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SUMMARY

Many actions of the classical gonadal and adrenal steroid hor-
mones are at the level of transcriptional regulation. Recent
studies have shown, however, that endogenous brain metabo-
lites of steroids exert important nongenomic modulatory effects
on neuronal mechanisms. Potentiation of the N-methyl-p-aspar-
tate (NMDA) subtype of glutamate receptor by the neurosteroid
pregnenolone sulfate (PS) was studied using cultured hippocam-
pal neurons and patch-clamp techniques. The magnitude of
NMDA-activated whole-cell currents was approximately doubled
in the presence of 100 um PS. The dose-response curve of PS
action showed significant potentiation above 250 nm and a half-
maximal effect at approximately 29 um. Maximum potentiation
was reached within 25 sec, and the potentiation was completely
reversed with 60 sec of washout. The enhancement of the NMDA
current is probably not due to activation of a new ionic conduct-
ance, because the reversal potential of the |-V curve did not shift
in the presence of PS. Potentiation is specific for the NMDA

subtype of glutamate receptor; non-NMDA currents showed only
a slight inhibition (approximately 6%) in the presence of 50 um
PS. Potentiation of the NMDA current by PS occurred in the
presence of saturating concentrations of NMDA and glycine,
indicating that at saturating concentrations of the coagonists PS
does not change the affinity between the coagonists and the
NMDA receptor. The se relations for NMDA and
glycine were shifted slightly to the left, and the percent potentia-
tion was significantly higher for lower concentrations of coagon-
ists, suggesting that at low concentrations of the coagonists PS
may slightly increase their affinity for the NMDA receptor. The
fractional open time (nP,) of single NMDA-activated channels
was potentiated by PS in patch-clamp recordings using both the
outside-out and cell-attached configurations. The potentiation of
nP, resulted from increases in the frequency of opening and in
the mean channel open time. No effect was seen on single-
channel conductances.

The classical view of steroid hormone action is that these
molecules are synthesized by specialized glandular tissues, re-
leased into the general circulation of organisms, and carried to
target tissues throughout the body via the circulatory system.
At target sites, steroids pass through cell membranes by passive
diffusion to combine with intracellular cytoplasmic or nuclear
receptors. Activated receptor complexes, in turn, combine with
specific nucleic acid recognition sequences in chromatin and,
in association with other transcriptional factors, enhance or
suppress gene expression (for review see Ref. 1). The necessity
for activation of the transcriptional and translational machin-
ery of cells requires that steroid hormone actions show lag
times of minutes to days before the coordinated physiological
consequences of their actions are observed. Similar lengthy
periods of time are required for the decline of their effects.

This work was supported by National Institutes of Health Program Project
Grant NS 02253-33 to E. J. Furshpan (Program Director) under Project III to E.
A. Kravitz (Principal Investigator), National Institutes of Health Training Grant
5T32 NS 07112-14, and a summer fellowship at the Marine Biological Laboratory
(Woods Hole, MA), supported by The Grass Foundation.

Endogenous metabolites of steroids (termed neurosteroids)
are found and synthesized de novo in neural tissues (for reviews
see Refs. 2 and 3). One of these metabolites, pregnenolone, is
formed directly from cholesterol by a mitochondrial side-chain
cleavage enzyme found in glial cells (2, 4-6), whereas another,
allopregnanolone, is formed by reduction of progesterone,
which in turn can be formed by dehydrogenation and isomeri-
zation of pregnenolone in brain. Many metabolites also are
synthesized from gonadal or adrenal steroids in the central
nervous system and in peripheral tissues (for reviews see Refs.
2 and 3). In contrast to the classical genomic effects of steroids,
many of these substances produce acute physiological actions
on membrane proteins, with time delays ranging from seconds
to minutes. These substances normally are found in neural
tissues at low concentrations (nanomolar range), although their
levels can be influenced strongly by stress and other conditions
that normally trigger steroid hormone release (4, 7).

The 3-hydroxy neurosteroids modulate GABA, receptors in
neurons, acting to either reduce (38-hydroxysteroids) or en-

ABBREVIATIONS: GABA, y-aminobutyric acid; PS, pregnenolone sulfate; NMDA, N-methyl-o-aspartate; HEPES, N-(2-hydroxyethyl)-1-piperazine-
Nethanesutfonic acid; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’ N’-tetraacetic acid; PTX, pertussis toxin; G protein, guanine nucleotide-
binding protein; AMPA, DL-a-amino-3-hydroxy-5-methyl-isoxazolepropionic acid.
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hance (3a-hydroxysteroids) the chloride currents generated by
activation of these receptors by GABA (reviewed in Ref. 3).
The stereospecificity of their actions, the protein subunit spec-
ificity of the magnitude of modulation, and the high affinity of
some of these steroids for GABA, receptors suggest that these
substances act through specific binding sites and not as non-
specific membrane-disordering compounds. The effects of neu-
rosteroids appear to be at a novel binding site on the GABA,
receptors, because modulation is not altered by agonists or
antagonists of the benzodiazepine or barbiturate sites (8-11).

The naturally occurring sulfate ester of the 38-hydroxyste-
roid pregnenolone, PS, has a particularly interesting constel-
lation of actions on neuronal membranes; it reduces the effec-
tiveness of GABA actions via GABA, receptors (12-14), en-
hances the effectiveness of glutamate actions via NMDA
receptors (15, 16), and reduces voltage-activated calcium cur-
rents (17, 18). In combination, these actions could facilitate
excitation of neurons at the postsynaptic level. PS also in-
creases the magnitude of the fura-2 fluorescence signals trig-
gered by calcium entry when NMDA is applied to hippocampal
neurons in culture (15). At the single-channel level, PS reduces
the channel opening frequency of GABA, receptors (14).

The present studies further define the mechanisms of action
of PS on NMDA responses, using rat hippocampal neurons in
culture. PS is confirmed to selectively potentiate the NMDA
subtype of glutamate receptor. The kinetics of PS action are
fast, with potentiation occurring within 25 sec and reversal
within 60 sec. Little interaction with the NMDA and glycine
binding sites can be detected at high concentrations of the
coagonists, suggesting that the effects of PS on the receptor
are largely independent of either site. Finally, single-channel
measurements demonstrate that PS causes increases in the
frequency of channel opening and in the mean channel open
time but does not increase the current flow through single
NMDA-activated channels.

Materials and Methods

Cell culture. Neurons were dissociated from the hippocampi of 0-
1-day-old Long-Evans or Sprague-Dawley rats using methods slightly
modified from those of Furshpan and Potter (19). Hippocampi were
dissected from anesthetized animals and split longitudinally through
the CA3 region. Dorsal portions containing the CA1 region and part of
the CA3 region were incubated at 37° for 60 min in a dissociation
medium containing 0.45 mg/ml cysteine, 10 units/ml papain, 90 mM
Na,SO,, 30 mM K,SO,, 16 mM MgCl,, 0.25 mMm CaCl,, 1 mm HEPES,
1 mM kynurenic acid, and 0.001% phenol red, pH 7.4. The tissues next
were incubated for 15 min in a dissociation solution of the same
composition but containing no papain or cysteine and with 10 mg/ml
ovomucoid trypsin inhibitor. They were then rinsed twice in a growth
medium based upon Dulbecco’s modified Eagle’s medium (Sigma
D5405) with the following additions: 10 mM D-glucose, 1 mM L-gluta-
mine, 50 units/ml penicillin, 50 mg/ml streptomycin, 27.5 ug/ml trans-
ferrin, 8 ug/ml putrescine, 2.5 ug/ml insulin, 2.5 ng/ml sodium selenite,
20 ul/ml rat serum, and 0.1 uM progesterone. Cells were dissociated
mechanically in the growth medium and plated at a density of approx-
imately 0.5 hippocampus/8 ml of growth medium (25,000-30,000 cells/
cm?). Cultures were grown at 37° in 10% CO, and after 5-6 days were
either irradiated (1200 rad) or exposed to 1 uM 1-8-D-arabinofurano-
sylcytosine for several days, to inhibit proliferation of non-neuronal
cells.

Patch-clamp recording. Whole-cell voltage-clamp recordings (20)
were performed, at room temperature, on cells that had been in culture

for 6-21 days. Recordings were made only from pyramidal neurons,
identified by their large size and the shape of their dendritic arbor,
with processes visible on top of non-neuronal cells, thus allowing easy
access of drugs to the cell surface. During recording sessions, cells were
bathed in a modified Tyrode’s solution containing (in mM) 150 NaCl,
4 KCl, 2 CaCl,, and 10 HEPES. Electrodes were pulled from 100-ul
Boralex micropipettes (Drummond Scientific), coated with sylgard, fire
polished, and filled with a solution containing (in mM) 126 cesium
methanesulfonate, 4.5 MgCl;, 9 EGTA, 9 HEPES, 0.3 GTP, 4 MgATP,
and 14 creatine phosphate, pH 7.4. With this solution the electrode
resistance ranged from 5 to 10 MQ. The neurosteroids and other test
drugs were obtained from Sigma Chemical Co. (St. Louis, MO). These
substances were added to the modified Tyrode’s solution and applied
to patches and cell surfaces by gravity perfusion through a linear array
of eight microcapillary tubes (Drummond Microcaps, 1 ul, 32-mm
length). Solutions were exchanged in <250 msec, as determined by
measuring the rise time in the holding current produced by the various
agonists. All test solutions delivered through the microcapillary tubes
contained 0.5 uM tetrodotoxin, which effectively blocked the sponta-
neous synaptic activity normally present in cultures, equivalent
amounts of dimethylsulfoxide (0.05-0.2%), and 10 uM glycine, unless
otherwise indicated. A separate gravity-driven perfusion system bathed
the culture dish at all times with modified Tyrode’s solution free of
drugs. The cell membrane was held at —70 mV, unless otherwise
specified.

Single-channel recordings were obtained using outside-out and cell-
attached membrane patches. For outside-out patches, the same internal
and external solutions were used as in whole-cell recordings. For the
cell-attached patch recordings, the membrane potential was brought to
0 mV using an external solution containing (in mM) 145 potassium
gluconate, 5 MgCl,, 10 HEPES, and 1 EGTA, plus 0.5 uM tetrodotoxin
and 0.2% dimethylsulfoxide. The patch electrode was filled with mod-
ified Tyrode’s solution plus the coagonists NMDA and glycine. Patches
were voltage clamped at =70 mV.

In all cases, gigaohm seals onto cell membranes were formed in the
modified Tyrode’s solution before perfusion with test solutions. Cur-
rents were recorded using an Axopatch 200 amplifier (Axon Instru-
ments) and were filtered at 1-2 kHz (eight-pole Bessel low-pass filter).
Data were collected and analyzed using the PClamp data acquisition
programs (version 5.5.1; Axon Instruments). Whole-cell currents were
measured as the difference between the steady state current in the
presence of an agonist and the leak conductance and are reported as
the mean + standard error. Curve fitting of dose-response data was
performed using Sigmaplot 5.0 (Jandel Scientific), whereas fitting of
single-channel data was performed using PClamp. A minimum of 200
usec was used as the criterion for accepting single opening and closing
events.

Results

Characteristics of the potentiation. In hippocampal cell
culture preparations, consistent inward currents were seen in
response to application of NMDA and glycine, with little “run-
down” observed with repeated applications. Application of PS
before NMDA resulted in a PS concentration-dependent en-
hancement of the NMDA-activated inward currents (Fig. 1A).
The data were fit to the logistic equation to estimate the
potency of PS for potentiating the NMDA current. The poten-
tiation was significantly different from controls above 250 nM
(analysis of variance, p < 0.05), with an approximate half-
maximal effect at 29 uM and one-to-one binding (Fig. 1B). The
dose-response curve did not fully saturate at concentrations up
to 100 uM; higher concentrations could not be studied because
of the limit of PS solubility in Tyrode’s saline (about 100 uM).

Small, reversible, inward deflections in the holding current
were often observed at PS concentrations greater than 50 uM.
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Fig. 1. NMDA-activated current is potentiated in
the presence of PS. A, Current traces from a cell
exposed to PS for 80 sec before addition of 25
um NMDA. Dotted line, the level of 0 current. The
slower retumn to the base-line current in the pres-
ence of 100 um PS was due to a slower washout
of NMDA, because a small amount of PS precipi-
tate covered the neurites and thus limited access
of the wash solution to the cell. B, Dose-response
curve for PS. Cells were stimulated using 25 um
NMDA. Whole-cell currents were measured as the
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Several reasons make it unlikely that these changes could
account for the potentiation of the NMDA current. First, the
holding current (in 75-100 uM PS) changed little in comparison
with the magnitude of the potentiated current, increasing by at
most 10% of the potentiated current magnitude. In addition,
data were always reported after subtraction of the base-line
current, thus removing the influence of holding current. Finally,
there was no evidence of single-channel openings (NMDA or
other channels) induced by PS alone. What is more likely,
therefore, is that the changes in holding current result from
steroid partitioning into the lipid bilayer and mediating dete-
rioration of the seals onto the cells.

The potentiation of NMDA currents by PS begins, reaches
a maximum, and reverses relatively rapidly. Approximately
80% of the increase occurred within 10 sec of addition of PS,
with a maximal value reached by 25 sec (Fig. 1C). The currents
returned to control values by 60 sec after washout with PS-free
solutions (Fig. 1C). The speed of these actions makes any
genomic explanations of the mechanism of action of this neu-
rosteroid highly unlikely.

The ionic selectivity of NMDA channels apparently did not
change when the channels were exposed to PS, because the
reversal potential of the NMDA current-voltage relationship
did not shift significantly in the presence of 75 uM PS (Fig.
1D). These results suggest that modulation or direct activation
of a second ionic conductance probably is not responsible for
the PS-induced current enhancement. The potentiation was
not appreciably voltage dependent at potentials ranging from
=70 to +70 mV.

Specificity of PS potentiation. Recordings from hippo-

1500 T pA

difference between the steady state current in the
presence of an agonist and the leak conductance.
Data were fit to a logistic equation, yielding a half-
maximal effect at 29 um and a Hill coefficient of
0.84 (n = 4-9 cells for each dose). C, The time
course of potentiation and its reversal is rapid.
NMDA (25 um) was applied in the absence of PS,
and then PS (50 um) was applied continuously
while NMDA was applied every 15 sec (n = 7).
For washout, PS was applied for 60 sec, and then
NMDA (25 um) was applied every 15 sec while PS
was washed out (n = 6). D, Current-volitage rela-
tionship measured in the presence of NMDA (25
um) and glycine (10 um) (after desensitization) in
the absence (O) and presence (@) of 75 um PS.
Leak currents (without agonists) in the absence
and presence of PS were subtracted. Membrane
voltage was changed every 2 sec, in 10-mV incre-
ments. Series resistance and cell capacitance
were compensated approximately 40%.

campal pyramidal cells in culture yielded a selective potentia-
tion of NMDA-generated currents by PS similar to that pre-
viously reported for spinal cord neurons in culture (16). The
current activated by NMDA and D-serine, in the absence of
added glycine, was potentiated by 169 + 10% in the presence
of 50 uM PS, whereas the kainate- and AMPA-activated cur-
rents were slightly inhibited, by 6 + 2% and 7 + 3%, respectively
(Fig. 2). The magnitude of potentiation of the NMDA current
in the presence of D-serine as the coagonist was similar to that
seen when glycine was the coagonist, indicating that modula-
tion of glycine currents was not responsible for the observed
potentiation.

Several other neuroactive steroids that are closely related in
structure to PS were examined for potential modulatory effects
on the NMDA current. Enhancement of current was limited to
8% with pregnenolone (10 uM), 2% with pregnenolone acetate
(5 uM), 5% with progesterone (10 uM), and 10% with dehydro
epiandro sterone sulfate (25 uM) (n = 6), compared with 41%
enhancement by 15 uM PS (Fig. 1B), indicating that the poten-
tiation of NMDA-activated currents may be relatively specific
for PS.

Site of action of the neurosteroid. PS (50 uM) potentiated
the NMDA-activated current at all concentrations of NMDA
and glycine, although the percentage potentiation was greater
at lower concentrations (Fig. 3). NMDA and glycine dose-
response curves, even at saturating concentrations, were shifted
upward in the presence of PS (Fig. 3, B and E). This suggests
that at saturating concentrations of the coagonists PS does not
change the affinity between the coagonists and the NMDA
receptor and there is no competition between PS and the
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Fig. 2. Non-NMDA-activated glutamate currents are not potentiated by
PS. Agonists were applied to cells (n = 6) for 5 sec, both in the absence
(control) and in the presence of 50 um PS. A, Control and PS-exposed
current traces from one cell exposed first to 25 um NMDA and 25 um D-
serine, then to 40 um kainate, and finally to 20 um AMPA. PS was applied
60 sec before the second current trace. B, Mean percent change in the
NMDA, kainate, and AMPA currents (n = 8, 6, and 6, respectively) in
response to 50 um PS. Agonist concentrations were as in A.

coagonists for receptor activation. The EC;, values for both
NMDA and glycine did shift slightly with addition of PS,
although the shifts were not statistically significant because
the 95% confidence limits overlap. The percentage potentiation
was significantly greater at lower concentrations of the coagon-
ists (analysis of variance, p < 0.05; Fig. 3, C and F), and an
increase in the rate of desensitization with 10 nM glycine often
occurred (Fig. 3D), suggesting that at low concentrations of the
coagonists PS may be slightly affecting their binding to the
receptor.

The effect of PS on cells treated for 24-48 hr with 200-500
ng/ml PTX was examined to determine whether PTX-sensitive
G proteins are involved in the mechanism of PS action. In
PTX-treated cells, 50 uM PS produced a 64 + 7% increase in
the NMDA current, compared with a 77 + 12% increase in the
control cells (n = 4). PTX did not significantly (¢ test, p >
0.05) block the PS-mediated potentiation of the NMDA-acti-
vated whole-cell current, and thus PTX-sensitive G proteins
are probably not involved in the mechanism of PS action.

Single-channel measurements. The effect of PS on
NMDA receptors was investigated at the single-channel level
using excised outside-out membrane patches. The time course
of PS action was similar to that in the whole-cell configuration,
with a maximal effect being observed within 30 sec of PS
application. In the patch illustrated in Fig. 4, the fractional
open time in the presence of 5 uM NMDA was increased from
3.5% in the control solution (Fig. 4A) to 6.8% in the presence
of 50 uM PS (Fig. 4D) (mean increase, 197 + 32%; n = 3). In
55 sec of recording time in each solution, the number of
openings increased from 839 in the control solution to 1589 in
the presence of PS (mean increase, 180 + 46%). In some
patches, there was also a small PS-induced increase in mean
channel open time ({f,); mean increase, 130 + 12%; two of
three patches). In many patches two channel substates or types
were observed, i.e., small conductance and large conductance
forms. These two types of openings were similar to the substates
of the NMDA channel described previously (21, 22). The fre-
quency of both small and large openings was increased with
PS. PS did not alter the conductance of either type of opening
(Fig. 4, C and F).

When PS was applied to the outside of cells during recording
from cell-attached patches, similar results and time courses
were seen as with the outside-out patches. In the patch illus-
trated in Fig. 5, the fractional open time increased from 0.2%
in control recordings to 0.7% in the presence of 50 uM PS
(mean increase, 223 + 58%; n = 4). The frequency of openings
increased from 169 (control) to 317 (PS) openings in 110 sec of
recording time (mean increase, 156 + 18%). In this type of
recording situation, in contrast to the outside-out recordings,
the effects on (¢,) were much more significant. The (t,) in-
creased from 1.1 + 0.1 msec in the control to 2.5 + 0.1 msec
with PS (mean increase, 211 + 71%). The record shown in Fig.
5 shows two long openings with flickery behavior in the pres-
ence of PS. These flickery openings were not a specific action
of PS, because similar openings were seen in control records.
They were, however, more obvious with PS due to the increase
in ().

Discussion

The studies presented here, using hippocampal neurons in
culture, confirm that the NMDA subtype of glutamate receptor
produces a greater macroscopic current in the presence of PS.
These observations expand on studies carried out using spinal
cord neurons in culture (16) and derive from experiments
demonstrating an excitatory action of PS and related com-
pounds on central nervous system neurons in intact tissues
(23). The present experiments add the following details on the
mechanism of action of the steroid: 1) PS potentiates NMDA-
activated currents equally across the normal physiological
range of holding potentials; 2) similarly to an earlier study (16),
the non-NMDA subtypes of glutamate currents are inhibited
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Fig. 3. Dose-response curves for NMDA
and glycine are shifted upward in the
presence of PS. A, Whole-cell current was

measured in response to three concentra-
tions of NMDA, PS (50 um) was then
applied for 60 sec, and the doses of
NMDA were repeated in the presence of
PS (n = 4-7). Dotted line, the 0 current
level. B, Dose-response curves for NMDA
in the absence and presence of 50 um
PS. Current was calculated as a fraction
of the current produced by a saturati

concentration of NMDA in the absence of
PS. The data points were fit to the logistic
equation, which predicted an EC,, 0f 11.8
+ 0.4 um (95% confidence interval, 8.7-
15.9 um) and a Hill coefficient of 1.6 for
the control and an ECy of 8.6 + 0.4 um
(95% confidence interval, 6.6-11.1 um)
and a Hill coefficient of 1.4 with PS. Dot-
ted line, potentiated dose-response curve
scaled to the control level. C, Percent
potentiation for each concentration of
NMDA. D, Whole-cell current measured
in response to 25 um NMDA and three
concentrations of glycine; agonists and
PS were applied as in A (n = 6-12). E,
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slightly by PS; 3) when complete dose-response curves for
glycine and NMDA are constructed, no change in affinity of
the coagonists for the receptor is observed, except at low
concentrations of the coagonists; and 4) the single NMDA
receptor channel opening frequency and mean open time are
increased by PS, whereas the single-channel conductance re-
mains unchanged.

PS has a wide range of effects on membrane channels, but
the effects are selective and differ for each channel type. Thus,
at concentrations in the high nanomolar to micromolar range,
PS potentiates NMDA currents (15, 16, present study), reduces
the magnitude of GABA and glycine currents (12-14, 24), and
inhibits voltage-activated Ca*>* channels in hippocampal neu-
rons (17, 18). The diversity and specificity of the actions make
it unlikely that PS acts on membrane proteins via a nonspecific
membrane-disordering mechanism, like that proposed for bar-
biturates and short-chain alcohols (25, 26). It seems likely that
specific sites of action for PS and related substances will be
found on subunits of the NMDA receptor, as has been shown
for neurosteroid action on GABA, receptors.

Several experimental results suggest that potentiation of the
NMDA receptor by PS may result from a direct action of the
steroid on the receptor. First, the potentiation by PS begins
within seconds of its application and reverses in a similar time
period on washout of the steroid. Second, PTX does not block

0.01 0.04 0.16 063 2.5 10 40

tration of glycine in the absence of hor-
mone. The data points were fit to the
logistic equation, which an ECso
of 0.10 + 0.010 um (95% confidence in-
terval, 0.025-0.41 um) and a Hill coeffi-
cient of 0.92 for the control and an ECs,
of 0.039 + 0.0052 um (95% confidence
interval, 0.008-0.19 um) and a Hill coeffi-
cient of 0.73 with PS. Dotted line, poten-
tiated dose-response curve scaled to the
control level. F, Percent potentiation for
each concentration of glycine.

Glycine (uM)

the effect of PS, indicating that PTX-sensitive G proteins are
not directly involved in the mechanism of action. Third, poten-
tiation of NMDA channels in excised outside-out membrane
patches also is consistent with a direct action. The potentiation
that occurs in the cell-attached patch configuration, however,
suggests that either 1) a diffusible second messenger pathway
is involved or 2) the lipophilic steroid is entering the cell or cell
membrane and reaching the channels in the patch by diffusion.
This second possibility may be more likely, due to the lipophilic
nature of steroid hormones. Further experiments with NMDA
receptor channels in a cell-free system would probably resolve
this issue. The present results do, however, make highly un-
likely the classical mechanisms of steroid hormone action in-
volving transcriptional mechanisms.

Potentiation of the NMDA current by PS occurs in the
presence of saturating concentrations of NMDA and glycine,
indicating that at saturating concentrations of the coagonists
1) PS does not change the affinity of the coagonists for the
receptor and 2) there is no competition between PS and these
coagonists for receptor activation. In addition, PS does not
appear to recruit an additional group of NMDA receptors,
because the saturation point in the dose-response curve remains
unchanged. Several modulatory sites have been described on
the NMDA receptor, and PS may function by binding to a
previously described site or to a novel site to produce allosteric
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Fig. 4. Frequency of single-channel openings increases in
the presence of PS. Single channels were recorded in an
excised outside-out patch, held at —70 mV, in the presence
of 5 um NMDA and 1 um glycine, with either 0.2% dimeth-
yisulfoxide (control) or 50 um PS (in the presence of 0.2%
dimethylsulfoxide). No channel openings were observed in

the absence of the coagonists, either with or without PS.
A, Sequential traces in the absence of PS. Two channel
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substates or types were observed, similar to those de-
scribed previously (21, 22). B, Open-time histogram in the
absence of PS was fit by the sum of three exponential
functions, with time constants of 0.3, 1.3, and 6.8 msec. A
minimum of 200 usec was used as the criterion for ac-
cepting single opening and closing events. C, Amplitude
histogram in the absence of PS showed two peaks, cor-
responding to the two channel types observed in A. The
histogram was fit by the sum of two gaussian functions,
with means of —2.52 + 0.05 pA and —3.45 + 0.01 pA. D,
Sequential traces in the presence of PS. The same channel
substates as in A were observed. E, Open-tmehastogram
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changes in receptor conformation. Such a mechanism has been
proposed to explain the actions of neurosteroids on GABA,
receptors and may be the general mechanism of action of these
compounds (12).

The dose-response relations for NMDA and glycine showed
small and statistically insignificant leftward shifts in their ECs,
values in the presence of PS. The percent potentiation of
responses by PS, however, was significantly greater at lower

concentrations of the two coagonists. These results suggest that
at low concentrations of the coagonists PS may slightly increase
the affinity of the coagonists for the NMDA receptor.

The PS-induced increases in the frequency of opening and
mean open time for NMDA-activated channels are similar to
the reported actions of other neurosteroids on the GABA,
channel. Several progesterone metabolites cause increases in
the mean open time and burst duration of GABA, channels (9,
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27), whereas PS decreases the channel opening frequency of
similar populations of GABA, channels (14). Apparently PS
does not directly gate NMDA channels in the absence of
NMDA and glycine, because no channel openings were ob-
served with PS alone. Small increases in membrane conduct-
ance, which were sometimes observed at high concentrations
of PS, appear to result from interference with the membrane
seal by this lipophilic substance. An interesting difference seen
when recordings of PS actions on outside-out patches are
compared with actions on cell-attached patches is that the
effects on mean channel open time are seen much more readily
under the latter experimental conditions. This may be caused
by the loss of other intracellular modulators in the excised
patch configuration, analogous to the “rundown” of current
that is sometimes observed.

In considering the physiological significance of PS, it is
important to note that pregnenolone, and its sulfate and ester
metabolites, are synthesized from cholesterol and normally
found both in intact brain and in glial cultures (4-6). PS levels
in anterior parts of the rat brain are about 16 ng/g of total
protein (4). These levels probably can produce small potentia-
tions of NMDA currents. Unfortunately, it is not known
whether higher local concentrations of these substances exist
in the extracellular space around neurons, whether the sub-
stances normally are synthesized and released by glial cells,
and, if they are released, whether this takes place in a contin-
uous fashion or in response to physiological cues. It has been
reported, however, that the levels of pregnenolone and PS found
in the brain are independent of adrenal steroidogenesis (4).
The observations that PS increases NMDA-activated excita-
tory current in neurons (15, 16, present study), decreases
GABA,- and glycine-activated inhibitory currents (12-14, 24),
and decreases calcium channel currents (17, 18) raise many
interesting possibilities about functional roles for these sub-
stances. Such an enhancement of excitatory input to neurons,
along with a reduction of calcium entry, could be important in
facilitating information transfer along selected pathways in the
nervous system, although neurons susceptible to NMDA-me-
diated excitotoxicity may be more likely to experience cell
death. Recently, it was demonstrated that intracerebroventric-
ular injections of PS enhanced memory retention for foot-
shock active avoidance training (28). Whether endogenous PS
and related neurosteroids normally are involved in processes
like memory training or other kinds of synaptic plasticity
remain exciting prospects for future investigations of this in-
teresting class of compounds.
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