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ABSTRACT: Electrophysiological events occur early after fertilization, along with changes in intracellular
Ca2+ concentration . Passive electrical parameters were determined in golden hamster oocytes by whole cell
patch-clamp method. In separate experiments the effect of 4-aminopyridine on resting oocytes was tested.
The single-channel patch clamp configuration was employed to assess the electrical response to fertilization
with homologous sperm. Structure of oocytes submitted to patch clamp was evaluated with scanning electron
microscopy and found to be preserved.

Oocyte diameter was 70.2 ± 2.2 µm; their resting parameters were: membrane potential 23.8 ± 0.8 mV;
total membrane specific resistance 519.1 ± 94.6 Ω.cm2, and specific capacity 0.99 ± 0.03 µF.cm-2. Total
membrane current was decreased by 42 % by 4-aminopyridine.

Control oocytes and oocytes exposed to sperm differed in their membrane currents in response to a
voltage ramp clamping membrane potential from – 100 mV to + 100 mV. In both cases, currents were largest
at the most negative potentials, but sperm-exposed oocytes had larger currents. Additionally, while in control
oocytes  the current was inward at negative potentials but outward at positive potentials, in the presence of
spermatozoa oocytes was inward within the whole voltage range tested. This latter current may represent Ca2+

entry.
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Introduction

Fertilization may be viewed as a highly specific
form of cell-cell interaction, which results in the gen-
eration of a new member of the species. The first step
of fertilization is gamete recognition, which, if success-
ful, is followed  by gamete binding and fusion. This sin-

gular, specialized cell-cell interaction involves recipro-
cal activation of the spermatozoon and oocyte, which
results in metabolic activation of the latter and eventu-
ally, in resumption of meiosis. Two events mark the be-
ginning of the oocyte response, namely cytosolic Ca2+

waves and a change of the oocyte membrane potential
(Tosti and Boni, 2004).

Ca2+ is the major second messenger involved in
oocyte activation. When mammalian oocytes are fertil-
ized, an initial increase of oocyte cytosolic Ca2+ is fol-
lowed by a number of Ca2+ waves or periodic oscilla-
tions in Ca2+ concentration (Melman and Kline, 1994;
Nakada and Mizuno, 1998; Stricker, 1999; Sun and
Nagai, 2003).
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Concurrently with the beginning of the Ca2+ waves,
although bearing a complex and probably species-spe-
cific relationship with them, the oocyte undergoes
changes in transmembrane potential. Fertilization po-
tentials differ among phyla. In non-mammalian oocytes,
spermatozoa trigger a depolarization, while in mamma-
lian species the characteristic response is a hyperpolar-
ization caused by the opening of Ca2+-sensitive K+ chan-
nels. This hyperpolarizing response has been documented
in several mammalian species by classical electrophysi-
ological techniques (Miyazaki and Igusa, 1981, 1982) or
whole-cell patch clamp (Gianaroli et al., 1994; Dale et
al., 1996; Tosti et al., 2002). In the present study, the
electrical response to fertilization in the golden hamster
(Mesocricetus auratus) was studied by the single chan-
nel patch-clamp technique.

Materials and Methods

Chemicals and solutions

With the exceptions noted below, all chemicals were
obtained from Sigma Chemical (St. Louis, MO, USA).
Follicle-stimulating hormone was from Massone and
human chorionic gonadotropin from Elea.

For oocyte and sperm isolation the HECM-3 me-
dium was employed (Goud et al., 1998). The same me-
dium was also used for the patch clamp experiments.
The HECM-3 medium had the following composition:
NaCl 113.8 mmol/L, KCl 3.0 mmol/L, CaCl

2
 1.9 mmol/

L, MgCl
2
 0.46 mmol/L, NaHCO

3
 15.0 mmol/L, HEPES

10.0 mmol/L, sodium lactate 3.5 mmol/L, L-glycine 2.0
mmol/L, L-hypotaurine 1.0 mmol/L, L-glutamine 0.2
mmol/L, Fraction V bovine serum albumin 3 g/L, peni-
cillin 65 mg/L, and streptomycin 65 mg/L. For single
channel recording, the micropipettes were filled with a
medium resembling intracellular fluid, with the follow-
ing composition: KCl 140.0 mmol/L, CaCl

2
 0.5 mmol/

L, EGTA 5.5 mmol/L, MgCl
2
 2.0 mmol/L, and HEPES

10.0 mmol/L.

Oocytes and spermatozoa

Hamsters were housed and handled in the Institute
of Histology and Embryology according to the Medical
Sciences School guidelines for the care and use of ex-
perimental animals.

Metaphase II oocytes were obtained from adult
hamster females (5 to 6 week-old) submitted to sequen-
tial stimulation with i.p. follicle-stimulating hormone

(20 U) followed  48 h later by i.p. human chorionic go-
nadotropin (Goud et al., 1998; see also Fleming and
Yamaguchi, 1980; Greenwald, 1993). Animals were
killed by cervical dislocation 24 h after the last injec-
tion. The Fallopian tubes were dissected and perfused
with culture medium HCM-3 through a 28 G hypoder-
mic needle to obtain the oocytes. In order to free oo-
cytes from the cumulus oophorus and the zona pellu-
cida, they were treated, respectively, with hyaluronidase
and trypsin (both 1 mg/mL) for 15 min. Cumulus-free,
zona pellucida-free oocytes were then washed three
times and classified. Oocytes with abnormal morphol-
ogy were discarded.

Spermatozoa were collected from 3 to 6 month-old
male hamster of proven fertility.  Cauda epididymes were
carefully removed and  placed in HECM-3 medium, cut
into many pieces with fine scissors, allowing the sper-
matozoa to flow out spontaneously.  Spermatozoa were
collected and incubated at 37oC in a 5% CO

2
 in air at-

mosphere at 100% relative humidity for 2 h. Their mo-
tility was assessed. Sperm count was performed with a
Neubauer hematocytommetry chamber.

Patch-clamp recording

Microelectrodes were made with heparin-free
microhematocrit pipettes (Paralwall). To improve adher-
ence of the tip to the oocyte membrane, pipettes were
washed for 10 min in 1% NaOH at 95ºC, then for 2 min
in 5% HCl, washed thoroughly with bidistilled water at
room temperature, and finally dried in a stove at 200oC
for 30 min. Microelectrodes were prepared by stretch-
ing the pipettes with a two-step puller (Narishige, Model
PP-83). The micropipettes thus obtained had their tips

TABLE 1.

Passive membrane properties of hamster oocytes

Variable Mean ± SEM

Diameter 70.2 ± 2.2 mm

Membrane potential 23.8 ± 0.8 mV

Membrane resistance 519.1 ± 94.6 W.cm2

Membrane capacitance 0.99 ± 0.03 mF.cm-2

Seal resistance 3.80 ± 0.30 GW

Values were determined in the whole cell patch-clamp
configuration at room temperature in non-stimulated
oocytes (n = 10) in HECM-3 medium.
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heat-polished with a microforge (Narishige, Model MF-
830).

Microelectrodes intended for single channel patch-
clamp were insulated with a thick layer of hydrophobic
resin Sylgard 184 (Dow Corning). For recording in the
single-channel mode, micropipettes were filled with
HECM-3, while for whole-cell recording micropipettes
were filled with the intracellular fluid-like solution.

To minimize noise, the recording setup was sur-
rounded by a grounded Faraday cage. A plastic Petri
dish   containing the oocytes was placed on the stage of
an inverted microscope (Olympus, Model CK 2).  The
micropipette tip was positioned on the oocyte membrane
with a pneumatic micromanipulator (Narishige, Model
MHW-3). Afterwards negative (subatmospheric) pres-
sure  was gently applied with a syringe to foster the
development of a high resistance seal between the mi-
cropipette tip and the oocyte membrane. No additional
maneuver was necessary for single-channel recording.
For whole-cell recording mode, on the other hand, after
the seal was formed a second suction step was performed
to establish continuity between the oocyte cytoplasm
and the micropipette contents.

The micropipette was connected to a high input
impedance preamplifier (Dagan 8910) which fed the
main amplifier (Dagan 8900). Signals were monitored

with an oscilloscope and data were continuously re-
corded in a personal computer. Membrane seal resis-
tance (R

s
) was measured  when a lineal signal was re-

corded. Applied stimuli were regulated through the
Pclamp 6 software (Axon Instruments, Inc.).

Basal electrical properties and effect of 4-aminopyridine

Oocytes (n = 2 or 3 per experiment) were placed in
a plastic Petri dish with 3 mL of HECM-3 solution ex-
posed to air and placed on the stage of an inverted mi-
croscope Olympus CK 2. Experiments were carried out
at room temperature under whole-cell configuration.

Total ionic current in response to square wave volt-
age clamp steps was determined. In separate experi-
ments, recordings were also obtained after addition of
the K+-channel blocker, 4-aminopyridine (30 mmol/L).

Fertilization with homologous spermatozoa

Oocytes were set as stated above at room tempera-
ture and patched in single channel configuration.  After
the seal was established, an aliquot of 30 µL of HECM-
3 solution with 106 spermatozoa/mL was added. In con-
trol experiments, 30 µL of HECM-3 without spermato-
zoa were added.

FIGURE 1. The response to a depolarizing voltage step of 10 mV from a holding potential of –70
mV was determined in the whole cell patch clamp configuration in separate experiments in oo-
cytes under control conditions (n = 14) and in the presence of 4-aminopyridine (30 mmol/L; n =
14). Values are mean ± SD.  * P = 0.001;  §  P = 0.036.
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Oocytes exposed to spermatozoa and controls were
submitted to the same patch-clamp protocol 5 min after
the addition of sperm or vehicle. For single channel
configuration, the membrane potential was clamped
with a ramp waveform in the range from – 100 mV to +
100 mV, with a total duration of 2 500 milliseconds.
Fifteen to 20 runs were performed for each oocyte.

Scanning electron microscopy

At the end of each experiment, oocytes with at-
tached recording micropipette tips were fixed in 2.5%
picric acid/paraformaldehyde and 2% glutaraldehyde in
phosphate buffered saline (pH 7.4) at 4oC and left over-
night at room temperature. Then they were repeatedly
rinsed  in phosphate buffered saline, mounted in mica
grids covered with 1% gelatin, and dehydrated with se-
ries of increasing concentrations of ethanol and acetone.
They were submitted to a critical point drying system
(Sorval) and afterwards covered with gold with a sput-
ter device (Balzer Union). Oocytes were observed with
a Siemens ETEC scanning electron microscope at an
accelerating voltage of 20 kV.

Statistical analysis

Differences between electrophysiological proper-
ties under basal conditions and after addition of 4-

aminopyridine, and between single channel-currents in
fertilized oocytes and controls  were analyized with a
two tailed Student’s t test for unpaired samples. Best fit
for current-voltage curves were determined by a least-
square algorithm. The current-voltage relationship was
assessed by linear regression analysis. The best fit for
the current-voltage relationship was determined by a
Stephan Boltzmann approximation (Cui et al., 1997).
Unless otherwise stated, results are expressed as mean
± standard error of the mean (SEM). A value of P < 0.05
was deemed significant.

Results

Basal properties and effect of 4-aminopyridine

Seal resistance was time-dependent, approaching
a constant value after 10 min as shown by the high lin-
ear correlation coefficient between current and voltage
reached at that time (r2 = 0.99). Recording a stable nega-
tive potential indicated that the oocyte cytoplasm had
been accessed. The basal membrane properties of oo-
cytes, as determined after the seal resistance was stabi-
lized, are shown in Table 1. Single oocyte capacitance
of was 20.00 ± 0.06 pF (n = 10). Membrane specific
capacitance was calculated from the measured oocyte
diameter,  taking into account the known increase in

FIGURE 2. Recordings of current in single-channel patch-clamp configuration in an oocyte exposed to vehicle
(left) and an oocyte exposed to spermatozoa (right).  A ramp protocol with a total duration of 2 500 ms clamped
the membrane potential in the range –100 to +100 mV. Membrane current is larger in the sperm-exposed
oocyte. Notice the different position of the zero current point.
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surface area caused by microvilli (Zamboni, 1970;
Suzuki et al., 1994). Figure 1 presents the effect of 4-
aminopyridine on total ionic current and membrane
conductance. It can be seen that both electrophysiologi-
cal variables were consistently and  significantly reduced
by the drug.

Fertilization with homologous spermatozoa

After stabilization, seal resistance for the single
channel patch-clamp configuration was 30.0 ± 7.0 GΩ
(n = 40). Oocytes exposed to spermatozoa had a larger
current in response to the voltage clamp. Representa-

FIGURE 4.  Current-voltage (I/V) relationship  from experiments with control oocytes (left) and  sperm-exposed oo-
cytes (right); each n = 5.  In both cases, the continous trace represents the mean I/V relationship calculated with a
Boltzmann approximation method.  Notice the different position of zero in the current axis.

FIGURE 3.  Current-voltage (I/V) relationship  from two representative complete experiments (15 runs
each) with a control oocyte (left) and a sperm-exposed oocyte (right).  In both cases, the continous trace
represents the mean I/V relationship calculated with a Boltzmann approximation method. Notice that the
current crosses the zero value in the control situation, but remains negative (inwardly directed) throughout
the clamping voltage range in the sperm-exposed oocyte.
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tive recordings of a single run for a control oocyte, and
of a single run for an oocyte exposed to spermatozoa,
are shown in Figure 2. The larger current in the latter
can be seen both at the beginning of the run, and smaller
peaks, but still larger than those of the control, are seen
near the end. Initial peaks correspond to inward cur-
rent, while final peaks are outward current.

Figure 3 represents a whole experiment in an oo-
cyte exposed to vehicle and an oocyte exposed to sper-
matozoa. The curve is the mean value of the relation-
ship between membrane potential and membrane
current. It can be seen that current is larger in the pres-
ence of sperm.

A plot of experiments with five oocytes exposed to
vehicle and with five oocytes exposed to sperm is shown
in Figure 4. Again, in sperm-exposed oocytes the cur-
rent is larger at negative membrane potentials. Addi-
tionally, while the current shows reversal from inward
to outward at a  membrane potential close to 0 mV in
vehicle-exposed oocytes, in sperm-exposed oocytes it
decreases but remains inwardly directed even at  posi-
tive membrane potentials.

Scanning electron microscopy

Zona-free oocyte surface appeared normal in scan-
ning electron microphotographs. At the point where the

micropipette tip  was attached, a net, clear mark can be
seen. Protrusions of the oocyte plasma membrane
around this area may indicate the contact between the
oolemma and the electrode tip which allowed the
gigaohm seal (Fig. 5).

Discussion

The morphological and electrophysiological char-
acteristics of oocytes employed in the present study
indicate both their structural and functional integrity.
Scanning electron microscopy of oocytes after the elec-
trophysiological experiments allowed checking the
ultrastructural features of oocytes and the point of con-
tact between the oocyte and the microelectrode tip.

Basal membrane electrophysiological properties
found in the present study were in general agreement
with those reported by Miyazaki and Igusa (1982) for
hamster oocytes studied with conventional electrophysi-
ological techniques. These properties included the rest-
ing potential and also membrane capacity, which was
found to be about four times larger than those reported
for most biological membranes (i.e., about 1 µF.cm-2) if
a smooth spherical oocyte shape was assumed. This
suggests that the oocyte microvilli increase the effec-
tive surface of the membrane about four times.

Experiments with 4-aminopyridine demonstrated
that it reduced both membrane conductance and total
membrane current in response to a small depolarizing
voltage step. The effect of 4-aminopyridine on oocyte
electrophysiology is remarkable, since this drug is known
to block voltage gated outward K+ channels with fast ac-
tivation and inactivation which have a role in muscle and
nerve action potentials. Thus, 4-aminopyridine effects
have been well characterized in excitable tissues, like
the myocardium  (Carmeliet, 1999) and the nervous
system, where it even has been found to possess thera-
peutic properties in demyelinating disorders (Hayes,
2004). In contrast, to the best of our knowledge, 4-
aminopyridine has not been previously shown to modify
membrane current or total conductance in mammalian
oocytes. Therefore, these effects await both indepen-
dent confirmation and further exploration.

Previous reports on electrical events triggered by
fertilization in mammalian oocytes (reviewed by Tosti
and Boni, 2004) have employed either traditional elec-
trophysiological techniques (Miyazaki and Igusa, 1981,
1982) or whole-cell patch clamp (Gianaroli et al., 1994;
Dale et al., 1996; Tosti et al., 2002). Both of these ap-
proaches have an inherently low power to discriminate

FIGURE 5. Scanning electron microphotograph of
a cumulus-free, zona-free oocyte employed in a
patch-clamp experiment. The area of contact with
the microelectrode tip is clearly seen (arrow). Mag-
nification X 3000.

→
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several components of a membrane current. On the other
hand, the technique employed in the present paper yields
information on the behavior of single channels, or at
most a few channels, which are located within the mem-
brane just below the electrode tip.

The voltage steps applied are well within the toler-
ance to electrical pulses reported for oocytes (Tan et
al., 1996), thus ruling out possible electric breakdown
of the oocyte membrane in the applied voltage clamp-
ing range.

The single channel response of non-stimulated oo-
cytes within the range tested was characterized by its
low amplitude and its reversal at a clamped potential
close to 0 mV. In other words, the current was reversed
from negative (inward) at negative clamping potentials
to positive (outward) at positive clamping potentials.
This behavior of control oocytes suggests that it corre-
sponds to non-specific currents (De Simone et al., 1998)
carried through ionic channels of low selectivity.

The stimulation with homologous spermatozoa
used in the present study has been previously shown to
be highly effective for activation of zona-free hamster
oocytes (Maleszewski et al., 1995). In the presence of
spermatozoa, oocytes developed higher inward currents
than controls. As in control oocytes, the highest cur-
rents were recorded at highly negative clamping poten-
tials. However, in contrast with the non-stimulated oo-
cytes the current remained inwardly directed even at
positive clamping voltages. This  indicates that it corre-
sponds to ionic species with a highly positive electro-
chemical potential, like calcium ions. Together with
previous evidence indicating entry of Ca2+ as an early
activation phenomenon in mammalian oocytes (Melman
and Kline, 1994; Nakada and Mizuno, 1998; Stricker,
1999; Sun and Nagai, 2003), this strongly suggests that
the oocyte currents recorded in the presence of sperma-
tozoa represent Ca2+ entry.
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