. Eidne and P. L. Taylor, Mrs J. Zabavnik and Professors D. W. Lincoln and
C. R. House for their support, Mr D. G. Doogan for animal care, and Messrs T. E. McFetters,
E. W. Pinner and M. Yogata for making figures. The work was supported by the Medical
Research Council (MRC, UK) and S. Plant was an MRC student.

REFERENCES

BARISH, M. E. (1983). A transient calcium-dependent chloride current in the immature Xenopus
oocyte. Journal of Physiology 342, 309-325.

BARTH, L. G. & BARTH, L. J. (1959). Differentiation of cells of the Rana pipiens gastrula in
unconditioned medium. Journal of Embryology and Experimental Morphology 7, 210-222.

BILEZIKJIAN, L. M. & VALE, W. W. (1983). Stimulation of adenosine 3'-5' monophosphate
production by growth hormone-releasing factor and its inhibition by somatostatin in anterior
pituitary cells in vitro. Endocrinology 113, 1726-1731.

BOTON, R., DASCAL, N., GILLO, B. & LASS, Y. (1989). Two calcium-activated chloride conductances
in Xenopus laevis oocytes permeabilized with the ionophore A23187. Journal of Physiology 408,
511-534.

BRAZEAU, P., LING, N., ESCH, F., BOHLEN, P., MAUGIN, C. & GUILLEMIN, R. (1982). Somatocrinin
(growth hormone-releasing factor) in vitro bioactivity: Ca2l involvement, cAMP mediated action
and additive effect with PGE2. Biochemical and Biophysical Research Communications 109,
588-594.

BROWNE, C. L. & WERNER, W. (1984). Intercellular junctions between the follicle cells and oocytes
of Xenopus laevis. Journal of Experimental Zoology 230, 105-113.

BROWNE, C. L., WILEY, H. S. & DUMONT, J. N. (1979). Oocyte-follicle cell gap junctions inXenopus
laevis and the effect of gonadotropin on their permeability. Science 203, 182-183.

CHEN, C., ISRAEL, J. M. & VINCENT, J. D. (1989). Electrophysiological responses of rat pituitary
cells in somatotroph-enriched primary culture to human growth-hormone releasing factor.
Neuroendocrinology 50, 679-687.

DASCAL, N. (1987). The use ofXenopus oocytes for the study of ion channels. CRC Critical Reviews
in Biochemistry 22, 317-388.

664



GRH RECEPTORS IN XENOPUS OOCYTES

DASCAL, N., LOTAN, I., GILLO, B., LESTER, H. A. & LASS, Y. (1985). Acetylcholine and phorbol
esters inhibit potassium currents evoked by adenosine and cyclic adenosine monophosphate in
Xenopus oocytes. Proceedings of the National Academy of Sciences of the UISA 82, 6001-6005.

DUMONT, J. N. (1972). Oogenesis in Xenopus laevis (Daudin). I. Stages of oocyte development in
laboratory maintained animals. Journal of Morphology 136, 153-180.

FROHMAN, M. A., DowNs, T. R., CHOMCZYNSKI, P. & FROHMAN, L. A. (1989). Cloning and
characterization of mouse growth hormone-releasing hormone (GRH) complementary DNA:
increased GRH messenger RNA levels in the growth hormone-deficient lit/lit mouse. Molecular
Endocrinology 3, 1529-1536.

GUBLER, U., MONAHAN, J. J., LoMEDICO, P. T., BHATT, R. S., COLLIER, K. J., HOFFMAN, B. J.,
BOHLEN, P., ESCH, F., LING, N., ZEYTIN, F., BRAZEAU, P., POONIAN, M. S. & GAGE, L. P. (1983).
Cloning and sequence analysis of cDNA for the precursor of human growth hormone-releasing
factor, somatocrinin. Proceedings of the National Academy of Sciences of the USA 80, 4311-4314.

GUILLEMIN, R., BRAZEAU, P., BOHLEN, P., ESCH, F., LING, N. & WEHRENBERG, W. B. (1982).
Growth-hormone releasing factor from a human pancreatic tumor that caused acromegaly.
Science 218, 585-587.

HART, G. R., RAY, K. P. & WALLIS, M. (1988). Mechanisms involved in the effects of TRH on
GHRH-stimulated growth hormone release from ovine and bovine pituitary cells. Molecular and
Cellular Endocrinology 56, 53-61.

HODGKIN, A. L. & HUXLEY, A. F. (1952). A quantitative description of membrane current and its
application to conduction and excitation in nerve. Journal of Physiology 117, 500-544.

KUSANO, K., MILEDI, R. & STINNAKRE, J. (1977). Acetylcholine receptors in the oocyte membrane.
Nature 270, 739-741.

KUSANO, K., MILEDI, R. & STINNAKRE, J. (1982). Cholinergic and catecholaminergic receptors in
the Xenopus oocyte membrane. Journal of Physiology 328, 143-170.

LABRIE, F., GAGNE, B. & LEFEVRE, G. (1983). Growth hormone releasing factor stimulates
adenylate cyclase activity in the anterior pituitary gland. Life Sciences 33, 2229-2233.

LACY, M., MCINTOSH, R. P. & MCINTOSH, J. E. (1989). Angiotensin II stimulates an endogenous
response in Xenopus laevis ovarian follicles. Biochemical and Biophysical Research Communications
159, 658-663.

LAMB, T. D. (1985). An inexpensive digital tape recorder suitable for neurophysiological signals.
Journal of Neuroscience Methods 15, 1-13.

LATORRE, R., CORONADO, R. & VERGARA, C. (1984). K channels gated by voltage and ions. Annual
Review of Physiology 46, 485-495.

LAW, G. J., RAY, K. P. & WALLIS, M. (1984). Effects of growth-hormone releasing factor on growth
hormone and prolactin secretion from cultured ovine pituitary cells. FEBS Letters 166, 189-193.

LAWRENCE, T. S., BEERS, W. H. & GILULA, P. (1978). Transmission of hormonal stimulation by cell
to cell communication. Nature 272, 501-506.

LOTAN, I,. DASCAL, N., COHEN, S. & LASS, Y. (1982). Adenosine-induced slow ionic currents in the
Xenopus oocyte. Nature 298, 572-574.

LOTAN, I., DASCAL, N., ORON, Y., COHEN, S & LASS, Y. (1985). Adenosine induced K' current in
Xenopus oocytes and the role of adenosine 3'5'monophosphate. Molecular Pharmacology 28,
170-177.

MCCUTCHEON, S. N., BAUMAN, D. E., MURPHY, W. A., LANCE, V. A. & COY, D. H. (1984). Effect of
synthetic human pancreatic growth hormone-releasing factors on plasma growth hormone
concentrations in lactating cows. Journal of Dairy Sciences 67, 2881-2886.

MALLER, J. L. & KREBS, E. B. (1980). Regulation of oocyte maturation. Current Topics in Cellular
Regulation 16, 271-311.

MAYO, K. E., CERELLI, G. M., LEBO, R. V., BRUCE, B. D., ROSENFELD, M. G. & EVANS, R. M.
(1985a). Gene encoding human growth hormone-releasing factor precursor: structure, sequence,
and chromosomal assignment. Proceedings of the National Academy of Sciences of the USA 82,
63-67.

MAYO, K. E., CERELLI, G. M., ROSENFELD, M. G. & EVANS, R. M. (1985b). Characterization of
cDNA and genomic clones encoding the precursor to rat hypothalamic growth hormone-releasing
factor. Nature 314, 464-467.

MILEDI, R. & WOODWARD, R. M. (1989a). Membrane currents elicited by prostaglandins, atrial

665



6S. YOSHIDA AND S. PLANT

natriuretic factor and oxytocin in follicle enclosed Xenopus oocytes. Journal of Physiology 416,
623-643.

MILEDI, R. & WOODWARD, R. M. (1989b). Effects of defolliculation on membrane current responses
of Xenopus oocytes. Journal of Physiology 416, 601-621.

MORIARTY, T. M., GILLO, B., SEALFON, S. & LANDAU, E. M. (1988). Activation of ionic currents in
Xenopus oocytes by corticotropin-releasing peptides. Molecular Brain Research 4, 201-206.

NUSSINOVITCH, I. (1988). Growth hormone releasing factor evokes rhythmic hyperpolarizing
currents in rat anterior pituitary cells. Journal of Physiology 395, 303-318.

PETERSEN, 0. H. & MARUYAMA, Y. (1984). Calcium activated potassium channels and their role in
secretion. Nature 307, 693-696.

PHILLIPS, D. S. (1978). Basic Statistics for Health Science Students. W. H. Freeman and Company,
San Francisco.

PITTS, J. D. & SIMS, J. W. (1977). Permeability of junctions between animal cells: Intercellular
transfer of nucleotides but not macromolecules. Experimental Cell Research 104, 153-163.

REALE, V., ASHFORD, M. L. & BARNARD, E. A. (1987). Vasoactive intestinal peptide (VIP) induces
a K+ current in the Xenopus oocyte membrane. Neuroscience Letters 83, 89-94.

RUDY, B. (1988). Diversity and ubiquity of K channels. Neuroscience 25, 729-749.
SAEZ, J. C., CONNOR, J. A., SPRAY, D. C. & BENNETT, M. V. C. (1988). Hepatocyte gap junctions

are permeable to the second messengers inositol 1,4,5-trisphosphate and to calcium ions.
Proceedings of the National Academy of Sciences of the USA 86, 2708-2712.

SANDBERG, K., BOR, M., HONG, J., MARWICK, A., MILLAN, M. A. & CATT, K. J. (1990). Angiotensin
l1-induced calcium mobilization in oocytes by signal transduction through gap junctions. Science
249, 298-301.

SCHETTINNI, G., CRONIN, M. J., HEWLETT, E. L., THORNER, M. 0. & MACLEOD, R. M. (1984).
Human pancreatic tumor growth hormone releasing factor stimulates anterior pituitary
adenylate cyclase activity. Adenosine 3'5'-monophosphate accumulation and growth hormone
release in a calmodulin-dependent manner. Endocrinology 115, 1308-1314.

SHARP, A. P. & THOMAS, R. C. (1981). the effects of chloride substitution on intracellular pH in crab
muscle. Journal of Physiology 312, 71-80.

SMITH, A. A., BROOKER, T. & BROOKER, G. (1987). Expression of rat mRNA coding for hormone
stimulated adenylate cyclase in Xenopus oocytes. FASEB Journal 1, 380-387.

SNUTCH, T. P. (1988). The use of Xenopus oocytes to probe synaptic communication. Trends in
Neurosciences 11, 250-256.

SOREQ, H. (1985). The biosynthesis of biologically active proteins in mRNA-microinjected Xenopus
oocytes. CRC Critical Reviews in Biochemistry 18, 199-238.

SPIESS, J., RIVIER, J. & VALE, W. (1983). Characterisation of rat hypothalamic growth hormone
release factor. Nature 303, 532-535.

SUMIKAWA, K., PARKER, I. & MILEDI, R. (1984). Messenger RNA from rat brain induces
noradrenalin and dopamine receptors in Xenopus oocytes. Proceedings of the Royal Society B 223,
255-260.

STINNAKRE, J. & VAN RENTERGHEM, C. (1986). Cyclic adenosine monophosphate, calcium,
acetylcholine and the current induced in the Xenopus oocyte. Journal of Physiology 374, 551-569.

TAKAHASHI, T., NEHER, E. & SAKMANN, B. (1987). Rat brain serotonin receptors in Xenopus
oocytes are coupled by intracellular calcium to endogenous channels. Proceedings of the National
Academy of Sciences of the USA 84, 5063-5067.

VAN DEN HOEF, N. H. F., DICTUS, W. J. A., HAGE, W. J. & BLUEMINK, G. J. (1984). The
ultrastructural organisation of gap-junctions between follicle cells and the oocyte in Xenopus
laevis. European Journal of Cell Biology 33, 242-247.

VAN RENTERGHEM, C., PE~NIT-SORIA, J. & STINNAKRE, J. (1984). 3-Adrenergic induced potassium
current in Xenopus oocytes: involvement of cyclic AMP. Biochemie 66, 135-138.

VAN RENTERGHEM, C., PE~NIT-SORIA, J. & STINNAKRE, J. (1985). 3-Adrenergic induced potassium
current in Xenopus oocytes: role of cyclic AMP, inhibition by muscarinic agents. Proceedings of
the Royal Society B 223, 389-402.

WOODWARD, R. M. & MILEDI, R. (1987a). Hormonal activation of membrane currents in follicle
enclosed Xenopus oocytes. Proceedings of the National Academy of Sciences of the USA 84,
4135-4139.

666



GRH RECEPTORS IN XENOPUS OOCYTES 667

WOODWARD, R. M. & MILEDI, R. (1987 b). Membrane currents elicited by porcine vasoactive
intestinal peptide (VIP) in follicle Xenopus oocytes. Proceedings of the Royal Society B 231,
489-497.

YAMASHITA, N. (1982). Enhancement of ionic currents through voltage-gated channels in the
mouse oocyte after fertilization. Journal of Physiology 329, 263-280.

YOSMDA, S., PLANT, S., TAYLOR, P. L. & EIDNE, K. A. (1989). Chloride channels mediate the
response to gonadotropin-releasing hormone (GnRH) in Xenopus oocytes injected with rat
anterior pituitary mRNA. Molecular Endocrinology 3, 1953-1960.


