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SUMMARY

The ability of certain synthetic and endogenous steroids to
modulate neuronal responses to y-aminobutyric acid (GABA) is
well documented, but little is known of the effect of steroids on
glycine responses. We show here that in voltage-clamped neu-
rons progesterone (10-100 um) itself enhances GABA-induced
chioride currents but, surprisingly, antagonizes those induced by
glycine. Some, but not all, progesterone metabolites also display
these effects. The effects of progesterone on GABA and glycine
responses are dose dependent, with EC,, values of 26 and 16
um and maxima of +156 and —60%, respectively. Progesterone

and its reduced metabolite 5a-pregnan-3a-ol-20-one potentiate
GABA responses by acting through a common site. The site
through which progesterone acts to inhibit glycine responses is
distinct from the strychnine and glycine binding sites. These
results not only provide an important distinction between chio-
ride-mediated GABA and glycine responses but also suggest
that endogenous progesterone or its metabolites may differen-
tially modulate the inhibitory actions of these two neurotransmit-
ters.

GABA and glycine, two major inhibitory neurotransmitters
in the vertebrate central nervous system, mediate fast synaptic
inhibition via the activation of receptor-linked chloride iono-
phores (1, 2). Receptors for these two neurotransmitters share
many properties (3—-6) and are considered members of a super-
family of ligand-gated ion channels (7-9). However, the differ-
ences in the pharmacology of these channels indicate that the
glycine receptor and the GABA, receptor are separate mole-
cules (10).

Certain synthetic and endogenous steroids have recently
been identified as potent modulators at the GABA, receptor.
The anesthetic alphaxalone and some reduced metabolites of
progesterone potentiate GABA responses (11-14), whereas
pregnenolone sulfate interacts with the GABA, receptor in an
antagonistic fashion (15-17). In contrast, relatively little is
known of the effect of steroids on glycine responses.

In the present study, we examine the effects of steroids on
currents induced by GABA and glycine in primary cultures of
voltage-clamped chick spinal cord neurons, and we report that
progesterone itself is a positive modulator of GABA responses
and is also a negative modulator of glycine responses.
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23140 and NS-22116.

! Present address: Department of Pharmacology and Experimental Therapeu-
tics, Boston University School of Medicine, Boston, MA.

Materials and Methods

Cell cultures. Cultures of spinal cord neurons were prepared from
7-day chick embryos as previously described (18), with minor modifi-
cations. Briefly, dissociated cells were plated on collagen-coated 35-
mm tissue culture dishes in Eagle’s minimum essential medium sup-
plemented with 2.4 mM glutamine, 10% (v/v) heat-inactivated horse
serum, 5% (v/v) chick embryo extract, 100 units/ml penicillin, and 100
ug/ml streptomycin. Cultures were maintained at 37° in an atmosphere
of 5% C0,/95% air. Cytosine arabinoside (0.1 uM) was added after 36
hr to control the proliferation of nonneuronal cells. This medium was
removed 1 day later and replaced with a similar medium supplemented
with 20.5 mM glucose and 18 mM KCl and containing only 2.5% chick
embryo extract. Fresh medium was added twice weekly. Cultured
neurons were used in experiments 2-4 weeks after plating.

Electrophysiology. Experiments were carried out in 35-mm tissue
culture dishes on the stage of an inverted phase-contrast microscope.
Whole-cell currents were recorded by the whole-cell variant of the
patch-clamp technique (19). Patch electrodes were fabricated from
thin-wall borosilicate glass microcapillary pipettes (Fischer) with a
double pull on a David Kopf vertical pipette puller (model 700D).
Electrode resistance was 5.1 + 0.08 MQ (n = 160) when filled with
intracellular solution. Unless otherwise indicated, the pipette solution
contained (in mM) 140 KCl, 3 NaCl, 1 MgCl,, 11 EGTA, and 10 HEPES
(pH adjusted to 7.2 with KOH). The bath solution contained (in mMm)
150 NaCl, 4 KCl, 1 CaCl,, 1 MgCl,, and 10 HEPES (pH adjusted to 7.2
with NaOH). All experiments were performed at room temperature
(23-25°).

ABBREVIATIONS: GABA, y-aminobutyric acid; EGTA, ethylene glycolbis(8-aminoethyl ether)-N,N,N’ ,N'-tetraacetic acid; HEPES, N-2-hydroxyethyl-
piperazine-N’-2-ethanesulfonic acid; 3a-OH-DHP, Sa-pregnan-3a-ol-20-one.
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Recordings were made using a Yale MK V amplifier. After a tight
seal was formed (typically 1-10 GQ), capacitance transients were min-
imized. The patch of membrane under the pipette tip was then ruptured
by gentle suction to obtain the whole-cell configuration. Cells with
series resistance greater than 10 MQ were rejected. Series resistance,
which initially measured 7.1 + 0.09 MQ (n = 160), was compensated
(>60%). Only cells with resting membrane potential greater than —55
mV and input resistance in excess of 150 MQ were used. All recordings
were made with the cell membrane potential clamped at —70 mV.
Currents were filtered at 1 kHz using an eight-pole Bessel filter and
were digitized (40 msec/point) using an on-line acquisition system
(pClamp; Axon Instruments).

Drug solutions were applied to single neurons by pressure ejection
(15 psi) from seven-barrel pipettes. Pipettes were pulled from Omega
dot tubing to a tip diameter of about 1 um/barrel and were broken back
to about 3-5 um/barrel after filling. Seven-barrel pressure pipettes
were positioned approximately 50 um from the neuronal soma. Under
these conditions, we have established that the drug solution in the
pressure pipette rapidly and effectively replaces the solution surround-
ing the target neuron, with less than 10% dilution (20-22). All drugs
used in electrophysiological experiments were obtained from Sigma,
with the exception of pregnenolone sodium sulfate, which was pur-
chased from Steraloids. Stock solutions of steroids and strychnine were
prepared in dimethyl sulfoxide, the final concentration of which was
0.5% (v/v). To obviate the possible effect of dimethyl sulfoxide on the
relevant agonist-induced currents, all other drug solutions, including
GABA, glycine, and external buffer (in the pressure pipette), also
contained 0.5% dimethyl sulfoxide. In all experiments, neurons received
a prepulse of either external buffer solution or drug solution for 10 sec
before each agonist application, the duration of which was 10-15 sec.
Immediately following each agonist application, neurons were washed
with external buffer solution for 10-20 sec. A period of 2 min was
allowed between each agonist application.

The degree of modulation of GABA and glycine responses by steroids,
the percentage of change, was defined as (I’/I — 1) X 100%, where I
and I’ were, respectively, the agonist-induced current responses in the
absence and presence of steroids. I was the average of control responses
obtained before and after the agonist response in the presence of
modulator(s). In all cases complete, or nearly complete, recovery was
obtained. Throughout, results are expressed as mean + standard error;
statistical comparison of groups was carried out using Student’s ¢ test.

Results and Discussion

At =70 mV, both GABA and glycine produced inward cur-
rents, which reversed at or near 0 mV in symmetrical Cl™
solutions, as expected for Cl--mediated currents. GABA-in-
duced currents were blocked by bicuculline and SR-95531 and
potentiated by chlordiazepoxide (not shown), consistent with
the activation of GABA, receptors. Glycine responses were
antagonized by nanomolar concentrations of strychnine (see
below), indicating that strychnine-sensitive receptors were in-
volved in these responses. In agreement with our previous work
(23), current responses to 3 uM GABA (233 + 16 pA, n = 65)
showed little or no desensitization and did not decline with
repeated GABA applications. Currents evoked by 50 uM glycine
rapidly reached a peak (1363 + 73 pA, n = 103) and slowly
desensitized during the period of glycine application. Unlike 30
uM GABA-elicited responses (23), responses to 50 uM glycine
did not show run-down.

The effects of progesterone on currents induced by 3 uM
GABA and 50 uM glycine are illustrated in Fig. 1. Pressure
application of 100 uM progesterone rapidly and reversibly po-
tentiated the GABA response (Fig. 1A) but reduced the glycine
response (Fig. 1B). Progesterone alone produced little or no
direct response. These effects of progesterone were also ob-
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Fig. 1. Progesterone produces opposite effects on whole cell current
responses induced by GABA and glycine. Holding potential, =70 mV. A,
The potentiating effect of progesterone (P) on the current induced by
GABA. Progesterone (100 um) reversibly enhanced the GABA (3 um)
response. B, In a different cell, the current induced by 50 um glycine
(GLY) was reversibly antagonized by 100 um progesterone. Horizontal
bar above each trace, period of drug application. C, Dose-response
curves for progesterone. Data points, percentage of change in peak
current, mean of 4-18 experiments. Error bars, standard errors. Each
set of data points is fitted by nonlinear regression to the logistic equation
(31). For GABA, ECs = 25.5 um, ny = 2.07, and the maximum potentia-
tion = 155.8%. For glycine, ECso = 15.6 um, ny = 1.42, and the maximum
inhibition = 59.6%.

served when both GABA and glycine were tested in sequence
on the same neuron. It should be noted here that, in order to
prevent the inhibitory effect from decaying during application
of the test glycine pulse, it was necessary for progesterone to
be present in the glycine pipette as well as in the modulator
pipette. In contrast, it was unnecessary for progesterone to be
included in the GABA pipette, because the potentiating effect
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did not decline during application of the test GABA pulse. The
effects of progesterone on GABA and glycine responses were
evaluated over the concentration range 1-100 uM and were
found to be dose dependent, with ECy, values of 26 and 16 uM,
maxima of +156 and —60%, and Hill coefficients of 2.1 and 1.4,
respectively (Fig. 1C). The threshold concentration for an effect
of progesterone on GABA- and glycine-induced currents was
10 M in both cases. Maximal effects on GABA and glycine
responses were achieved at approximately 50 uM progesterone.

The reduced metabolites of progesterone, 58-pregnan-3a-ol-
20-one and 3a-OH-DHP, have recently been shown to be potent
positive modulators of GABA-induced currents (12, 14). Our
results (Fig. 1C) indicate that progesterone exerts similar po-
tentiating actions on the GABA, receptor, but with less potency
and efficacy. In order to examine the possibility that progester-
one and 3a-OH-DHP act through a common regulatory site on
the GABA, receptor, the effect of their combined action on
GABA-induced currents was determined. In this experiment,
we used maximal concentrations of progesterone and 3a-OH-
DHP, which were 100 and 1 uM, respectively. The enhancing
effects of progesterone and 3a-OH-DHP on current responses
evoked by 3 uM GABA were not additive (Fig. 2A). In 7 cells,
the average potentiation produced by progesterone and 3a-OH-
DHP was 142 + 22% and 1373 + 225%, respectively. In the
presence of progesterone, potentiation by 3a-OH-DHP was
significantly reduced to 470 + 66%, presumably due to the
displacement of 3a-OH-DHP by the less efficacious progester-
one (Fig. 2B). These results are not easily explained by a
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nonspecific mechanism of action, such as perturbation of the
lipid bilayer (24), but argue instead that progesterone and 3a-
OH-DHP potentiate GABA responses by acting through a
common, specific, saturable site at which progesterone is a
partial agonist.

Responses induced by glycine have been demonstrated to be
preferentially blocked by the convulsive alkaloid strychnine
(25). Our data (Fig. 1C) reveal that progesterone also antago-
nizes glycine-evoked currents, but with less potency and effi-
cacy. To investigate the possibility that progesterone and
strychnine may act through a common site on the glycine
receptor to inhibit glycine responses, we determined the effect
of coapplication of these two compounds. As expected, 50 nM
strychnine readily and reversibly blocked currents elicited by
50 uM glycine (Fig. 3A). The average inhibition produced by
strychnine was 68 + 3.3% (n = 10). A maximal concentration
of progesterone (100 uM) reversibly antagonized glycine-in-
duced currents, and subsequent addition of 50 nM strychnine
further blocked glycine responses (Fig. 3B). The inhibitory
effects of progesterone and strychnine on glycine-evoked cur-
rents were additive. In 9 cells, the average inhibition produced
by progesterone was 55 + 3.8%. In the presence of strychnine,
inhibition produced by progesterone was increased to 87 +
1.1%, which was significantly greater than that produced by
strychnine alone (p < 0.001, unpaired ¢ test). These results
indicate that progesterone blocks glycine-activated currents by
acting through a site distinct from the strychnine binding site.

Furthermore, the percentage of inhibition of glycine-induced

108 Fig. 2. Progesterone and 3x-OH-DHP act through the same
site to potentiate current responses evoked by GABA.
Holding potential, =70 mV. A, Current responses from a
single cell. Application of GABA (3 um) was repeated follow-
ing 10-sec prepuises of 100 um progesterone (P), 100 um
progesterone and 1 um 3a-OH-DHP in combination
(P+5a3a), or 1 um 3a-OH-DHP (5a3a). The potentiating
effects of progesterone and 3a-OH-DHP on peak current
responses evoked by GABA were not additive. Horizontal
bar above each trace, period of drug application. B, Pooled
results from seven cells. Error bars, standard errors. Pro-
gesterone significantly reduced the potentiation produced
by 3a-OH-DHP (p < 0.005, paired t test).
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sites. Holding potential, =70 mV.
A, The peak current response
activated by 50 um glycine (GLY)
was reversibly blocked by 50 nm
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currents by progesterone was not reduced by increasing glycine
to 1 mM. Because 1 mM is a saturating concentration of glycine
(26), this suggests that the antagonism of glycine responses by
progesterone is noncompetitive in nature and that progesterone
inhibits glycine responses by acting through a site different
from the glycine recognition site. In this experiment, we used
a low C1~ (20 mM) pipette solution to reduce the amplitude of
the current induced by 1 mM glycine when the cell was held at
—70 mV. This solution contained (in mM) 130 potassium glu-
conate, 20 KCl, 3 sodium gluconate, 11 EGTA, and 10 HEPES
(pH adjusted to 7.2 with KOH). Under these conditions, 100
uM progesterone blocked 1 mM glycine-induced currents by 80
+ 3.4% (n = 6). The average inhibition of 300 uM glycine-
induced currents produced by 100 uM progesterone was 75 +
1.9% (n = 3).

We also examined the effects of a variety of other chemically
related steroids, including pregnenolone sulfate and some me-
tabolites of progesterone (Table 1). Deoxycorticosterone, with
a hydroxyl at C-21, had activity similar to that of progesterone,
whereas 17a-hydroxylprogesterone, with a hydroxyl at C-17a«,
produced lesser effects. Corticosterone, which differs from
deoxycorticosterone by the presence of a hydroxyl group at C-
11, had weaker activity. Hydrocortisone, with three hydroxyl
groups at C-11, C-17«a, and C-21, was totally inactive. Thus,
addition of a C-21 hydroxyl to the progesterone structure does
not change its effects on GABA and glycine responses, whereas
addition of hydroxyl group(s) at C-11 or C-17a results in
reduction or complete loss of activity. Consistent with previous
findings (12, 14), 3a-OH-DHP (1 uM) dramatically potentiated
GABA-induced currents but produced little effect on glycine
responses. Its stereoisomer, 5a-pregnan-33-ol-20-one (20 uM),
was without effect on both GABA and glycine responses, con-
firming that the interaction of steroids with the GABA, recep-

tor is stereospecific (12, 14). These results also suggest that
structure-activity requirements for steroid interaction with the

|

nine (P+S) further reduced the
glycine response. Horizontal bar
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GABA, receptor and the glycine receptor are different. The
endogenous neurosteroid pregnenolone sulfate has recently
been shown to antagonize GABA, receptor-mediated responses,
presumably by acting through the picrotoxin site (15-17). We
found that pregnenolone sulfate (100 uM) blocked both GABA-
and glycine-induced currents to the same extent. Although
progesterone and pregnenolone sulfate produced opposite ef-
fects on GABA responses, both compounds exerted inhibitory
effects on glycine responses, the latter being more efficacious.

These experiments demonstrate that progesterone and deox-
ycorticosterone potentiate GABA responses at the 3a-OH-
DHP recognition site and noncompetitively inhibit glycine
responses by operating through a site distinct from the strych-
nine binding site. In view of the fact that GABA- and glycine-
activated chloride channels share many properties (3-6) and
exhibit close structural and amino acid sequence homology (7-
9), the opposite effects of these steroids are intriguing. In
particular, the inverse modulation of two such functionally
similar receptor systems by a single endogenous compound
suggests the possible existence of a hitherto unrecognized form
of neuromodulation.

The precise physiological significance of progesterone and
deoxycorticosterone as modulators of inhibitory neurotrans-
mission is unknown. However, the ability of steroid hormones
to profoundly influence brain excitability is well documented
(27, 28). Peripheral administration of progesterone or deoxy-
corticosterone produces sedative and anesthetic effects in mam-
mals (29), thought to be due to the potentiating effect of their
reduced metabolites on GABA responses (12, 14). The obser-
vation that progesterone and deoxycorticosterone at higher
concentrations are able to potentiate GABA responses implies
that these steroids may also contribute directly to central
depression.

Concentrations of steroid hormones in plasma may be suffi-
cient to cause significant effects on GABA and glycine re-
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TABLE 1

Effects of steroids on currents evoked by GABA and glycine

Holding potential was —70 mV. Concentrations of all steroids were 100 uM, with the exception of 3a-OH-DHP and 5a-pregnan-38-ol-20-one, which were 1 and 20 um,
respectively. Values are means + standard errors. Number of ceils is indicated in parentheses.

Change of response
Steroid Structure
3 um GABA 50 um Glycine
%
CH,
dmo
Progesterone ‘,ctgﬁ +142 + 10.6 (18) -53+ 25 (18)
CH,OH
dmo
Deoxycorticosterone )::@ﬁ +131 £ 220 (6) -51£30(5)
)
CH,
dmo
OH
17 a-OH-progesterone +67 £ 5.5 (6) -32 + 3.2 (6)
O

OH
Corticosterone 'c@ +60 + 12.0 (7) -23+28(6)
o)
CH,OH
oH 1OH
Hydrocortisone 0+28(5) +1£42(5
o)
3a-OH-DHP d:gﬁ +1373 + 225 7) +2£24(5)
oY :

Sa-Pregnan-33-ol-20-one +4 + 3.1 (5) 0+1.5(6)

=0

Pregnenolone sodium sulfate -91 + 1.8 (6) -91 + 1.9 (6)

NSO 0

aspet.’
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sponses. For example, progesterone concentrations in rat
plasma range from 6 uM during late proestrus of the estrous
cycle to about 20 uM in late pregnancy (30), the latter being
close to our EC;, values for progesterone effects on GABA and
glycine responses. Because of the high lipophilicity of proges-
terone and its possible localized accumulation in the central
nervous system, it is possible that progesterone under normal
physiological conditions may interact with both GABA, and
glycine receptors in the mammalian central nervous system.
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