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Kaitocephalin is the first discovered natural toxin with
protective properties against excitotoxic death of cultured
neurons induced by N-methyl-p-aspartate (NMDA) or
o-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA)/kainic acid (kainate, KA) receptors. Neverthe-
less, the effects of kaitocephalin on the function of these
receptors were unknown. In this work, we report some
pharmacological properties of synthetic (—)-kaitocephalin
on rat brain glutamate receptors expressed in Xenopus
laevis oocytes and on the homomeric AMPA-type GluR3
and KA-type GluR6 receptors. Kaitocephalin was found
to be a more potent antagonist of NMDA receptors
(ICso = 75 &£ 9 nM) than of AMPA receptors from
cerebral cortex (ICsy = 242 4+ 37 nM) and from homo-
meric GluR3 subunits (ICsy = 502 &+ 55 nM). Moreover,
kaitocephalin is a weak antagonist of the KA-type recep-
tor GluR6 (ICsy ~ 100 uM) and of metabotropic (ICsy >
100 uM) glutamate receptors expressed by rat brain
mRNA.

Keywords: Glutamate receptors, kainate, AMPA,
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euronal membrane receptors activated by the
N amino acid L-glutamate are the main drivers
of excitatory activity in the vertebrate nervous
system. These receptors can form ligand-gated ion
channels (ionotropic receptors; iGluRs) or can be linked
to a second messenger receptor channel-coupling system
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(metabotropic receptors; mGluRs) (7). The iGluRs are
tetrameric proteins that mediate fast synaptic transmis-
sion and are grouped into three classes, according to their
differential affinity for the agonists N-methyl-p-aspartate
(NMDA), kainate (KA), and a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) (2). The
mGluRs belong to the G-protein-coupled receptor super-
family, contain a heptahelical domain in the membrane,
and can be divided into three main groups according
to their agonist pharmacology, primary sequence, and
G-protein effector coupling (3). Group I contains the
receptors mGluR1 and mGIluRS5, which activate phos-
pholipase C (PLC). Groups II (mGIluR2 and mGluR3)
and III (mGluR4 and mGluR6—7) both inhibit adeny-
late cyclase (/). mGIluRs modulate neurotransmitter
release and the electrical and synaptic activity of neurons
and glial cells (4). Because of the broad distribution and
functions of glutamate receptors in the brain, it is not
surprising that alterations in the activity of iGIuRs or
mGluRs disrupt many complex processes such as learn-
ing and memory (3, 6); and in ischemic conditions, a
common situation in the diseased brain, overactivation of
iGluRs leads to neuronal degeneration and death by a
mechanism known as excitotoxicity (7). Evidence that
excitotoxicity is partly involved in the neuronal degen-
eration observed in epilepsy and Alzheimer’s and
Parkinson’s diseases has spawned the search for scaffold
molecules that could be used to develop improved neu-
roprotective pharmacotherapies (8). Among the new
molecules discovered, the natural toxin kaitocephalin,
isolated from the fungus Eupenicillum shearii, has at-
tracted interest due to the protection it confers to cultured
neurons against the excitotoxic death induced by the
iGIluR agonists kainate and NMDA. Furthermore, it
has been reported that kaitocephalin does not show the
cytotoxic effects exhibited by other iGluR antagonists,
thus becoming a potential candidate for therapeutic use
or a scaffold for the discovery of new antiexcitotoxic
drugs (9, 10). Nonetheless, the specific actions of kaito-
cephalin on the function of the native glutamate receptors
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Figure 1. Representative ion currents elicited by 100 uM kainate
(KA), 300 uM NMDA + 100 uM glycine (Gly), and 10 uM
quisqualate in oocytes injected with mRNA from rat cerebral
cortex.

remain unknown. In view of that, we studied the phar-
macological properties of the synthetic (—)-kaitocephalin
(11) on iGluRs expressed in Xenopus oocytes by endo-
genous mRNA isolated from rat cerebral cortex and on
mGluRs expressed by mRNA from cerebellum. Oocytes
injected with mRNA from brain cortex expressed iGluRs
and mGluRs in their membranes with properties similar
to those previously reported (Figure 1) (12, 13). iGluRs
were activated by perfusion of 100 uM kainate, which
elicited nondesensitizing ion currents (KA currents). KA
currents were potentiated to 279% + 14% (n = 5) by 80 s
preincubation with 10 uM cyclothiazide (CTZ), an in-
hibitor of the desensitization of AMPA-type receptors
(14); however 8 min preincubation with 10 4M concana-
valin A (Con A), a specific allosteric enhancer of KA-type
receptors (15) did not potentiate the current (n = 5),
indicating that kainate is mostly activating AMPA-type
receptors and a very low number, if any, of Con A-
sensitive KA-type receptors (Figure 2a). Perfusion of
10 uM (S)-AMPA elicited ion currents that were
6.3% + 0.6% (n = 8) of the KA currents in the same
oocyte. AMPA currents were potentiated to 126% £+ 4%
(n = 6) by 10 uM CTZ. The amplitude of the KA
currents was dependent on membrane potential and
showed substantial but incomplete rectification at posi-
tive potentials (Figure 2b,c). The activation of iGluRs by
AMPA and the selective potentiation of AMPA currents
and KA currents by CTZ but not by Con A indicate that
the iGluRs expressed by endogenous mRNA from rat
cerebral cortex were mostly AMPA-type native recep-
tors. Moreover, the partial rectification of KA currents to
positive voltages also indicates that those AMPA recep-
tors contained the GIluR2 subunit (/6), probably as
heteromers with GluR1 and GluR3, which are the most
frequent combinations found in rat brain cortex (2).
iGluRs of the NMDA-type were also expressed by
mRNA from brain cortex and were evident after coap-
plication of NMDA with glycine (NMDA currents)
(Figure 1), a mandatory coagonist of the receptor (7).
NMDA currents showed a fast activation, of variable
amplitude between oocytes and mRNA preparations,
followed by a slower current that reached a stable steady
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Figure 2. (a) Ion currents elicited by 100 uM kainate were poten-
tiated by 80 s preincubation with 10 uM cyclothiazide (CTZ) but not
by 8 min preincubation with 10 M concanavalin A (Con A) in an
oocyte injected with mRNA from cerebral cortex. (b) KA currents
elicited by 100 M kainate at different holding potentials, from —80
to 40 mV in 20 mV intervals. (c) Current—voltage relationships of
KA currents from three oocytes. Data are mean + SEM. Error bars
are smaller than the symbols.

state during the presence of the agonist. Since NMDA-
type receptors are heterodimeric proteins, the NMDA
currents that we observed in Xenopus oocytes were most
probably made up of the combination of the obligatory
subunit NR 1, which is ubiquitous in the rat brain, and the
NR2A and NR2B subunits that are highly expressed in
the adult rat cortex (18).

Kaitocephalin action was first evaluated in oocytes
expressing endogenous iGluRs from cerebral cortex.
Kaitocephalin (100 uM) by itself (n = 6) or when
coapplied with 100 uM glycine (n = 6) did not elicit
membrane currents on the injected oocytes, beyond a
glycine-induced native component (see Figure 5a). This
indicates that kaitocephalin has no agonistic activity
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over the AMPA or NMDA receptors expressed by the
rat cortex mRNA. In contrast, the current induced by
100 uM kainate acting on AMPA receptors was com-
pletely blocked by an equimolar concentration of kai-
tocephalin (n 4), and 3 uM kaitocephalin was
sufficient to block the KA current by 98% £ 1%, n =
6 (Figure 3a). The current elicited by 10 uM AMPA was
reduced to 31% + 4% (n = 5) by 300 nM kaitocephalin.
Full concentration—response curves of kaitocephalin
blocking of KA currents elicited by 100 uM kainate
gave an ICsy of 242 + 37 nM, n = 7 (Figure 3b). To
determine whether kaitocephalin is a competitive an-
tagonist of AMPA receptors, Schild plots were con-
structed following the method described by Verdoorn
et al. (/9). Partial kainate concentration—response
curves were shifted to the right in a parallel manner,
and the Schild regression was linear with a slope of
1.03 £+ 0.03 (n 3) consistent with a competitive
antagonism (Figures 3c,d). The average pA4, of 6.73 +
0.06 corresponds to an apparent equilibrium dissocia-
tion constant (Kg) of 186 (141—229) nM for the block of
native AMPA receptors by kaitocephalin. This compe-
titive mode of action over the agonist site of the AMPA
receptor is consistent with preliminary modeling of a
kaitocephalin-based scaffold docked into the glutamate
binding cleft of Gouaux’s X-ray structure (20). We also
studied the effects of kaitocephalin on the iGluR recep-
tors expressed by the cloned AMPA-type GluR3 and
KA-type GluR6 subunits. These subunits were chosen
because they form functional homomeric channels that
generate large ionic currents (27, 22) and because the
GIluR6 receptors are more selective to kainate than
other homomeric KA-type receptors (23). GluR3 recep-
tors, similarly to the AMPA receptors expressed by
mRNA, generated large KA currents that allowed the
study of kaitocephalin antagonism without using posi-
tive modulators to enhance the current. Interestingly,
GIluR3 receptors were less sensitive to kaitocephalin
(ICs9 0of 502 + 55 nM, n = 5; Figure 4a,c) than AMPA
receptors expressed from cortical mRNA (ICsq 0f 242 +
37 nM, P = 0.002). Application of 100 uM kainate to
oocytes expressing GluR6 receptors produced fast acti-
vated and fast desensitizing peak currents, followed by a
sustained current that was 10% 4 2% (n = 3) reduced
by 3 uM kaitocephalin. To reduce the desensitization of
GIluR6 receptors, the oocytes were preincubated for
8 min in 10 uM Con A (I5), and thereafter different
concentrations of kaitocephalin on 100 uM KA currents
were tested. Similar to the activity in oocytes without
incubation in Con A, kaitocephalin was a weak antago-
nist of GluR6 receptors with an 1Csq around 100 uM
(n = 6; Figure 4b,c).

NMDA receptors were also blocked by kaitocepha-
lin. Figure 5 shows that 3 uM kaitocephalin suppressed
completely the current through NMDA receptors gated
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Figure 3. Kaitocephalin effects on AMPA-type GluRs expressed
by mRNA from rat cerebral cortex. (a) Kaitocephalin (Kaito, 3 uM)
block of AMPA receptors activated by 100 uM kainate. The
interrupted line indicates the zero of current before kainate
perfusion. (b) Concentration—response curve of the antagonist
effect of kaitocephalin on ion currents elicited by 100 4M kainate;
1Csp 0f 242 £ 37 nA (n = 7). (c, d) Schild analysis of the antagonist
activity of kaitocephalin on AMPA receptors. Dose ratios (dr — 1)
at the EC5 levels were obtained from linear regressions to partial
concentration—response curves and used to construct the Schild
plot (c). The slope of the linear regression to the Schild plot (d) was
1.03 &+ 0.03 confirming a competitive mechanism, and the pA4, was
6.73 &+ 0.06 for an apparent Ky of 186 nM (n = 3).

by coapplication of 10 uM NMDA + 100 uM glycine
(n = 6). Because Xenopus oocytes normally express a
native electrogenic glycine transporter, caution was taken
to determine and subtract this glycine-induced compo-
nent (1—10 nA) on each of the oocytes recorded. The
inhibitory effect of kaitocephalin on NMDA currents
was completely reversible with an offset time constant
of 25 + 6 s. Concentration—response curves of the
antagonistic effect of kaitocephalin on currents elicited
by 10 uM NMDA + 100 uM glycine indicated that
kaitocephalin is a more potent antagonist of NMDA
receptors (ICsy of 75 +£ 9 nM, n = 6; Figure 5b) than of
AMPA receptors from rat cerebral cortex (P = 0.0018)
or the homomeric GluR3 (P < 0.001). The blocking
mechanism of NMDA receptors by kaitocephalin is
different than its competitive antagonism on AMPA
receptors. Partial NMDA concentration—response
curves were shifted to the right in a parallel manner by
up to 30 nM of kaitocephalin, and higher concentrations
blocked the channel in a noncompetitive fashion
(Figure 5c). To estimate the affinity of kaitocephalin on
NMDA receptors, Schild plots were constructed for three
cells. The average of the linear regression to the data had
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Figure 4. Effects of different concentrations of kaitocephalin on currents elicited by 100 M kainate in two different oocytes expressing GluR3
(a) and GluR®6 (b) receptors. Oocytes expressing GluR6 were preincubated with 10 M concanavalin A to potententiate the responses to
kainate. (c) Concentration—response relationships for the homomeric GluR3 (®) and GluR6 (a) receptors, ICs of 502 & 55 nM (n = 5) and
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Figure 5. (a) NMDA receptors activated by 10 uM NMDA + 100
uM glycine. Three micromolar kaitocephalin fully blocked the
NMDA current leaving only the current generated by the electro-
genic glycine transporter. The interrupted lines indicate the max-
imum of the current generated by the glycine transporter. (b)
Concentration—response curve of the antagonist effect of kaitoce-
phalin on ion currents elicited by 10 uM NMDA + 100 uM glycine,
1C59 = 754+ 9nM (n = 6). (c, d) Gaddum analyses of the antagonist
activity of kaitocephalin on NMDA receptors. (c) Partial concen-
tration—response curves of the agonist effect of NMDA on NMDA
receptors in the presence of different concentrations of kaitoce-
phalin reveal a noncompetitive antagonism for higher concentra-
tions of kaitocephalin. Equiactive concentrations of NMDA at
levels EC3, EC49, ECso, and ECg were obtained from logistic fits to
the data, and the reciprocals 1/[NMDA] and 1/[NMDA'] were
plotted in the Gaddum plot. (d) Gaddum plots for three different
oocytes in presence of 100 nM kaitocephalin. The values of the
reciprocals of NMDA and NMDA' (in M) shown are divided by
1000 and 100 to simplify the graph. Kz = 12 nM (n = 3).

a slope of less than unity (0.86 = 0.05). The average pA,
was 7.97 + 0.2 for an apparent K of 10.7 (2—22) nM.
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Since the inhibition was not competitive, the null ap-
proach by the method of Gaddum et al. (24) was used to
estimate an apparent Kg of 11.6 (7—15) nM (n = 3),
which was similar to the one estimated from the Schild
plot. Whether kaitocephalin is interacting with the pore
of the channel, the glycine site, or another site of the
NMDA receptor needs further study.

The pharmacological effect of kaitocephalin was also
tested on mGluRs. Perfusion of 1 mM glutamate on
oocytes injected with rat cortex mRNA elicited a smooth
response followed by the generation of long-lasting
membrane oscillations, and similar responses were ob-
served during the perfusion of 10 uM quisqualate
(Figure 1). These oscillations result from the activation
of receptors coupled to PLC, the interplay of the intra-
cellular IP5 signaling cascade, and the final opening of
Ca”"-activated C1~ channels located in the plasma mem-
brane of the oocyte (12, 25). Since the Xenopus oocyte is
able to couple foreign metabotropic receptors that acti-
vate the IP; signaling to its own phosphoinositol cascade
signaling, the oscillatory responses elicited by glutamate
and by quisqualate most likely are produced by activa-
tion of group I mGIluR receptors, particularly the
mGluR1a, which is strongly expressed in the adult rat
cerebral cortex and in cerebellum; although it is possible
that mGluR 5 also is present in mRNA from rat cortex, its
expression is almost absent in the adult cerebellum (26).

In our hands, oocytes injected with mRNA from
brain cortex elicited variable metabotropic responses
to glutamate that sometimes showed fast desensitization
after repetitive stimulation. Therefore we also isolated
mRNA from cerebellum, which has larger responses
than rat cortex (27, 28), and tested kaitocephalin on
them. Figure 6 shows that kaitocephalin 3 uM did not
suppress the oscillatory activity of mGluRs elicited by
10 uM quisqualate applied to oocytes injected with
mRNA from cerebellum.

Based on excitotoxicity assays in cultured neurons
(9), kaitocephalin was reported to inhibit AMPA/KA
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Figure 6. Kaitocephalin (3 M) did not suppress the activation of
metabotropic receptors by 10 uM quisqualate in oocytes injected
with mRNA isolated from rat cerebellum.

receptors in telencephalic and hippocampal neurons
and also blocked NMDA but not KA receptors (10,
29), although no quantitative data were provided in
these latter studies. Using synthetic (—)-kaitocephalin,
we find that it inhibits NMDA and AMPA receptors
but has only slight effects on KA receptors and practi-
cally none on mGluRs expressed in the membranes of
Xenopus oocytes. Surprisingly, kaitocephalin’s affinity
for cerebral cortex NMDA receptors is about 17 times
higher than that of AMPA receptors (apparent Ky of
11 vs 186 nM), and kaitocephalin is a more potent
antagonist of NMDA than of AMPA receptors from
rat brain. Compared with the classical AMPA/KA
receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline-2,3-dione (NBQX), kaitocephalin
proved to be less potent at GluR3 receptors (65 vs
502 nM), GluR6 receptors (2.76 vs ~100 uM), and
AMPA receptors from cortical mRNA (ICsq of 78 vs
242 nM) (22, 30, 31). In direct contrast to NBQX, which
is ineffective at blocking NMDA receptors at concentra-
tions up to 300 uM (31), kaitocephalin is a potent mixed
competitive and noncompetitive NMDA antagonist
with an ICsq of 75 nM. Regardless of the origin of the
noncompetitive mechanism of kaitocephalin, our results
are particularly interesting because overactivity of
NMDA receptors is thought to be directly involved in
the damage caused by excitotoxicity in the brain (7), and
kaitocephalin’s novel pattern of antagonist potencies at
the ionotropic receptors (NMDA > AMPA > KA) will
help in the design of therapeutic neuroprotective agents.
MK&801, a noncompetitive and selective blocker of
NMDA channels, efficiently inhibits neuronal death by
excitotoxicity in animal models (7), but it also produces
marked side effects that prevent its use in humans (32).
These side effects are thought to be due to its slow and
partially irreversible binding to the NMDA receptor (33).
Actually, memantine, a noncompetitive and low-affinity
antagonist of the NMDA receptor is clinically approved
for treatment of Alzheimer’s disease, and its reduced side
effects are proposed to depend on its fast off-rate (34).
Since kaitocephalin binding is rapidly and completely
reversible, it is possible that drugs based on this struc-
ture may show fewer adverse effects than MKS801 or
other ionotropic glutamate receptors antagonists. In this
regard, we are developing the core structure of this natural
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product as a core scaffold on which to base a new family of
antagonists as potential therapeutic agents (20).

Methods
mRNA Isolation

Total RNA from adult rat cerebral cortex and from
cerebellum was isolated by the Trizol method (Invitrogen,
Carlsbad, CA), and mRNA was then isolated using the
Oligotex kit (Qiagen, Valencia, CA). Rat glutamate receptors
GluR3, (flop variant) and the GIuR6(R) edited version
cDNAs were obtained from Stephen F. Heinemann at
the Salk Institute. The plasmids were transformed into
Escherichia coli Topl0 strain for storage and amplification.
Linearized plasmids were used as templates for cRNA syn-
thesis using Ambion’s mMessage mMachine kit (Ambion,
Austin, TX). Fifty nanoliters of mRNA or cRNA (concentra-
tion 1 mg/mL) were injected into stage V—VI Xenopus oocytes
(35). Injected oocytes were kept in Barth’s solution [88 mM
NaCl, 0.33 mM Ca(NOs),, 0.41 mM CaCl,, | mM KCl,
0.82 mM MgSQy, 2.4 mM NaHCO;, 10 mM Hepes (pH 7.4)]
with penicillin 100 U/mL and streptomycin 0.1 mg/mL
(Sigma; St Louis, MO) added at 16—17 °C until the moment
of recording.

FElectrophysiological Assay

Three to four days after injection, oocytes were impaled with
two microelectrodes filled with 3 M KCl and voltage clamped
at —80 mV using a two electrode voltage-clamp amplifier (36).
Oocytes were continuously perfused with gravity-driven
frog Ringer’s solution [115 mM NaCl, 2 mM KCI, 1.8 mM
CaCl,, 5 mM Hepes (pH 7.4)] at room temperature (19—
21 °C). Data acquisition was performed using WinWCP V
3.9.4 (John Dempster, Glasgow, United Kingdom). The (—)-
kaitocephalin used in these studies was prepared by chemical
synthesis as described by Vaswani and Chamberlin (//) and
was > 98% pure based on 'H NMR, '*C NMR, high-resolution
mass spectrometry, optical rotation, and HPLC/MS, all con-
sistent with data reported for the natural compound. NMDA,
glutamate, and Con A were purchased from Sigma. CTZ and
kainic acid were from Tocris (Ellisville, MO).

Data Analysis

The antagonist activity of kaitocephalin on KA currents or
NMDA currents was determined by measuring the percent
inhibition produced by different concentrations of kaitoce-
phalin. The concentration of kaitocephalin causing a decrease
to 50% of the KA or NMDA currents (ICsg) was estimated by
fitting the following logistic equation to the experimental
data: I(X) = Imin + (Imax - Imin)/[l + (X/ICSO)kL (SlgmaPIOt
10), where x is the concentration of kaitocephalin (in M), I is
the amplitude of the agonist response (in nA), and & is the
slope of the curve. Antagonist potency of AMPA receptors
was determined by Schild plots using the method described by
Verdoorn et al. (19). Briefly, the maximum response in the
steady state of each oocyte was obtained with 300 uM kainate.
Partial concentration—response curves containing the con-
centration activating half of the maximum response (ECsg)
were constructed in control conditions (no kaitocephalin) and
in presence of different concentrations of kaitocephalin.
Oocytes were perfused for at least 5 min with kaitocephalin
before perfusion of kainate. The ECs, for each agonist curve
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was estimated from the linear regression to the experimental
data. ECsy dose ratios (dr) of kainate were calculated and
plotted vs concentration of kaitocephalin according to the
equation log(dr — 1) = log[kaitocephalin] — log Kg. The slope
was calculated from the linear regression of the Schild plot, and
the Kp and its respective pA4, were calculated from the intercept
of the linear regression, where log(dr — 1) = 0. For estimates of
kaitocephalin affinity on NMDA receptors, Schild plots were
constructed using 300 uM NMDA + 100 uM glycine to obtain
the maximal NMDA current. Since NM DA currents can show
rundown, the maximum current was tested before and after
each agonist concentration—response curve. Since kaitocepha-
lin has mixed competitive and noncompetitive antagonistic
effects on NMDA receptors, the affinity was estimated by the
method of Gaddum et al. (24). Briefly, logistic equations of the
form I()C) = Imin =+ (Imax - Imin)/[l + (x/ECSO)k] were fitted to
partial NMDA agonist curves, and the equiactive concentra-
tions at EC5g, EC4y, ECs, and ECg in the absence and in the
presence of different concentrations of kaitocephalin (10, 30,
60, 100, and 300 uM) were calculated from those curves.
The reciprocals of the equiactive concentrations are corre-
lated according to the equation 1/[/NMDA] = (1/[NMDA’])-
(1 + [kaitocephalin]/Kg) + (o[kaitocephain])/(KxKg)), where
[NMDA] is the concentration of agonist (in M) in absence of
kaitocephalin, [NMDA'] is the equiactive concentration in
presence of a specific concentration of kaitocephalin (in M),
o is a modifying term that denotes the change in affinity of
one ligand produced by binding of the other, and Ky is
the equilibrium dissociation constant for the agonist (37).
Since the reciprocals 1/[NMDA] and 1/[NMDA’] are linearly
correlated, they were plotted, and the linear regression to
these data was used to calculate the K, using the equa-
tion Kg = [kaitocephalin]/(slope — 1) (24, 37). Experimental
data are shown as mean + SEM. Statistical differences were
determined by Student #-test and considered significant when
P < 0.05.
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