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SUMMARY

The physiology and pharmacology of willardiine and bromowil-
lardiine, structural analogues of quisqualate, were studied in
cultured postnatal rat hippocampal neurons using whole-cell
voltage-clamp techniques. These agonists appear to act at a
shared non-N-methyi-p-aspartate (non-NMDA) receptor-channel
complex and gate nonselective cationic currents. Willardiine cur-
rents desensitize rapidly and to a much greater degree than
bromowillardiine currents. In addition, the brominated compound

produces steady state currents that are 5 times larger than those
produced by willardiine at saturation. Bromowillardiine is also a
more efficacious excitotoxin, producing about 3-fold greater
acute neuronal damage than willardiine at saturating concentra-
tions. These results suggest that agonist structure affects the
ability of non-NMDA agonists to induce desensitization and add
support to the hypothesis that receptor desensitization serves
to limit acute excitotoxicity in cultured neurons.

In vertebrate central neurons, responses mediated by the
ionotropic non-NMDA class of glutamate receptors desensitize
rapidly when activated by certain excitatory amino acids. Pre-
vious studies have shown that glutamate, quisqualate, and
AMPA produce responses that decline to a steady state level
with a time constant ranging from 10 to 80 msec in whole-cell
experiments. In contrast, responses gated by kainate and do-
moate exhibit a sustained current during prolonged administra-
tion, with little evidence of desensitization (1-4).

These observations suggest either that the two classes of
non-NMDA agonists act at separate receptor-channel com-
plexes or that the receptor exhibits agonist-specific desensiti-
zation. The issue of whether kainate and quisqualate share a
common receptor-channel complex has been addressed in sev-
eral preparations. Based on physiological competition and
cross-desensitization experiments in cultured hippocampal and
spinal cord neurons (2, 5, 6), as well as Xenopus oocytes injected
with rat brain mRNA (7, 8), it appears that these agents act at
a common receptor-channel complex, suggesting the existence
of a single ionotropic non-NMDA receptor. Furthermore, re-
cent studies using cloned AMPA receptors demonstrate cur-
rents activated by kainate, quisqualate, and AMPA and inter-
actions among these agonists (9, 10). Binding studies have
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indicated that separate quisqualate and kainate receptors exist
in the nervous system (11), but in many areas these agonists
show significant cross-sensitivity for the other receptor (12),
making it unclear whether there is more than one non-NMDA
receptor.

Willardiine and its brominated derivative, 5-bromowillard-
iine, are structural analogues of quisqualate that are reported
to induce markedly different physiological responses (13). Wil-
lardiine is thought to be a specific and relatively potent agonist
at quisqualate receptors (14), whereas bromowillardiine pro-
duces responses similar to kainate in several preparations (11,
13). In immature rat dorsal root C fibers, bromowillardiine is 3
times more potent than kainate in inducing depolarizations,
whereas willardiine is ineffective (15).

The reasons for the differences in physiological responses
between these structural analogues are uncertain. Given the
observation that bromowillardiine is more “kainate-like” and
willardiine is “quisqualate-like,” differences in the ability to
induce desensitization may account for the increased effective-
ness of the brominated compound. Additionally, if these agents
act at the same receptor-channel complex but differ in the
ability to induce desensitization, chemical structure may deter-
mine whether a non-NMDA agonist can induce the conforma-
tional changes underlying desensitization. In this study, we
have examined the physiology, pharmacology, and toxicity of
willardiine and bromowillardiine in cultured postnatal rat hip-

ABBREVIATIONS: NMDA, N-methyl-p-aspartate; AMPA, a-amino-3-hydroxy-4-methylisoxazolepropionic acid; HEPES, N-hydroxyethyipiperazine-
N’-2-ethanesulfonic acid; EGTA, ethylene glycol bis(s-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; APV, 2-amino-5-phosphonovalerate; CNQX, 6-

cyano-7-nitroquinoxaline-2,3-dione.
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pocampal neurons, with emphasis on identifying differences in
efficacy, potency, and desensitization.

Materials and Methods

Cell culture. Hippocampal neurons were prepared from 1-3-day-
old albino rat pups, using previously described methods (16). Hippo-
campi were rapidly dissected and incubated for 30 min in Leibovitz L-
15 medium containing 1 mg/ml papain and 0.2 mg/ml fatty acid-free
bovine serum albumin. Single neurons were gently dissociated by
trituration in Eagle’s minimal essential medium containing 5% (v/v)
fetal calf serum, 5% horse serum, 400 uM glutamine, 50 ug/ml strep-
tomycin, 50 units/ml penicillin, and 17 mM glucose. The resultant cell
suspension was plated in 35-mm collagen-coated tissue culture dishes
(Falcon), at an approximate density of 300,000 cells/dish, and incubated
at 37° in a 5% CO, humidified atmosphere. Cytosine arabinoside (10~°
M) was added 72 hr after plating, to inhibit glial proliferation. All
media, serum, and antibiotics were purchased from GIBCO (Grand
Island, NY).

Electrophysiology. Voltage-clamp recordings were obtained, using
gigaseal recording techniques (17), from cells maintained in culture for
3-7 days. Over this time, hippocampal neurons typically have input
resistances of >500 MQ and membrane-charging curves for 87% of
neurons are described by a single-exponential process. For recording
purposes, the growth medium was replaced with a salt solution con-
taining (in mM): 140 NaCl, 5 KCl, 3 CaCl,, 1 MgCl,, 10 glucose, and
10 HEPES, pH 7.3. Tetrodotoxin (0.5-1 uM) was added to decrease
spontaneous synaptic activity and to improve the spatial voltage clamp.

Recording electrodes were pulled from fiber-filled borosilicate glass
capillaries (WPI) on a Sutter P-87 pipette puller. These pipettes were
fire polished to obtain 5-8-M$Q recording electrodes. Pipette solutions
routinely contained (in mM): 140 CsCl, 4 NaCl, 10 HEPES, 2 MgCl,, 5
EGTA, and 0.5 CaCl,, pH 7.3. In some experiments, 140 mM cesium
acetate was substituted for CsCl, to alter the chloride reversal potential,
and the Mg?* was omitted.

Whole-cell currents were recorded using a List EPC-7 patch-clamp
amplifier. Signals were filtered at 1-3 kHz and recorded on a Gould
220 chart recorder. Filtered currents were also digitized (p.CLAMP,
version 5.5; Axon Instruments) and stored on disk for off-line analysis.
In some analyses, currents were fit to exponential equations using a
least-squares minimization or Gauss-Newton algorithm (pCLAMP or
ASYSTANT; MacMillan Software). Desensitization was measured as
percentage of decline:

% of decline = L‘;"—’%“L X 100
max — 40

where I, is the zero current level, I,.,, is the peak observed current, and
Liaesu i8 the observed steady state current after desensitization. All
values are mean + standard error.

Drug application. Excitatory amino acid agonists were dissolved
in the bath solution and applied by close-range pressure ejection from
glass pipettes positioned about 5 um from the cell soma (2). This drug
delivery system allows close positioning near neurons and reproducible
application without discernable drug leakage. Using this system, cur-
rents gated by saturating concentrations of kainate take 71 + 7 msec
(n = 26) to achieve half-maximal amplitude. This reflects, in part, the
speed of drug delivery, as well as the recovery of any receptors desen-
sitized at baseline (1). In comparison, currents gated by quisqualate,
willardiine, and bromowillardiine achieve half-maximal amplitude in
16 = 2 msec (n = 27), 15 + 1 msec (n = 38), and 21 + 3 msec (n = 29),
respectively.

Bromowillardiine and willardiine were dissolved in 1 N NaOH,
whereas CNQX was dissolved in dimethylsulfoxide. Drug solutions
were diluted to final concentration with bath solution at the time of
experiment, with the pH adjusted to 7.3. Bromowillardiine and willar-
diine were purchased from Tocris Neuramin, whereas CNQX, D-APV,
and quisqualate were purchased from Cambridge Research Biochemi-

cals. Other agonists and salts were obtained from Sigma Chemical
Company.

Toxicity studies. For studies of excitotoxicity, neurons were plated
in 35-mm culture dishes that had been modified using a Mecanex BB-
Form-2 dish imprinter to facilitate identification of fields. All toxicity
experiments were performed on cultures maintained for >10 days.
Dishes were rinsed thoroughly with the bath solution described above.
Willardiine or bromowillardiine was applied for 20 min in the bathing
solution. After agonist exposure, cultures were stained with 5 uM
propidium iodide for 5 min. Propidium iodide is a dye that is excluded
from living cells but crosses the membrane of dead or dying cells, where
it interacts with DNA to impart a red fluorescence (18, 19). Cell damage
was measured as the percentage of neurons stained with propidium
iodide. Ten representative fields were counted in each culture. Statis-
tical differences were determined using two-tailed ¢ tests.

Results

When rapidly administered to postnatal rat hippocampal
neurons that are voltage clamped at —50 mV, willardiine and
bromowillardiine produce inward currents. Responses produced
by 1 mM willardiine exhibit rapid desensitization, declining
with a time constant of 35 + 2 msec to a plateau level that is
50 + 2% of the observed peak response (n = 24) (Fig. 1B). In
contrast, responses mediated by 1 mM bromowillardiine exhibit
considerably less desensitization (8 + 2% decline, n = 22, p<
0.001) (Fig. 1A). Although the rapidity of desensitization leads
to an underestimate of the true peak current and, hence, an
underestimate of the actual percentage of decline in current,
bromowillardiine produces steady state currents that are 5-fold
greater than those produced by 1 mM willardiine, suggesting
that there is a significant difference in desensitization between
these agents.

The differences in desensitization and steady state current
amplitudes between willardiine and bromowillardiine are sim-
ilar to differences between quisqualate and kainate acting at
non-NMDA receptors in cultured postnatal rat hippocampal
neurons, with quisqualate currents exhibiting 72 + 4% decline
with a time constant of 49 + 7 msec (n = 10). Kainate currents
show no desensitization during administrations of 10-30 sec
(Fig. 1C). Steady state currents produced by a saturating con-
centration of quisqualate are 24 + 2% (n = 25) of those
produced by a comparable concentration of kainate.

Willardiine and bromowillardiine activate currents in a dose-
dependent fashion. Based on physiological dose-response data
(Fig. 2), bromowillardiine is about 6 times more potent than
willardiine (ECs, values for peak currents are 31 uM versus 173
uM). For both agonists, the Hill coefficient is similar (bromo-
willardiine, 1.21; willardiine, 1.16). At saturating concentra-
tions, steady state currents produced by bromowillardiine are
510 £ 50% of those produced by willardiine (n = 14), indicating
that at steady state the brominated compound is a more effec-
tive agonist as well. By comparison, steady state responses
produced by a saturating concentration of bromowillardiine are
83 + 4% of those produced by a similar concentration of kainate
(n = 8), reflecting at least in part in desensitization produced
by the brominated compound. The steady state currents acti-
vated by willardiine are 16 + 5% (n = 17) of those produced by
kainate.

Both willardiine and bromowillardiine activate currents via
non-NMDA receptors. Similar to other agents acting at these
receptors (20), current-voltage (I-V) curves for peak currents
in the presence of extracellular magnesium are nearly linear
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Fig. 1. Bromowillardiine and willardiine produce different degrees of
desensitization. Neurons were voltage-clamped at —50 mV and exposed
to 500-msec pressure applications of bromowillardiine (A) and willardiine
(B). For comparison, responses to kainate (C) and quisqualate (D) are
also shown. The agonist concentration was 1 mm for all except quis-
qualate, which was applied at 100 um. The chemical structures of these
agents are shown next to their respective physiological trace. Bars above
the current traces, duration of agonist application. Calibration bar, A, 60
PA; B, 30 pA; C, 70 pA; D, 60 pA x 100 msec.

over the range of —85 to +50 mV, with reversal potentials of

41 = 2 mV for willardiine (n = 3) and +4 £ 2 mV for

bromowillardiine (n = 3) (Fig. 3). The reversal potentials are
unaffected by changes in the chloride equilibrium potential,
suggesting that the channels are cation selective.

CNQX, a competitive antagonist at non-NMDA receptors
(21), competitively inhibits currents gated by both willardiine
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Fig. 2. Bromowillardiine and willardiine gate currents in a dose-dependent
fashion. Neurons were at —50 mV and exposed to 500-
msec appilications of agonists at various concentrations. Each neuron
was exposed to three agonist concentrations, and peak responses were
normalized with respect to the response at 1 mm. The data points
represent mean + standard error. These data were fit to a dose-response
equation: response = responseme X ([AT'/([AY" + ECsy)), where respon-
Semax iS the maximal response to the agonist, [A] is the agonist concen-
tration, ECs, is the concentration producing a 50% maximal response,
and N is the Hill coefficient (4). The equation was fit using a least squares
minimization routine, alowing all three parameters to vary. The best fit
curves are displayed. For bromowillardiine, responsemax = 99%, ECs =
31 um, and n = 1.21. For willardiine, responsemex = 106%, ECso = 173
um, and n = 1.16.

and bromowillardiine, with similar antagonist affinities (Fig.
4). The calculated ICs for the CNQX inhibition of peak willar-
diine currents is 2.6 + 0.1 uM, whereas it is 2.8 + 0.2 uM for
bromowillardiine. Currents activated by these agonists are in-
sensitive to inhibition by D-APV, a competitive antagonist of
NMDA receptors. Currents activated by willardiine and bro-
mowillardiine in the presence of 100 uM D-APV are 100 + 3%
(n =5) and 95 + 3% (n = 5) of control, respectively (p = not
significant).

These physiological and pharmacological data suggest that
willardiine and bromowillardiine act selectively at non-NMDA
receptors. We have also observed that these agents are likely
to share a common receptor-channel complex. When non-
NMDA receptors are desensitized by exposure to willardiine,
there is a concomitant decrease in the response to bromowil-
lardiine (Fig. 5A). During a 500-msec agonist application, the
peak current induced by bromowillardiine is diminished after
pretreatment with willardiine. In contrast, when willardiine is
administered to neurons pretreated with bromowillardiine,
there is a rapid decrement in current, reflecting the lower
efficacy and more complete desensitization produced by willar-
diine (Fig. 5B). When the two agonists are administered si-
multaneously to neurons, at saturating concentrations, the
resulting current is always intermediate between the responses
to the agonists alone, again suggesting that these agents share
a common receptor-channel complex (Fig. 5C). The current
obtained during coadministration of agonists at saturating con-
centrations is 97 + 3% of the mean response to each agonist
alone (n = 11). In other experiments, the effect of 100 uM
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Fig. 4. CNQX is a competitive
inhibitor of bromowillardiine (A)
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were voltage-clamped at —50
mV and administered 500-msec
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willardiine on the bromowillardiine dose-response curve was
examined using a coapplication paradigm. These experiments
demonstrated a parallel rightward shift in the dose-response
curve, suggesting a competitive interaction between the two
agents (Fig. 6). As has been reported previously, we have found
similar interactions between kainate and quisqualate in post-
natal rat hippocampal neurons (2, 5, 6).

The differences in steady state efficacy between willardiine
and bromowillardiine also extend to their actions as excitotox-
ins. Previously, we have found that agonists producing rapid
desensitization at non-NMDA receptors exhibit significantly

fit of the data to this equation,
using a least squares minimi-
zation routine. The IC5, was 2.8
+ 0.2 um and 2.6 £ 0.1 um for
CNQX against bromowillardiine
and willardiine, respectively.
Noncompetitive or uncompeti-
tive inhibition models inade-
quately described the experi-
mental data.

10 100 1000
CONCENTRATION (uM)

less acute excitotoxicity than nondesensitizing agonists (22).
Similar differences in acute excitotoxicity are seen with willar-
diine and bromowillardiine (Fig. 7). When neurons are exposed
to physiologically saturating concentrations of agonists for 20
min, a significantly greater proportion of neurons are damaged
by the brominated compound (63 + 2% versus 24 + 7%, n = 3,
p < 0.05).

Discussion

These studies indicate that willardiine and bromowillardiine
act at a common non-NMDA excitatory amino acid receptor-
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Fig. 5. Bromowillardiine and willardiine exhibit cross-desensitization and
interact competitively. Neurons were voltage-clamped at —50 mV and
exposed to agonist for 500 msec. A, Left trace, control response to 1
mm bromowillardiine. Middle trace, after an application of 1 mm willar-
diine, 1 mm bromowillardiine (arrow) produces a significantly smaller
inward current. Right trace, recovery of the response to bromowillardiine
30 sec later. B, The converse experiment to that shown in A. Left trace,
control response to 1 mm willardiine; arrow, response subsequent to 1
mm bromowillardiine. Note the decrease in current produced by willar-
diine. Right trace, recovery of the willardiine response. C, Coapplications
of agonists reveal a competitive interaction between bromowillardiine
and willardiine. The response of a single neuron to 500-msec applications
of 1 mm bromowillardiine (BROMO), 1 mm (WILLARD), and the combi-
nation of 1 mm each (BROMO + WILLARD) is shown. The combination
always gave a response that was intermediate between the responses
to the agonists alone. Calibration bar, A and B, 200 pA, 10 sec; C, 200
PA, 100 msec.

channel complex in cultured postnatal rat hippocampal neu-
rons. The substitution of bromine for hydrogen at the 5-
position of the willardiine ring enhances the steady state effi-
cacy of the agonist by about 5-fold and decreases the ability of
the molecule to promote desensitization. At comparable con-
centrations, bromowillardiine gates responses that are about
80% of those produced by the nondesensitizing non-NMDA
agonist kainate. These results support previous observations
that only one ionotropic non-NMDA receptor exists on cultured
central nervous system neurons (2, 5, 6) and that desensitiza-
tion contributes to differences in steady state efficacy among
these agonists. However, we cannot exclude the possibility that
bromowillardiine elicits a desensitizing current that declines
with a time constant of <5 msec, which would not be detected
in whole-cell recordings.

Prior studies have suggested that willardiine is a “quisqual-
ate-like” agonist, whereas bromowillardiine is more “kainate-
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Fig. 6. Coapplications of bromowillardiine and willardiine demonstrate a
competitive interaction. Using a coappilication paradigm similar to that
described in Fig. 5C, the effect of 100 um willardiine on the response to
various concentrations of bromowillardiine was examined. The displayed
data depict the control bromowillardiine dose-response curve (®) and
the shift in the dose-response curve by willardiine (A). Points
represent mean + standard error. Solid lines were fit using the equations
in the legends to Figs. 2 and 4. The ICs for willardiine was 94 + 15 um.

like” (13). Our results support this contention, in that willar-
diine, like quisqualate, gates responses that exhibit prominent
desensitization, whereas bromowillardiine produces consider-
ably larger currents that exhibit little use-dependent decline.
However, unlike kainate, a rapidly desensitizing phase of re-
sponse does occur with bromowillardiine. In postnatal hippo-
campal neurons, quisqualate activates peak currents with an
ECy, of 36 uM (23), making this agent about 5 times as potent
as willardiine. Evans et al. (14) have previously reported that
quisqualate is about 5 times more potent than willardiine in a
rat spinal cord preparation. Kainate is about 6 times less potent
than bromowillardiine based on our dose-response data in
cultured hippocampal neurons (ECs, values of 176 uM versus
31 uM), consistent with its lower potency in rat dorsal root C
fibers (13). Yet, kainate is more effective than bromowillardiine
based on steady state currents induced by comparable concen-
trations.

These data further support the notion that non-NMDA
agonists can be divided into two classes, based on their actions
in cultured neurons. One class includes glutamate, quisqualate,
AMPA, 4-methylhomoibotenate, 8-N-oxalylamino-L-alanine,
and willardiine, agonists that induce rapidly desensitizing re-
sponses. The second group consists of kainate and domoate,
agonists that fail to induce desensitization (1, 2, 4, 22). Based
on competition and cross-desensitization experiments, all of
these agonists appear to act at a common receptor-channel
complex in cultured hippocampal neurons, suggesting that de-
sensitization is agonist specific. Bromowillardiine is an inter-
mediate agent, producing less desensitization and larger steady
state currents than quisqualate-like agonists. This suggests that
relatively simple changes in agonist structure may produce
agonists more like one group or the other and that agonist
structure may be important in allowing the conformational
changes necessary for receptor desensitization. The addition of
bromine to the willardiine structure increases the bulk of the
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Fig. 7. Bromowillardiine is a
more effective acute excito-
toxin than willardiine. Upper, a
culture was exposed to 1 mm
bromowillardiine for 20 min.
The photographs depict the
control condition (/eft), the cul-
ture immediately after bromow-
illardiine had been applied for
20 min (middle), and the cul-
ture after staining with 5 um
propidium iodide for 5 min
(right). Magnification, 400X.
Lower, in experiments similar
to those described above, cul-
tures were exposed to 1 mm

o /%

willardiine or 1 mm bromowillar-
diine for 20 min. Cells stained
by propidium iodide were con-
sidered damaged by the treat-
ment. The plot displays the per-
centage of neurons (mean +
standard error) from 10 fields/
culture stained with propidium
iodide. Results are pooled from
three separate experiments.

WILLARDIINE

molecule, although how this changes the action of the agent is
uncertain (24, 25). In both invertebrate and vertebrate prepa-
rations, structural changes in non-NMDA agonists that alter
the three-dimensional molecular configuration have profound
effects on efficacy, suggesting that agonist structure is impor-
tant for binding and channel gating (26, 27).

Although in vertebrate central neurons it appears that ago-
nists with a “kainoid” C-4 unsaturated side chain exhibit little
desensitization (25), this structural distinction is not absolute.
In acutely dissociated rat dorsal root ganglion neurons, both
kainate and domoate induce desensitizing currents (28), making
it unlikely that agonist structure is the determining factor for
desensitization at all non-NMDA receptors. Additionally, an
important feature of rapid non-NMDA desensitization in post-
natal hippocampal neurons is that the process is rarely 100%
complete. In almost all neurons, there is a residual current that
flows through the channel during prolonged agonist adminis-
tration. The mechanisms responsible for this residual current
are at present unclear. It is also uncertain whether the same
channels that produce rapid desensitization are also responsible
for the steady state current (3, 29). Recent studies using cloned

BROMOWILL

AMPA receptors have identified a segment of 38 amino acids,
preceding the predicted fourth transmembrane-spanning re-
gion, that greatly affects the kinetics of currents produced by
desensitizing non-NMDA agonists and that may be responsible
for differences in peak and steady state currents (30). Given
the differences in peak and steady state responses produced by
willardiine and bromowillardiine, it is possible that these agents
have preferential effects on different structural forms of the
receptor.

Our results also suggest that physiological differences be-
tween desensitizing and nondesensitizing non-NMDA agonists
extend to differences in acute excitotoxicity. Nondesensitizing
agonists, including bromowillardiine, gate large steady state
currents and damage about 60% of postnatal hippocampal
neurons during a 20-30-min exposure. In contrast, desensitiz-
ing agonists such as willardiine damage o'.ly about 25% of
neurons during a similar exposure (22). Thus, prominent de-
sensitization appears to limit the degree of acute neurodegen-
eration that occurs during prolonged exposures to certain ago-
nists in vertebrate neurons.
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