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SUMMARY

Bicuculline methiodide (BIC-Mel) (10-100 uMm) altered the kinetics
of N-methyl-p-aspartate (NMDA) responses in single-channel and
whole-cell recordings. The principal effect of BIC-Mel (10-100
um) on NMDA channels was a t decrease in mean
channel open time (r,), accompanied by the introduction of a
new closed time (rg) of 14.0 + 3.5 msec (mean + standard
deviation; n = 14) in closed time distributions, which was inde-
pendent of BIC-Mel concentration. BIC-Mel (10-100 uMm) in-
creased the frequency of NMDA channel opening in a dose-
dependent manner, offsetting the decrease in 7., such that the
total time spent in the open state per minute was unchanged,
and thus the total charge/min through NMDA channels was
unchanged. Similarly, the amplitudes of NMDA whole-cell current
responses were not noticeably affected by 10-80 um BIC-Mel,
even though power spectra density analysis of the whole-cell
NMDA-stimulated noise revealed changes in the underlying chan-

nel kinetics in the presence of BIC-Mel. Taken together, the
effects of 10-80 um BIC-Mel on NMDA responses were consist-
ent with the predictions of the sequential block model; however,
the effects of BIC-Mel exhibited no obvious voltage dependence.
In addition to the low-dose effects of BIC-Mel, 100 and 200 um
BIC-Mel inhibited whole-cell NMDA responses. The inhibition by
100 um BIC-Mel was not large, but it was augmented from 15%
to 30% by increasing the NMDA concentration from 10 um NMDA
to 20 um NMDA, indicating that channel activation was necessary
for BIC-Mel-mediated inhibition. Preliminary single-channel ex-
periments performed under conditions conducive to trapping of
an open channel blocker at its binding site indicated that the
effect of BIC-Mel on 7, persisted after the removal of the blocker,
consistent with use dependence of the dissociation of BIC-Mel
from the NMDA receptor-channel complex.

BIC, a naturally occurring plant alkaloid, is a competitive
antagonist of GABA, receptors that increases neuronal excit-
ability in brain by disinhibition (1, 2). A variety of derivative
forms of BIC, with differing degrees of effectiveness as GABA,
antagonists, are available (2). Although BIC is a more potent
inhibitor of GABA responses than is BIC-Mel (2), the BIC
form is unstable and rapidly undergoes temperature- and pH-
dependent decomposition to bicucine (3). Thus, the antagonist
effect of BIC on GABA responses declines rapidly in a 35°
solution at pH 7.4 (4). In contrast, a solution of BIC-Mel is
stable for at least 12 hr (2).

In an attempt to suppress a 35-pS Cl~ channel that coexisted
with NMDA channels in some outside-out patches, we observed
that 20 uM BIC-Mel decreased the mean open time of NMDA
channels. Because BIC (0.25-100 uM) is frequently used to
block GABA, responses, in a variety of in vitro preparations,
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during studies of excitatory amino acids (5-7) and because it is
used to generate experimental seizures that have been shown
to be partially reversed by NMDA antagonists (8), we further
investigated the effects of BIC-Mel on NMDA channels. BIC-
Mel effects were examined in whole-cell and single-channel
recordings.

Materials and Methods

Recording conditions. Mouse forebrain neurons were prepared
from 15-17-day-old fetuses, as described previously (11). Recordings
were performed at 20-25° on neurons grown in culture for 4-23 days.
Whole-cell and outside-out patch-clamp configurations were used (12).

Solutions. Borosilicate glass patch pipettes (3-7 MQ; WPI TW-
150) contained (in mM) 140 CsCl, 10 EGTA-K, 1 CaCl, and 10 HEPES-
K (pH 17.2). After preliminary investigations of BIC effects on Cl-
channels, 70 mM cesium acetate was substituted for 70 mM CsCl, to
eliminate the chloride currents that continued to contaminate some
NMDA single-channel recordings.

Extracellular (bath) solutions contained (in mm) 150 NaCl, 2.8 KCl,
1.0 CaCl,, 10 HEPES-Na (pH 7.2), and 300 nM tetrodotoxin. Levels of

ABBREVIATIONS: BIC, bicuculline; APV, bp+—)-2-amino-5-phosphonovaleric acid; BIC-Mel, bicuculline methiodide; EGTA, [ethylene-
bis(oxyethylenenitrilo)]jtetraacetic acid; GABA, y-aminobutyric acid; HEPES, N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid}; NMDA, N-
methyl-p-aspartate; TOT, total open time per minute of recording; TEA, tetraethylammonium; BIC-CI, bicuculline chloride.
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divalent cations known to affect NMDA channel 7, (9, 13, 14) were
measured by atomic adsorption spectroscopy, as described previously
(15), and were found to be too low (0.8 uM Mg?*, 0.1 uM Zn*, 0.2 uM
Ni?*, and 0.4 uM Co?*) in the 100 uM BIC-Mel solution to account for
any of the effects observed. Glycine (1 uM) was added to all agonist-
containing extracellular solutions unless otherwise stated. NMDA
(Cambridge Research Biochemical), glycine (Sigma), and BIC-Mel
(Sigma) were prepared as stock solutions and frozen. To limit degra-
dation, the BIC (Sigma) stock solution was prepared fresh in 0.2 N HC]
and kept acidic until immediately before use. All drugs were diluted in
the bath solution and applied by local perfusion in the vicinity of the
patch pipette, through a large-bore Pasteur pipet. It took 5-10 sec for
complete changes of drug solutions to occur at the pipet tip. Total bath
solution was continually exchanged by slow perfusion (1-3 ml/m) of
the 35-mm culture dish.

Data analysis. Currents were recorded using a List EPC-7 patch-
clamp amplifier. Data were initially filtered through an eight-pole
Bessel filter at 4 kHz and were permanently stored in digital form on
video cassettes, using a pulse code modulator (PCM-1B, Medical Sys-
tems Inc., Greenvale, NY). All data for analysis were taken from stable
steady state portions of the records. Records were reconverted to analog
form, refiltered at a lower frequency (500 Hz to 1 kHz Butterworth for
whole-cell noise data and 1-2 kHz Bessel for single channels), and
digitally sampled at a rate 5 times the filter cutoff frequency, using a
ISC-16 data acquisition board (RC-Electronics, Goleta, CA). The min-
imum detectable time interval, or system dead time, was 0.179/f., where
f. is the final cutoff frequency produced by the cumulative effects of
filters in a cascade; this value was used to determine missed event
compensation in fitting exponents to dwell time histograms (16). Analy-
sis was done on personal computers (AST Premium 286), using the
Channel Analysis Programs (RC-Electronics, Goleta, CA). Total
charge/min was calculated from amplitude density histograms stand-
ardized to 1 min of recording, such as shown in Figs. 3B and 4. Gaussian
functions were fit, using the Simplex algorithm, to all the sampled
points. Total charge/min was then determined by integrating the area
under the fitted peaks. The analysis software and system-testing pro-
cedures have been described in detail (15).

Results

Effects of BIC-Mel on whole-cell responses. BIC-Mel
(100 uM) application, together with 1 uM glycine, did not evoke
any direct response in cells (n = 2), whereas NMDA plus
glycine stimulated responses in these same recordings. The
effects of 5-200 uM BIC-Mel on NMDA response amplitude
and noise were examined in whole-cell recording experiments
conducted over the range of +40 to —80 mV (seven cells; 13
trials). No changes were seen in the amplitudes of NMDA
responses with coapplication of 5-40 uM BIC-Mel (n = 5).
However, spectral analysis did indicate dose-dependent changes
in the time constants () underlying the noise. No effect on
was observed with 5 uM BIC-Mel, a 15% reduction was seen
with 20 uM BIC-Mel, and a 50% reduction was observed with
40 uM BIC-Mel (Fig. 1). With 100 uM BIC-Mel there was also
a decrease in the whole-cell NMDA response amplitude (see
below). All aspects of NMDA responses returned to normal
within 4 min of flushing out the BIC-Mel.

Effects of BIC-Mel in single-channel recordings. Sin-
gle-channel data from one patch exposed to 5 uM NMDA in
the absence of BIC-Mel (Fig. 2, left) and in the presence of an
intermediate concentration of BIC-Mel (40 uM) (Fig. 2, right)
show key features of the effects of BIC-Mel on NMDA chan-
nels. NMDA channel openings appeared to be briefer in the
presence of 40 uM BIC-Mel, and there was an increase in the
frequency of openings in a given time interval, as illustrated by
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the raw data traces in Fig. 2A. The apparent lack of change in
NMDA channel amplitude in the presence of BIC-Mel, de-
picted in Fig. 2A, was verified in amplitude/probability density
histograms (Fig. 2B). However, 40 uM BIC-Mel had a pro-
nounced effect on NMDA mean channel open time (r,), de-
creasing it from 7.2 msec in control to 3.8 msec (Fig. 2C). Thus,
the 21% reduction in total charge/min (Fig. 2B) must be due
to a reduction in TOT, a measure that is a function of the
number of events/sec and 7,. In the experiment on the patch
illustrated in Fig. 2, the increase in frequency of events only
partially compensated for the 47% decrease in 7,. However, in
four other patches exposed to 40 uM BIC-Mel, the increase in
the frequency of events did compensate for the effect on .,
with the net result being that the mean value of TOT in control
and 40 uM BIC-Mel-containing solutions was not different.

The relationship between the effects of BIC-Mel concentra-
tion on 7,, frequency of events, and TOT is shown, for 19
patches, in Fig. 3. The decrease in 7, was dose dependent, with
an ICs of 55 uM BIC-Mel predicted for the reduction in 7.
The association rate (k.), determined from the slope of 1/7,
versus BIC-Mel concentration, was 3.3 X 10° sec™* mol™ (19
patches; 24 trials). The BIC-Mel-mediated reduction in 7,
appeared to be voltage independent between —40 and —100
mV. At low and intermediate BIC-Mel concentrations, the
decrease in 7, was compensated for by the increase in event
frequency, such that TOT was essentially unchanged (Fig. 3).
For example, with 40 uM BIC-Mel, TOT was 0.93 + 0.14 (mean
+ standard deviation; n = 5), compared with the normalized
control value (i.e., TOT = 1.0). With 80 uM BIC-Mel, TOT did
not decline significantly either (0.8 + 0.2; mean + standard
deviation; n = 4), because, despite the decrease of the normal-
ized 7, to 40% of the control value, the frequency of events
increased by 1.7-fold.

Application of BIC-Mel in doses ranging from 10 to 100 uM
introduced a new closed time of 14 + 3.5 msec (n = 14), which
in the closed time distributions is referred to as 75, to signify
the time in the blocked state. Due to the long duration of 75,
measurements of the length of bursts of brief openings that
occurred during typical rapid channel blocking and unblocking
were generally not reliable. That is to say, the burst from one
channel tended to merge temporally with the bursts from other
channels in the multichannel patches, compromising accurate
measurements of burst duration. However, the finding that
TOT did not change with 10-80 umM BIC-Mel suggested that
the burst length must be increased by BIC-Mel.

Inhibition of NMDA responses with higher concentra-
tions of BIC-Mel. No inhibition of the total charge through
NMDA channels/60-sec interval was observed in patches ex-
posed to 5-80 uM BIC-Mel, even though NMDA channel 7,
decreased markedly. This was undoubtedly due to the compen-
satory increase in the frequency of events. Consistent with the
findings on single-channel currents, the amplitudes of whole-
cell NMDA currents were unaffected by these levels of BIC-
Mel. However, inhibition of NMDA responses in cells (n = 4)
was observed in the presence of 100 and 200 uM BIC-Mel, and
convincingly so under particular conditions. For example, in
one whole-cell recording the response to 100 uM BIC-Mel plus
10 uM NMDA was 13% smaller than the response to 10 uM
NMDA alone. Upon increasing the NMDA concentration to 20
uM NMDA, the inhibition by 100 uM BIC-Mel was 21% of the
response to 20 uM NMDA alone in the same cell. Thus, increas-
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ing the agonist concentration increased the amount of inhibi-
tion by 100 uM BIC-Mel, suggesting that channel activation
may influence BIC-Mel-mediated inhibition.

On the single-channel level, inhibition of responses to 5-10
uM NMDA by 100 um BIC-Mel was generally small and unre-
liable; the decrease in the normal 7, was large and it was not
consistently compensated for by the associated increase in the
frequency of events. As shown in Fig. 3B, the increase in the
frequency of opening recorded with 10 uM NMDA plus 100 uM
BIC-Mel was highly variable. In this particular condition, the
normalized single-channel event frequency increased 2.1 + 1.2
(mean *+ standard deviation; n = 7). Nor was the inhibition
significant with 100 uM BIC-Mel plus 10 uM NMDA, as re-
flected in the normalized TOT values, where TOT = 0.83 + 0.3
(n=17) (Fig. 3).

However, at higher NMDA concentrations inhibition by 100
uM BIC-Mel was observed consistently in patches (Fig. 4).
Inhibition was observed in patches (n = 4; eight trials) exposed
to 100 uM BIC-Mel plus 20 uM NMDA, where there was a 34.5
+ 11.7% decrease in the total charge/min. The total charge
measure was used to quantify the data obtained with 20 uM
NMDA, because it was not possible to determine the number
of events or 7, accurately at higher NMDA concentrations in
patches that contained more than three levels of channel open-
ings. Thus, at higher BIC-Mel concentrations, NMDA re-
sponses were inhibited by an uncompetitive mechanism, be-
cause inhibition was linked to channel activation.

Trapping of BIC-Mel. It was not possible to investigate
the time course of the BIC-Mel inhibition and disinhibition
because of the relatively slow drug application technique uti-
lized in these experiments. However, given the observation that
BIC-Mel-mediated effects required 2-3 min of perfusion with
control solutions for complete reversal to occur, experiments

5 uM NMDA + 40 uM BIC-Mel
1 T=42ms

Fig. 1. Effects of BIC-Mel on whole-cell
NMDA responses. A, DC current level and
noise responses are shown for control (left),
5 um NMDA (center), and 5 um NMDA plus
40 um BIC-Mel (right), with data placed to
indicate the magnitude of the inward cur-
rents. Dashed line, control DC current. B,
The power density spectrum for the control
5 um NMDA response was fitted by a single
Lorentzian function, with the time constant
underlying the noise of = 8.2 msec. C, With
40 um BIC-Mel, the noise spectra were fitted
by a single Lorentzian Function with 7 = 4.2
msec. Data were obtained at —60 mV at
room temperature. Glycine (1 um) was pres-
ent in the agonist-containing solutions. Back-
ground noise spectra were subtracted in B
and C. Data were filtered and sampled as
described in Materials and Methods.

100 800

Frequency (Hz)

designed to trap BIC-Mel at its binding site were attempted in
excised patches. Thus, in single-channel studies, the question
of use dependence of the BIC-Mel dissociation was addressed
as follows. NMDA channels were 1) activated by exposure to
10 uM NDMA, 2) blocked with 80 uM BIC-Mel, and 3) treated
with 100 uM APV in the continued presence of BIC-Mel and
NMDA, to inhibit channel opening. The recording chamber
was then flushed for 3-4 min with a bath solution containing
100 uM APV, to prevent the channels from opening while free
BIC-Mel and NMDA were removed from the recording cham-
ber. NMDA (10 uM) was then reapplied to the patch, without
APV or BIC-Mel present, and the events occurring during
successive 30-sec intervals were measured to determine 7,. If
BIC-Mel was trapped at a binding site on activated NMDA
channels by channel closing using APV, the openings occurring
after the second NMDA challenge (after the blocking and
trapping sequence) should be shorter. This supposes that the
NMDA receptor channel must be reactivated in order to permit
BIC-Mel to dissociate from its binding site.

The complete experiment was carried out in two outside-out
patches. In one patch, the steady state 7, for 20 uM NMDA was
6.1 msec before BIC-Mel addition. At equilibrium in the pres-
ence of 80 uM BIC-Mel and 20 uM NMDA, 7, was 2.0 msec.
After the sequence of solution changes that would lead to
trapping, reapplication of 20 uM NMDA produced 130 events
in the first 30-sec interval, with 7, of 3.0 msec, compared with
the control 7, of 6.1 msec (210 events) for the 30-sec period
immediately after the first application of NMDA. 7, recoveeed
to 6.4 msec after 5 min of continuous NMDA application in
the absence of BIC-Mel. Similar results were obtained from a
second patch, with the control NMDA response having a 7, of
5.9 msec during the first 30-sec interval of the first NMDA
application (266 events), 7, of 2.6 msec at equilibrium in 80 uM
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Fig. 2. Effects of 40 um BIC-Mel at —60
mV are shown on a si record-
ing of NMDA-activated currents. A, Fre-
quency of events increased, but there
was little noticeable change in short data
segments. The frequency of events was
7.1 events/sec for the 276-sec record
with 5 um NMDA (A,) and 10.2 events/
sec for the 285-sec record analyzed after
the addition of 40 um BIC-Mel (A;). B,

histograms

Q=6.7pC
| =-2.9 pA

Ampilitude/probability density

indicated a 21% reduction in total charge/
=10 min, from 8.5 pC/min (B,) to 6.7 pC/min
(B2). Channel amplitude (—2.9 pA) was
unchanged by 40 um BIC-Mel. C, BIC-
Mel reduced 7, by 57%, from 7.2 msec
(n = 1855 events) to 3.8 msec (n = 2905
events). The minimum detectable time in-

Current (pA)
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BIC-Mel plus NMDA, and 7, of 3.6 msec (341 events) during
the initial 30-sec interval of NMDA reapplication after the
trapping protocol sequence. In this patch, 7, recovered to 5.8
msec after several minutes of exposure to NMDA.

Apparent voltage independence of BIC-Mel inhibi-
tion. BIC-Mel-mediated inhibition appeared to be voltage in-
dependent in whole-cell recordings (compare Fig. 1 with Fig. 5)
over the range of —60 to +40 mV. The increase in inhibition
that was observed upon increasing of the NMDA concentration,
at a given concentration of BIC-Mel, also occurred at both
negative and positive potentials in cells.

The voltage independence of BIC-Mel effects was examined
briefly in a small number of single-channel recordings. How-
ever, the experiment is difficult at positive potentials, because
identification of NMDA channels is sometimes rendered am-
biguous by the coexistence of Cl~ channels in the patches.
Because the flow of Cl™ into the pipette evokes an outward
current and Cl~ influx is not impeded by loading pipettes with
larger impermeant anions such as acetate, currents through Cl~
channels can still interfere with interpretation of data acquired
at positive potentials. The problem is actually exacerbated at
positive potentials if the pipettes contain a 1:1 acetate/chloride
mixture, because, by decreasing the internal Cl-, the chloride

Time (log sec)

equilibrium potential (Ec) is shifted to —19 mV, leading to an
increase in Cl~ channel current amplitude at positive potentials.
In two trials on one patch that did not contain spontaneously
opening Cl~ channels, application of 80 uM BIC-Mel at +50
and +70 mV decreased 7, by 47% and 27%, respectively. In
another patch recorded at +30 mV, 7, was reduced by 50% in
100 uM BIC-Mel, but analysis of the low amplitude openings
at this potential required filtering the data at 500 Hz, thus
reducing the relative precision of this 7, measurement.

Lack of alteration by glycine of the BIC-Mel-mediated
decrease in 7,. Data from cells and patches indicated that
BIC-Mel is not a competitive antagonist. Because the glycine
site also plays a role in NMDA channel gating (17, 18), glycine
concentration was manipulated in experiments conducted on
four patches in the absence and presence of BIC-Mel. Increas-
ing glycine from 1 to 10 uM in the presence of 40 uM (n = 2) or
80 uM BIC-Mel (n = 2) did not change the BIC-Mel-mediated
decrease in 7,. Thus, it is clear that the effect of BIC-Mel on
7, i8 not due to actions at the glycine site.

BIC analogs. Effects of two other forms of BIC, BIC-Cl and
bicucine, a breakdown product of BIC-Cl that accumulates
slowly in solutions at pH ~7.0, were examined briefly, in order
to determine whether these compounds would have effects on
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Fig. 3. Summary of single-channel responses to application of BIC-Mel.
Data are from 19 outside-out patches where frequency of events and 7,
could be reliably measured in both control and test conditions; holding
potentials were —40 to —100 mV. A, With 100 um BIC-Mel, the NMDA
channel 7, was reduced to 35% of the normalized control values.
Standard deviations of the measurements were within the points. B, The
frequency of events increased with BIC-Mel concentration, and there
was a 2.1-fold increase at 100 um BIC-Mel. Frequency of events was
normalized to control values for each patch. Error bars, standard devia-
tion. C, A small (17%) but statistically insignificant decrease of TOT was
observed with 100 um BIC-Mel and 10 um NMDA, which may account
for current reductions seen in whole-cell recordings.

NMDA responses. NMDA channels in two patches exposed to
50 uM BIC-Cl and to 100 uM BIC-Mel both manifested the
effects of BIC-Mel; 7, decreased, frequency of opening in-
creased, and TOT was unchanged. In one patch, 7, was reduced
from 5.4 to 4.1 msec in 50 uM BIC-Cl and the frequency of
events increased 1.4-fold. Thus, at 1.1 times the control value,
TOT was essentially unaffected by BIC-Cl. The recording
chamber was then flushed with the NMDA solution before 100
uM BIC-Mel was applied. In the presence of BIC-Mel, NMDA
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Fig. 4. Inhibitory effects of 100 um BIC-Mel were apparent in patches
exposed to 20 um NMDA. A, The amplitude/probability density histogram
of the response to 20 um NMDA gave four peaks fitted by Gaussian
functions. The current amplitude values were —3.6, —6.5, —9.2, and
—12.2 pA, and the total charge/min through the NMDA channels in this
patch was 205.6 pC. B, In the presence of 100 um BIC-Mel plus 20 um
NMDA, three peaks were fitted by Gaussian functions. The current
amplitude values were —3.1, —5.8, and —8.4 pA, and the total charge/
min through the patch was 95.4 pC. C, After removal of the BIC-Mel,
the response to 20 um NMDA recovered. Four peaks were fitted by
Gaussian functions, representing current amplitudes of —3.6, —6.5, —9.4,
and —12.5 pA. The total charge/min was 214.8 pC. The small decreases
in amplitude values with BIC-Mel are <1 SD of the Gaussian functions
fitting the data. All solutions contained 1 um glycine. Data were filtered
at 2 kHz (Bessel) and sampled at 10 kHz. Histograms were originally
constructed from 60 to 80 sec of record and standardized to represent
60 sec, as described previously (15).
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7, decreased from 5.4 to 2.5 msec and, again, TOT was 1.1
times control. Repeating the experiment on another patch
yielded similar results for 50 uM BIC-Cl, with a 29% decrease
in 7, and no change in TOT.

Because both synaptic and nonsynaptic BIC-CI effects have
been clearly demonstrated to decline rapidly at physiological
pH, as BIC-Cl decomposes to bicucine (2, 4), the solutions from
the BIC-CIl experiment previously described were allowed to
stand at room temperature for 90 min before they were used
on another patch to test the effects of increasing levels of
bicucine in the solutions. Application of the BIC-CI bicucine
mixture decreased 7, by 30% (from 6.4 to 4.5 msec), whereas
TOT was unchanged. When 100 uM BIC-Mel was applied to
the same patch, 7, decreased to 2.1 msec and TOT was 1.2
times the control value.

In summary, the reductions in 7, for both 50 uM BIC-Cl and
the BIC-Cl bicucine mixture were less (25-30%) than the effect
observed with 100 uM BIC-Mel (54-67%) on the same patches.
The dose of BIC-Mel that decreased 7, by 50% was 55 uM (n
= 19 patches) (Fig. 3). Thus, the general effects of the BIC

C 20.M NMDA + 100 uM BIC-Mel

&'t =474 ms "t =26 ms

Fig. 5. Inhibitory effects of 100 um BIC-Mel
were voltage independent in whole-cell re-
cordings. A, DC current level and noise
responses are shown for control (feft), 20
um NMDA (center), and 20 um NMDA plus
100 um BIC-Mel (right), with data placed to
indicate the magnitude of the currents. At
+40 mV the response to 20 um NMDA was
decreased 29%, from +155 pA to +110
pA, by 100 um BIC-Mel. At —-60 mV the
total current was reduced by 26%, from
—135 pA to —100 pA. Dashed lines, control
DC current level. B, The power density
spectrum for the control 20 um NMDA re-
sponse at —60 mV was fitted by a single
Lorentzian function, with the time constant
underlying the noise of r = 5.0 msec. C,
With 100 um BIC-Mel, the noise spectra
changed substantially and were fitted by
the sum of two Lorentzian components,
with 7, = 47.4 msec and 7, = 2.6 msec.
Glycine (1 um) was present in the agonist-
containing solutions. Background noise
spectra were subtracted in B and C. Data
were filtered at 1.0 kHz (Butterworth) and
digitally sampled at 5 kHz.

100 1000

Frequency (Hz)

analogs were similar; BIC-Cl was not more potent than BIC-
Mel and the effect of the BIC-Cl/bicucine mixture did not
decrease with time, as would occur if bicucine were ineffective.
Thus, there is no indication that the site of BIC interaction on
NMDA receptor channels shares the GABA, receptor phar-
macology, where the antagonist effectiveness is summarized as
BIC-Cl > BIC-Mel > > bicucine.

Discussion

At lower doses of BIC-Mel, which decrease the 7, and in-
crease the frequency of channel openings, the absence of any
change in TOT is consistent with the sequential model of open
channel block. This model predicts that the number of openings
per burst will increase and completely compensate for the
reduction in 7, (19, 20). This occurs because the model requires
the blocking molecule to leave its binding site before the chan-
nel can enter the closed state. The model, as elaborated by
Neher and Steinbach (20), predicted that the association rate
(1/7,) should be dependent on the blocker concentration but
the dissociation rate (1/75) should be concentration dependent.
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Both of these conditions are met by using 10-80 M BIC-Mel.
The important prediction of the sequential model is that in the
presence of antagonist the bursts of brief openings will contrib-
ute the same amount of current as the opening of the channels
in the unblocked state. In this regard, BIC-CI, bicucine, and
BIC-Mel at low doses all fit the sequential model, because TOT
did not change, and no change in the amplitude of whole-cell
NMDA responses was observed at the lower doses of BIC-Mel.
Unfortunately, it was not possible to measure the increase in
burst duration in our single-channel experiments, due to the
presence of multiple channels in the patches. Indications of
bursting were observed in power density spectra of whole-cell
responses in the presence of higher doses of BIC-Mel (100-200
uM), which required spectra to be fitted by the sum of two
Lorentzian functions.

In 1983, Neher (21) observed that, at high drug concentra-
tions, block of nicotinic cholinergic channels by the anesthetic
QX-222 decreased the total current per burst and, thus, the
actions of this drug at high doses could not be described by the
simple sequential model proposed previously for this drug at
lower concentrations (20). Possible mechanisms suggested to
account for the failure of the sequential model under these
conditions were as follows: 1) the blocked channel might close,
thereby reducing the charge per burst, 2) there may be a slow
transition to a desensitized state, or 3) there may be a second
slow channel block at higher doses. A second time constant
within the interburst closed time distributions in the higher
QX-222 concentrations favors hypothesis 3, but hypothesis 2
could not be ruled out. In single-channel recordings of block by
100 uM BIC-Mel, no second closed time was observed in closed
time distributions; however, the study is inconclusive on this
point, because a second closed state may be longer than the
burst interval or because an insufficient number of longer
closings may have been sampled.

For uncompetitive antagonists, which require receptor acti-
vation before inhibition can occur, increasing agonist concen-
tration in the presence of the antagonist causes a greater degree
of inhibition (22). In contrast, other forms of inhibition are at
least partially overcome by increasing agonist concentration
when the antagonist concentration is low (23). At the whole-
cell level, the uncompetitive nature of BIC-Mel at high concen-
trations was clear, by these criteria.

It may be that BIC-Mel acts at a second site on the NMDA
receptor channel to produce the uncompetitive antagonism
observed. A voltage-independent decrease in the frequency of
events/bursts has been observed with Zn** (9) and TEA* (15),
leading to the suggestion that channel gating may be regulated
by an allosteric site on the NMDA receptor-channel complex.
The observed BIC-Mel inhibition of NMDA responses cannot
be due to contamination by either substance, because TEA was
not used in the experiments and the concentration of Zn?* in
the 100 uM BIC-Mel solution was 100 nM, which is substan-
tially less than the 10 uM needed to observe such an effect on
NMDA channels (9).

BIC-Mel actions did not exhibit any measurable voltage
dependence. Although voltage-independent sequential block by
uncharged compounds has been demonstrated (19, 24), and it
is possible for both charged and uncharged compounds to
interact with a binding site within a channel (25), lack of
voltage dependence suggests that BIC-Mel is not sensitive to
the transmembrane field and does not enter deeply into the

pore to interact with any of the previously described binding
sites (for review, see Ref. 26). However, the uncompetitive
action of BIC-Mel suggests that the channel must open for the
binding site to be accessible, and results of the trapping exper-
iments suggest that BIC-Mel dissociation may be use depend-
ent. Generally, the voltage independence of the BIC-Mel effects
indicates that the drug may bind at a superficial location on
the NMDA receptor-channel complex. Thus, the site or sites
of regulation may be near the channel pore or located in a
position where binding may interfere with channel gating. If
80, it is possible that no effect would be seen unless the channel
were opening and closing, as stimulated by the presence of
agonist.

From a practical standpoint, the effects of BIC are likely to
interfere with the interpretation of NMDA-induced responses
in a number of situations. For example, during iontophoretic
applications, local concentrations of BIC-Mel could easily ex-
ceed 100 uM. In such cases, care must be taken to determine
whether BIC-Mel antagonism of NMDA responses may be
contributing to the observed effects. In our experiments, >10
uM BIC-Mel was required to suppress adequately interference
from Cl- channels, but at this dose a decrease in NMDA
channel 7, was already apparent. Thus, the influence of lower
doses of BIC-Mel on the kinetic rates of open NMDA channel
blockers must be taken into account, because BIC compounds
may block the pore or alter NMDA channel gating. By either
mechanism, the K, values of open channel blockers (e.g., Mg?*,
phenyclidine, ketamine, and MK-801) will be changed.
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