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Effects of Estradiol and Progesterone on Voltage-Gated Calcium 
and Potassium Conductances in Rat CA1 Hippocampal Neurons 
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Institute for Neurobiology, Amsterdam Graduate School “Neurosciences,” 1098 SM Amsterdam, The Netherlands 

In this study we recorded voltage gated Ca and K conduc- 
tances with patch electrodes in hippocampal slices from 
female rats, which were ovariectomized (OVX) 1 week be- 
fore the experiment. One experimental group was primed 
with estradiol at day 3 and 4 after OVX and received pro- 
gesterone 4 hr before the start of the experiment. The sec- 
ond group was treated with estradiol at day 3 and 4, but 
received vehicle at the day of the experiment. The third 
group was not treated with hormones (only vehicle injec- 
tions). We observed that the amplitude of both sustained 
and transient Ca currents were significantly enhanced in 
CA1 pyramidal neurons recorded in tissue from estradiol 
primed rats receiving progesterone when compared to the 
nontreated OVX controls; without estradiol priming Ca cur- 
rent amplitudes were small. Current amplitudes in tissue 
from rats treated with estradiol only, were at intermediate 
values. The voltage for half-maximal steady state inacti- 
vation of the transient Ca current was at a less negative 
value for the estradiollprogesterone treated group in com- 
parison to the OVX controls. Input resistances of the cells, 
and voltage or kinetic properties of the currents as record- 
ed under these conditions were comparable for the three 
groups. Characteristics of two voltage gated K conduc- 
tances, that is, the transient IA and the delayed rectifier, 
displayed no consistent differences for the three experi- 
mental groups. We conclude that long-term modulation of 
estradiol and progesterone levels alters the Ca but not the 
K currents that were tested in CA1 pyramidal neurons. 
These alterations may be linked to steroid-induced mor- 
phological changes in dendrites of CA1 pyramidal cells. 

[Key words: estradiol, progesterone, Ca current, K cur- 
rent, ovariectomy, CA1 area, hippocampus, patch-clamp 
recording, rat] 

The rat female sex steroid hormones estradiol and progesterone 
can pass the blood brain barrier and bind to discretely localized 
intracellular receptors in the brain (Pfaff and Keiner, 1973; Par- 
sons et al., 1982; Cintra et al., 1986; Loy et al., 1988). These 
receptors are highly expressed in rat hypothalamus, preoptic area 
and some limbic structures (Pelletier et al., 1988; Simerly et al., 
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1990; Hagihara et al., 1992). Pyramidal neurons in the hippo- 
campal CA1 area contain intracellular receptors for progesterone 
and, to a lesser degree, for estradiol (Pelletier et al., 1988; Ha- 
gihara et al., 1992). In addition to these intracellular receptors 
which act as transcription factors on the genome, the presence 
of membrane receptors for the sex hormones has been postulat- 
ed; membrane receptors are thought to mediate rapid actions of 
estradiol, progesterone, and their metabolites (for reviews, see 
Majewska, 1992; Paul and Purdy, 1992; Simmonds, 1992). 

The presence of intracellular receptors for progesterone and 
estradiol in CA1 pyramidal neurons raised the question if and 
how the female sex hormones affect characteristics of these neu- 
rons. Recently, a series of experiments by McEwen and co- 
workers showed that treatment of ovariectomized (OVX) rats 
with estradiol and progesterone increased the density of den- 
dritic spines on distal dendrites of CA1 pyramidal neurons when 
compared to the neurons in tissue from untreated OVX rats 
(Gould et al., 1990). Maximal differences were observed 2-3 d 
after estradiol and 2-6 hr after progesterone treatment (Woolley 
and McEwen, 1993). Differences in hippocampal dendritic spine 
density were also observed during various stages of the estrous 
cycle (Woolley et al., 1990; Woolley and McEwen, 1992). The 
steroid dependency of dendritic spine density may be linked to 
changes of intrinsic membrane properties and synaptic responses 
of CA1 neurons. In accordance with the latter, Wong and Moss 
(1992) reported that 2 d after treatment with estradiol the du- 
ration of the excitatory postsynaptic potential and repetitive fir- 
ing induced by synaptic stimulation were enhanced compared to 
neurons in untreated OVX control tissue. 

In the present study we examined if modulation of estradiol 
and progesterone levels in OVX rats, known to alter the hip- 
pocampal dendritic spine density, affects the characteristics of 
voltage gated ion currents, recorded with patch electrodes in the 
soma of CA1 pyramidal neurons. In one series of experiments 
we focused on two Ca conductances, that is, a rapidly inacti- 
vating, low-threshold current which is at least partly generated 
in distal dendrites (Karst et al., 1993a) and a high-threshold cur- 
rent which displays very little voltage dependent inactivation. In 
another series we examined two K conductances, that is, the 
transient Z, and the delayed rectifier. The Ca and K currents were 
recorded in three experimental groups: the first group consisted 
of OVX rats which received estradiol at 3 and 4 d after OVX 
and progesterone at 4 hr before the start of the experiment. The 
second group was only treated with estradiol, while the third 
group received no steroid treatment. The steroid doses and ap- 
plication scheme were selected to evoke maximal effects on’ hip- 
pocampal dendritic spine density. Input resistances, current am- 
plitude and voltage or kinetic properties of the Ca and K con- 
ductances were compared for the three experimental groups. 
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Materials and Methods 

Thirty-eight virgin female Wistar rats (Harlan TNO, Zeist; ca. 150 gm) 
were used for the study. The rats were housed in an animal house with 
alternating light-dark cycle (8:00 A.M. lights on, 12 hr cycle) and re- 
ceived food and water ad libitum. All rats were ovariectomized (OVX) 
1 week before the experiment, under ether anaesthesia. Three experi- 
mental groups were discerned. (1) Nine animals received a subcutane- 
ous injection with estradiol benzoate (10 p,g/O.l ml peanut oil) both at 
3 and 4 d after OVX and with progesterone (500 kg/O.1 ml peanut oil) 
at 4 hr before the start of the experiment (decapitation). (2) Ten animals 
were only treated with estradiol and received a peanut oil injection 4 
hr before the experiment. (3) Thirteen animals received only peanut oil 
injections, at 3 and 4 d after OVX and 4 hr before the experiment. 
Approximately half of the experiments were performed in a double 
blind fashion. The results from the double blind experiments did not 
differ from the remaining data. The selected hormone replacement was 
nearly the same as the one described by Gould et al. (1990). In a follow- 
up study we also examined six animals which received progesterone at 
4 hr before the start of the experiment, but were not subjected to prior 
estradiol treatment. Estradiol benzoate and progesterone were supplied 
by Organon Int. (Oss, The Netherlands). 

At the day of the experiment the rat was placed in a novel environ- 
ment (clean cage) 30-60 min before decapitation, thus introducing a 
mild stress. The ensuing (moderately high) corticosteroid levels will 
mask possible variance in corticosteroid baseline levels between rats the 
hour before sacrifice, and result in occupation of most of the mineral- 
ocorticoid and a considerable part of the glucocorticoid receptors in all 
experimental animals, at the start of the experiment (Rem et al., 1987). 
A comparable corticosteroid receptor occupation in hippocampal tissue 
between groups is important, since recent studies show that the degree 
of corticosteroid receptor activation in part determines Ca current am- 
plitudes (Karst et al., 1994). The rats were decapitated under ether an- 
esthesia and trunk blood was collected for determination of plasma es- 
tradiol, progesterone and corticosterone with a radioimmunoassay. The 
brain was dipped in cold (4°C) carbogenated (95% O,, 5% CO;) arti- 
ficial cerebrosoinal fluid (ACSF) of the followinp. composition, in mM: 
124 NaCI, 3S&KCl, 1.25 ‘NaH,PO,, 1.5 MgSO,,?2 Cadl,, 25 NaHCO,, 
10 glucose, pH 7.4, -300 mOsm. The hippocampus was quickly dis- 
sected. One lobe was kept in 4% paraformaldehyde in 0.1 M phosphate 
buffer with 15% picric acid for later histological analysis, the other lobe 
was cut in transverse slices (120 pm) on a tissue chopper. Hippocampal 
slices were kept at room temperature in a holding chamber with car- 
bogenated ACSE One slice at a time was transferred to a recording 
chamber, submerged and continuously perfused (2 ml/min) with warm 
(32°C) carbogenated ACSE 

Hippocampal pyramidal CAI neurons were selected for recording 
with a light microscope (Nikon 104), using a magnification of 400X, 
that is, 40X water immersion objective and 10X ocular. With a patch 
pipette (pulled on a Sutter micropipette puller from 1.5 mm outer di- 
ameter borosilicate glass; 1.5-3.0, Ma) the selected cell was ap- 
proached. Positive pressure ensured that the tip of the electrode was 
kept clean and that the surface of the membrane was freed from sur- 
rounding neuropil (based on the method of Edwards et al., 1989) When 
the tip of the electrode was placed on the membrane, a gigaseal was 
established by application of light suction; additional suction resulted 
in the whole cell recording configuration. For the recording of Ca cur- 
rents, the pipette solution consisted of (in mM) 100 CsE 0.5 CaCI,, 2 
MgCl,, 2 MgATP, 0.1 NaGTP 10 HEPES, 10 EGTA, 20 creatine phos- 
phate, 50 U/ml creatine phosphokinase, 0.1 albumin, 20 TEA Cl, pH 
7.4, 300 mOsm. This solution was frozen and kept on ice during the 
day of the experiment. Furthermore, 0.5 pM tetrodotoxin was added to 
the extracellular ACSF to block Na currents; K conductances were 
blocked by extracellular addition of 10 mM tetraethylammonium HCI, 
5 mM of 4-aminopyridine, and 5 mu CsCl. When we recorded K con- 
ductances the pipette solution consisted of (in mM) 140 KE 2 MgCI,, 
1 CaCI,, 10 HEPES, 10 EGTA, pH 7.4. TTX (0.5 PM) tetrodotoxin was 
added to the ACSE 

Whole cell currents were measured under voltage-clamp conditions 
using a Biologic RK300 amplifier. Data was collected with an Atari 
computer, at 1 and 5 kHz sampling rate (of the computer) for Ca and 
K currents, respectively. We used an acquisition and analysis program 
developed in-house. Voltage step protocols were generated by the ac- 
quisition program. Each cell was subjected to the same sequence of 
timed voltage protocols, as described elsewhere (Karst et al., 1993b; 
Karst et al., 1994). Activation of Ca currents was recorded at 5, 10, and 

20 min., and inactivation properties immediately and 15 min. after es- 
tablishing the whole cell configuration. We observed that, although Ca 
currents were immediately visible, the amplitude typically increased 
over the first 5-7 min, next stabilized for about 10 min and then grad- 
ually declined (but usually still amounted to >70% of the maximal 
amplitude after 20 min). All data about Ca current activation presented 
in this article were collected at 10 min after the whole cell configuration 
was established; we describe the inactivation properties observed after 
15 min. Activation of K currents was recorded at 5 and 15 min and 
inactivation immediately after and 10 min after breaking into the cell; 
we here describe the activation properties observed after 5 min and 
inactivation of K current after 10 min. 

Single exponential functions were fitted to the inactivation phase of 
the transient inward Ca current and the first 100 msec of the outward 
K current 2,. The same least-square minimization algorithm was used 
to estimate the Boltzmann curves for steady-state inactivation of the 
transient Ca and K currents. Routinely, correction for linear leak-cur- 
rent, as estimated from sequential depolarizing and hyperpolarizing 
voltage steps of 5 mV and 50 msec duration at holding potential, was 
performed for both K currents and Ca currents (see Fig. 1A). Since 
patch-clamp recording in slices with an upright microscope, as we used 
in the present study, introduces relatively large capacity transients we 
also corrected for the capacity. Thus, for each cell the capacity transient 
for a voltage step from - 130 to -90 mV (where no voltage gated ion 
currents are activated) was fitted with two time constants (typically 
around 3 and 15 msec). These time constants were used to calculate 
capacity transients for all voltage steps; the Ca currents were then cor- 
rected for these transients. Current properties were not basically altered 
by these correction procedures (see Fig. 1A). Series resistance was not 
compensated, justified by the combination of a low access resistance 
(ca. 4 MR) and small current amplitudes (l-2 nA). 

Statistical analysis of the differences between the various experimen- 
tal groups was performed by a one-way ANOVA, followed by a post 
hoc unpaired Student’s t test (p < 0.05). 

Results 

Ca currents 
Inward currents were activated in CA1 pyramidal neurons by a 
200 msec depolarizing step, preceded by a 3 set hyperpolarizing 
pulse at -130 mV, from a holding potential of -65 mV (see 
Figs. 1, 2). The depolarizations ranged from -100 to 20 mV, 
applied with increments of 10 mV between successive (interval, 
10 set) depolarizations. After correction for linear leak conduc- 
tance, current traces displayed little outward components (see 
Fig. 1A). Given the fact (1) that these currents were observed 
in the presence of extracellularly present tetraethylammonium, 
4-aminopyridine, cesium, and TTX and with cesium in the pi- 
pette and (2) that the currents were previously shown to be ef- 
fectively blocked by Ni (Karst et al., 1993a) we assumed that 
the inward currents represent voltage-activated Ca currents. In 
addition, we presently observed that the inward currents are sen- 
sitive to 25 p,M Cd (n = 3); higher doses of Cd (1 mM; n = 3) 

almost completely blocked both the transient and sustained 
phase of the currents (see Fig. 1B). In the presence of 1 mM Cd, 
voltage steps to 0, + 10, or 20 mV in some cases evoked small 
outward currents; the amplitude of these outward currents 
amounted to <25% of the maximal inward current evoked in 
the same cell. As argued elsewhere (Karst et al., 1993a), the 
outward currents may be residual K currents due to incomplete 
block of distal K channels, or currents carried by cesium. 

As illustrated in Figures 1 and 2, and as described in previous 
reports (Karst et al., 1993a, 1994), the Ca current evoked by this 
voltage protocol displayed a transient and a sustained phase. The 
transient phase was subject to voltage dependent inactivation. 
This was particularly apparent when the potential of the 3 sec. 
prepulse was varied between -130 and -70 mV. The voltage 
dependency of the inactivation could be described with the 
Boltzmann equation, g(v)/g,,, = l/[l + exp{(V - VJV,)], 
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where g(V)lx,,,,, is the relative conductance at membrane poten- 
tial V, V, is the voltage of half-maximal inactivation and V, is 
proportional to the slope of the curve at V,. For the neurons in 
slices from OVX rats, the V, was around - 110 mV (see Table 
1). When the prepulse potential was set at -65 mV (i.e., equiv- 
alent to the holding potential), the transient phase of the Ca 
current was fully inactivated; with this protocol, a sustained Ca 
current was observed which activated around -40 mV and 
peaked at -10 mV. This current, with little voltage- (though 
possibly still Ca-) dependent inactivation will be referred to as 

the Ln,. The decaying phase (r,,) was fitted with a single ex- 
ponential function, for currents evoked by a depolarizing step to 
- 10mV. Subtraction of the I,.,,;, from the overall Ca currents 
yielded inward currents which displayed strong voltage-depen- 
dent inactivation (I,,,). The I,,, activated around -70 mV and 
peaked between -50 and -40 mV. The time constant for the 
decay (7,) was fitted with a single exponential function, for cur- 
rents evoked by a voltage step to -60 mV. 

As shown in Table 1, most cells in all three experimental 
groups displayed clear inward currents; the number of cells 
showing no appreciable currents (maximal amplitude CO.2 nA) 
was not clearly different for the experimental groups. Figure 2 
illustrates that the amplitude of the I,.,, was increased in tissue 
from OVX rats treated with estradiol and progesterone, when 
compared to the tissue from the OVX controls. The increase 
was significant for currents evoked by depolarizations to -50, 
-40, - 10, and 0 mV (Fig. 3A). Treatment with estradiol alone 
was not sufficient to increase the Z,,,i amplitude. At all potentials, 
I,,,, for the estradiol treated group was similar to the OVX con- 
trols, while at -50, - 10 and 0 mV, Zc,,i in estradiol treated rats 
was significantly smaller than in the estradiol/progesterone treat- 
ed group. In addition to the estradiollprogesterone induced 
change in I,,,, amplitude, the V, for voltage dependent inacti- 

Figure I. AI, Voltage steps (200 ms) 
to -90, -70, -50, -30, -10, and 
1OmV preceded by a hyperpolarizing 
prepulse (3 set) at - 130 mV from a 
holding potential of -65 mV evoked 
inward currents in CA1 pyramidal cells 
of adult rats, as recorded in the whole 
cell configuration in hippocampal slic- 
es (32°C). The traces were subsequent- 
ly corrected for leak conductance, as 
established from 5 mV de- and hyper- 
polarizing voltage steps of 50 msec du- 
ration (A2). Finally, the capacity tran- 
sient introduced by the fluid column 
around the pipette for the current 
evoked by a voltage step to -90 mV 
(where no voltage-dependent currents 
are activated) was fitted with two ex- 
ponentials. These values were used to 
estimate the capacity transients for the 
remaining voltage steps; the traces cor- 
rected for the capacity transient are 
shown in A3. The inset shows the volt- 
age protocol. Bl, Currents evoked by 
the voltage protocol (except for the 
voltage step to 10 mV) and corrected 
as described in A under control condi- 
tions (upper traces) and in the presence 
of 25 FM Cd (lower truces). B2, In- 
ward currents recorded in another CA1 
neurons before (upper) and after addi- 
tion of 1 mM Cd (lower truces). Cali- 
bration: 50 msec, 0.5 nA. 

vation was affected. Yet, after treatment with estradiol and pro- 
gesterone V,, was at a significantly more positive potential than 
in the OVX controls (see Table 1). Input resistance, as recorded 
under these conditions, the 7, and the slope factor V, were not 
different for the three experimental groups. 

Treatment with estradiol/progesterone also increased the am- 
plitude of the I,.,,, (see Figs. 2, 3B). Currents induced by voltage 
steps to -40, -30, or -20 mV were significantly enhanced 
compared to the OVX controls. Estradiol only induced inter- 
mediate currents which, with the exception of currents observed 
at -40 mV, did not differ significantly from either the OVX 
controls or the tissue treated with estradiol and progesterone. 
The time constant for the decay was around 100 msec for volt- 
age steps to - 10 mV and did not display steroid dependency 
(see Table 1). 

We wondered if the observed progesterone-dependent in- 
crease of Ca current amplitude required prior estradiol treatment. 
In a follow-up series of experiments we therefore studied Ca 
currents in OVX rats which received vehicle treatment at day 3 
and 4, and progesterone at the day of the experiment. Eleven 
out of 14 neurons (recorded in slices from six animals) displayed 
clear Ca currents (maximal amplitude > 0.2 nA). As shown in 
Figure 4, the averaged amplitudes of both the I,,, and Z,,,,i were 
small: the maximal amplitude of the Z,,,i and Z,,,,i amounted to 
only -0.51 t 0.09 nA and -0.20 ? 0.06 nA, respectively, as 
compared to - 1.30 2 0.19 and -0.47 + 0.08 nA observed in 
tissue of estrogen primed, progesterone treated rats. The voltage 
dependency shown in the Z-V relationship and the V, for inac- 
tivation (- 113.6 t 1.7 mV) for rats only treated with proges- 
terone resembled the values for the untreated OVX rats observed 
in the first series of experiments, rather than the properties of 
the estrogen-primed progesterone treated group. 
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50ms 

OVX/E/P 

Figure 2. Typical Ca currents as recorded in a CA1 pyramidal cell in slices from an ovariectomized (OVX) female rat (lefi, upper panel) and an 
OVX rat treated with estradiol and progesterone (right, upper panel). The Ca currents display a transient and a sustained phase. Currents were 
induced by depolarizing voltage steps (- 100 to 20 mV), with a 3 set prepulse at - 130 mV and holding potential at -65 mV (see upper inset on 
the right for voltage protocol). Only currents induced by depolarization to -80, -60, -40, and -20 mV are depicted. When the depolarizations 
were applied directly from the holding potential (middle), only inward currents with little voltage dependent inactivation were observed (&.,,,,). 
Subtraction of these currents from the overall Ca currents yielded predominantly transient Ca currents (I,,,,, lower panel). Currents were corrected 
for linear capacitive transients and leak conductance. In this example, the transient Ca current recorded in tissue from the OVX rat treated with 
estradiol and progesterone was enhanced when compared to the untreated control. 

K currents outward current could be discerned. The transient outward cur- 

Outward K currents were activated in CA1 pyramidal neurons rent displayed a marked voltage dependent inactivation, which 
by depolarizing steps of 200 msec, preceded by a 100 msec was clearly observed when the prepulse potential was varied 
hyperpolarizing pulse at - 130 mV. The depolarizing steps between - 130 mV and -70 mV (data not shown). The voltage 
ranged from -60 to 0 mV, with an increment of 10 mV between dependency was described by a Boltzmann equation, as de- 
successive steps. The holding potential was at -65 mV. As scribed above. The V, for inactivation observed in the group of 
shown in Figure 5 (top), a transient and sustained phase of the OVX control rats was around -100 mV (Table 2). By holding 

Table 1. General cell characteristics (Ca-currents) 

ovx OVXrE OVx/E/P 

R,, (in Ma) 100.0 + 10.4 122.1 * 18.0 105.5 + 16.1 
T, (at -60 mV; in msec) 30.9 + 3.3 30.1 -c 2.4 29.7 k 2.0 
T,, (at - 10 mV; in msec) 99.2 + 9.5 107.1 k 8.8 99.1 2 8.5 
V, inact. (in mV) -110.3 + 2.0 -108.4 t 1.5 -102.4 -c 1.8* 
V, inact. (in mV) 11.1 f. 0.8 9.9 k 0.5 10.1 2 0.7 
n2 m WI 14, 4 (9) 14, 3 (6) 11, 3 (5) 

Input resistances of cells displaying Ca currents were comparable for the neurons in tissue from OVX rats, from OVX rats treated with estradiol (OVX/E), and 
in the group of OVX rats injected with estradiol and progesterone (OVX/E/P). The V,, for steady state inactivation was at a significantly more positive potential 
for the OVX/E/P group than for the OVX controls. Other characteristics of the voltage dependency and kinetics of fca,, and I,,,,, were similar for the three groups. 
Data are expressed as mean ? SEM in n cells, obtained in N animals; m indicates the number of neurons displaying Ca currents with an amplitude of less than 
0.2 nA; these were not included in the analysis. Statistical analysis was as described in Material and Methods. 
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Figure 3. Current-voltage relationship for the Ca currents obtained by the subtraction as described in Figure 2 (&,,, in A) and the sustained Ca 
current (I,,,, in B). For each voltage, symbols represent the average t SEM. Solid circles are the values for the OVX controls group (14 cells), 
open circles for the OVX rats treated with estradiol (14 cells), while the squares represent the mean for the OVX treated with estradiol and 
progesterone (11 cells). For each voltage, the currents were tested with an ANOVA followed by an unpaired t test. * indicates significant (p < 
0.05) differences with the OVX control and * with the estradiol treated group. 

the cell for 75 msec at -65 mV between the hyperpolarizing 
prepulse and the depolarizing step (see inset in Fig. 5, middle) 
the transient outward current could be fully inactivated, showing 
the sustained current in isolation. Subtraction of the sustained 
current from the overall K current yielded the transient outward 
current. As argued in previous reports (Spigelman et al., 1992; 
Karst et al., 1993b), the transient outward K current resembles 
the I,, while the sustained current is similar to the delayed rec- 
tifier described in other preparations and with other techniques. 

Figure 6 represents the averaged amplitudes for IA and the 

A 
OVWP 

B 

1 

-’ 
50ms 

delayed rectifier I,, for voltage steps to -30, -20, - 10, and 0 
mV. No significant differences were observed between the three 
experimental groups, although for all voltages currents in the 
estradiol treated group were on average relatively large. The 
input resistances for the three groups were comparable (see Ta- 
ble 2). The inactivation properties of the I,, that is, V, and V,, 

displayed no steroid dependency. This was also observed with 
respect to the time constant for the decay, which was obtained 
by fitting currents evoked by a step to 0 mV with a single ex- 
ponential function. 

-100 -60 -60 -40 -20 0 mV 

v  ICa.ni 

l ka,i 

Figure 4. A, Total Ca current (upper 
panel), and &..,,, and I,,, as obtained 
according to the protocol shown in Fig- 
ure 2 in a CA1 pyramidal cell of a rat 
treated with progesterone at the day of 
the experiment; the rat did not receive 
estradiol prior to the progesterone treat- 
ment. B, Current-voltage relationship 
for the I,,, (solid diamonds) and the 
I Ca,,,r (open diamonds) in rats (n = 6) 
treated with progesterone only. Sym- 
bols represent mean values + SEM (n 
= 11 cells). 
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OVX/E/P 

1OOms 200ms 

Figure 5. Outward K currents (upper panel) induced by depolarizing voltage steps from a prepotential of -100 mV (see inset on the right for 
voltage protocol). Application of a 75 msec voltage step to -65 mV between the prepulse and the depolarization resulted in inactivation of the 
transient component (I,) while the sustained phase (I,) persisted (middle panel). Subtraction of the sustained current from the overall outward 
current yielded the I, in isolation (lower panel). Currents were corrected for leak conductance. Data represent the K currents for a CA1 pyramidal 
neuron in tissue from an OVX rat (left) and an OVX rat treated with estradiol and progesterone (right). 

Discussion 
Current properties 

trodes, since the former allows a better voltage control (Marty 
and Neher, 1983). 

The present study was initiated to examine if estradiol and pro- Until now, few studies have employed the patch clamp tech- 

gesterone induced changes in dendritic spine density of CA1 nique in slices to record voltage gated K and Ca currents. In 

hippocampal cells (Gould et al.‘, 1990; Woolley and McEwen, earlier reports we and others (Spigelman et al., 1992; Stabel et 

1993) are associated with altered properties of voltage gated ion al., 1992; Karst et al. 1993a,b, 1994) have compared the current 

conductances. To answer this question it is essential that the properties, as observed with the patch-clamp technique in slices, 
dendritic tree of the CA1 pyramidal cells is relatively intact. This with currents recorded either with sharp microelectrodes in hip- 
favors the use of hippocampal slices instead of cultured neonatal pocampal slices or with patch electrodes in cultured or acutely 
cells, which may have an atypical morphology, or acutely dis- dissociated hippocampal cells. The properties of the K conduc- 
sociated neurons, which lack most of their distal dendrites. Giv- tances, that is, of the IA and the delayed rectifier, were compa- 
en the use of hippocampal slices we preferred recording with rable in terms of voltage dependency, kinetics and sensitivity to 
low resistance patch electrodes over high resistance microelec- 4AP and TEA, respectively (cf. Numann et al., 1987). However, 

Table 2. General cell characteristics (K currents) 

ovx OVXIE OVxmP 

R,, (in Ma) 71.0 + 7.3 84.7 iz 10.0 
Z, 7 (at 0 mV; in msec) 18.9 + 1.2 17.2 I! 0.8 
I, V,, inact. (in mV) -99.5 + 3.1 -101.4 k 2.0 
I, V, inact. (in mV) 7.7 + 0.8 8.8 + 0.6 
n m 17 (4) 17 (4) 

Input resistance and properties of the I, display no differences between the three experimental groups. 

16.7 t 3.5 
18.4 + 0.9 

-97.9 + 1.9 
1.1 + 0.6 

15 (4) 
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Figure 6. Average amplitudes (+SEM) for the I, (upper panel) and 
I, (lower panel) induced by voltage steps to -30, -20, - 10, and 0 
mV. Values for the OVX controls (open bars, n = 17 cells), the estradiol 
treated group (stippled bars, n = 17) and estradiol/progesterone treated 
group (n = 15) were not significantly different. 

contamination of other K conductances can not be fully exclud- 
ed. Thus, the presently applied voltage protocol allows some 
activation of Ca-dependent K currents (Vreugdenhil and Wad- 
man, 1995); however, the contribution of Ca-dependent K con- 
ductances is probably limited due to the use of a Ca buffering 
system in the pipette. Contribution of the M-current seems un- 
likely, since M-currents were rarely observed with the presently 
used pipette solution and voltage protocol (cf. e.g., Vanner et 
al., 1993). 

For the Ca currents, some discrepancies were observed (Karst 
et al., 1993a, 1994). First, CA1 pyramidal cells recorded in slices 
from adult rats displayed a low-threshold type of Ca current, as 
opposed to dissociated cells (Thompson and Wong, 1991). Sec- 
ond, the amplitude of the sustained high-threshold current ob- 
served in slices was smaller than described with other techniques 
(Kay and Thompson, 1987; Yaari et al., 1987; Meyers and Bar- 
ker, 1989; Takahashi et al., 1991), while the voltage dependency 
was shifted toward more negative values. As argued elsewhere 
(Karst et al., 1993a, 1994) the discrepancies may have been 
partly caused by the differences in species, recording technique 
and experimental conditions for the various studies. Thus, the 
fact that we recorded in cells with a relatively intact dendritic 
tree may have revealed currents with a dendritic origin, which 
were not apparent in acutely dissociated or cultured neonatal 
cells. Clearly, the disadvantage of our approach is the incom- 
plete voltage control over the distal dendrites, so that the am- 
plitude and kinetic properties of currents generated in distal den- 
drites should be considered with caution. Other discrepancies 
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may have arisen from the present use of adult animals, the re- 
cording at 32°C and the use of 2 mM Ca as the charge carrier, 
as opposed to previous studies. As shown by Takahashi et al. 
(1991) particularly lowering the [Cal, may shift the amplitude 
and voltage dependency of Ca currents toward presently ob- 
served values. Additional factors such as the composition of the 
pipette solution (Kay et al., 1986) may have influenced the pres- 
ent characteristics of the Ca currents. However, a preliminary 
study using CsCl and low EGTA ((1 mM) in the pipette indi- 
cates that the kinetic properties of the Ca currents are not dra- 
matically changed as compared to our present recording condi- 
tions (Werkman et al., unpublished observations). 

Estradiol and progesterone treatment 

We observed that in tissue from estradiol/progesterone treated 
OVX rats the amplitude of Ca currents is increased, compared 
to the currents in untreated OVX controls; the tested voltage- 
gated K currents were not affected. Gould et al. (1990) have 
previously shown that treatment of OVX rats with estradiol/pro- 
gesterone is associated with an increased dendritic spine density 
in distal dendrites of CA1 pyramidal neurons; the cell body sur- 
face does not change (Gould et al., 1990; also observed in the 
present study by us, in a limited number of cells). Are the steroid 
dependent changes in electrical properties and morphology re- 
lated to each other? 

If we assume that the electrical properties of the membrane 
in newly developed dendritic spines is similar to the already 
existing membrane, this will result in an expansion of the overall 
surface area of the spines. Consequently, the input resistance 
(e.g., at resting membrane potential) will be reduced, the mem- 
brane capacity will be enhanced, but the time constant will be 
little changed. Although a model study (Jaslove, 1992) predicts 
a reduced length constant, the details of the spine morphology 
will determine to what extent the effect can be observed in the 
soma. Unfortunately, experimental verification appeared to be 
extremely hard in our preparation, since correct estimation of 
the membrane capacity and length constant was hampered by 
technical limitations of the patch-clamp technique performed in 
slices with an upright microscope. However, reliable data about 
the input resistance (at -65 mV, that is, around resting mem- 
brane potential) were obtained. The latter showed no consistent 
differences for the three experimental groups. Therefore, the data 
suggest that conductances at resting membrane potential are 
probably not enhanced after the development of new dendritic 
spines. Yet, voltage-dependent Ca (but not K) currents, as re- 
corded in the soma, do increase. The enhanced Ca influx may 
take place in the newly developed distal dendritic spines, for 
example, due to steroid-induced expression of Ca channels. Al- 
ternatively, there may be a redistribution of Ca channels result- 
ing in a relatively increased Ca influx closer to the cell body. 
The latter is supported by the fact that the V, for steady state 
inactivation was found to be at a significantly less negative value 
after estradiol/progesterone treatment: previous studies have 
shown that the rather negative value for the V, is caused by the 
fact that a considerable part of the I,,,, originates in distal den- 
drites (Karst et al., 1993a). The shift of the V, to less negative 
values after steroid treatment can at least partly explain the en- 
hanced Ca influx seen with our current activation protocol. 

The long delay between steroid injection and recording of ion 
conductances seems to favor a role of intracellular steroid re- 
ceptors in the development of altered Ca conductance in CA1 
neurons. Involvement of the intracellular steroid receptors has 
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also been postulated in earlier studies showing long-term mod- 
ulation of neuronal excitability in hippocampal and other brain 
regions by sex steroids (Teresawa and Timiras, 1968; Kawakami 
et al., 1970; Schiess et al., 1988; Wong and Moss, 1992). These 
long-term effects are in contrast to fast actions exerted by estra- 
diol via putative membrane receptors (Kelly et al., 1977; Teyler 
et al., 1980; Nabekura et al., 1986; Smith et al., 1988; Wong 
and Moss, 1992). 

The present data suggest that progesterone at least partly acts 
through intracellular progesterone receptors induced by estrogen 
treatment, since increases in Ca current amplitude by progester- 
one were only observed after estrogen priming. However, we 
can not exclude that progesterone can also affect ion conduc- 
tances via other routes. Thus, progesterone displays a high af- 
finity particularly for the mineralocorticoid receptor (M. Carey 
et al., personal communication). The present experiments were 
performed in adrenally intact rats where due to the experimental 
procedure a considerable part of the mineralo- and glucocort- 
coid receptors are occupied (Reul et al., 1987). Interference of 
progesterone with the occupation of mineralocorticoid receptors 
by their natural ligand corticosterone may result in a predomi- 
nant occupation of glucocorticoid receptors. As found in a pre- 
vious study in male rats (Karst et al., 1994), Ca current ampli- 
tudes recorded under conditions of predominant glucocorticoid 
receptor occupation are quite small, comparable to the currents 
observed in the present study for the group of OVX rats which 
only received progesterone. Also, fast actions of progesterone 
metabolites via putative membrane receptors (ffrench-Mullen et 
al., 1993) cannot be ruled out. Progesterone and its metabolites 
may still be present 4 hr after injection (Karavolas et al., 1976), 
although it should be realized that the tissue was continuously 
perfused, in vitro. 

Changes in intrinsic membrane properties as a result of dif- 
ferences in plasma levels of estradiol and progesterone may have 
important consequences for the excitability of CA1 pyramidal 
neurons, for the efficacy of neuronal networks and for the be- 
havioral functions in which these networks are involved. In- 
creased Ca conductance during depolarizing inputs may alter the 
cellular response to transmitters. Whether these changes in in- 
trinsic cell properties contribute to the previously described ste- 
roid sensitivity of the amino acid mediated input to CA1 neurons 
(Wong and Moss, 1992) rema‘ins unresolved: the response to 
synaptic stimulation was enhanced after estradiol treatment (pro- 
gesterone was not tested), while estradiol itself only slightly en- 
hanced Ca currents in CA1 neurons. Still, enhanced Ca influx 
through voltage-gated channels in addition to the altered den- 
dritic Ca homeostasis as a result of the change in dendritic spine 
density may largely affect the characteristics of local signal 
transduction (Jaslove, 1992; Guthrie et al., 1992; Miller and 
Connor, 1992; Koch and Zadok, 1993). Future experiments 
should provide evidence if natural fluctuations in estradiol and 
progesterone levels which occur during the estrous cycle are 
sufficient to regulate voltage gated ionic conductances in the 
CA1 hippocampal area. 
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