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Abstract—The influence of spermidine, a polyamine agonist, on volatile anesthetic inhibition of N-methyl-p-
aspartate (NMDA) receptor activation, as indicated by glutamate stimulation of [PHIMK-801 ([*°H}(5D,10S)-
(+)-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine) binding, was studied in rat brain, Spermi-
dine reserved the inhibition caused by four volatile anesthetics (enflurane, halothane, methoxyflurane and
chloroform) at the same concentrations (ECso = 3 pM) at which it potentiated glutamate opening of the NMDA
ion channel. The anesthetics had no effect on the direct stimulation of channel opening by spermidine, which
occurred at concentrations of spermidine greater than 30 pM in the absence of receptor agonist. In these actions,
spermidine closely resembled the allosteric co-agonist glycine. The present results suggest that anesthetic action
on NMDA receptors involves a set of sites on the channel complex that is distinct from the recognition sites for
glutamate, glycine, and channel blockers, and are consistent with the idea that blockade of NMDA receptors
contributes to the development of the anesthetic state.
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NMDAS§ receptors are a class of glutamate receptors that
mediate excitatory transmission in the central nervous
system. Activation of NMDA receptors opens a non-
selective cation channel that displays high Ca®>* perme-
ability, relatively slow kinetics, a large single channel
conductance, and a vcltage-dependent blockade by Mg?*
[1]. Glycine is an allosteric co-agonist at NMDA recep-
tors, which potentiates glutamate activation of the recep-
tor {2].

Polyamines, such as spermine and spermidine, rep-
resent a second class of positive receptor modulators.
These polyamines increase NMDA receptor activation
as indicated by: (1) an increase in *H]MK-801 binding
to an ion channel site, access to which is dependent upon
receptor activation (e.g. [3]), (2) a potentiation of
NMDA-induced ionic currents (e.g. [4, 5]), (3) an in-
crease in receptor affinity for the positive modulator gly-
cine (e.g. [5-7]), (4) an increase in agonist-induced
43Ca®* influx [8], (5) an attenuation of glycine agonist-
induced increases, and a potentiation of antagonist-in-
duced decreases, in the cGMP content of cerebellar cells
[9], and (6) a decrease in the development of glycine-
sensitive desensitization of the receptor [5]. Moreover,
the polyamine antagonist ifenprodil inhibits the gluta-
mate-induced cytotoxicity that is mediated by NMDA
receptors [10].

We have shown that volatile anesthetics disrupt trans-
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§ Abbreviations: NMDA, N-methyl-D-aspartate; and
MK-801, (5D,10S5)-(+)-methyl-10,11-dihydro-SH-dibenzo[a,d]
cyclohepten-5,10-imine, dizocilpine.

mission at NMDA receptors [11-13]. Volatile anesthet-
ics inhibit glutamate stimulation of [PH]MK-801 binding
to NMDA receptors in rat brain. As a consequence of
this interaction, **Ca?* influx into brain microvesicles
mediated by NMDA receptors is inhibited, and receptor
desensitization is mitigated [13]. This antagonism is re-
versed, or substantially reduced, by glycine.

To further define the mechanism whereby volatile an-
esthetics disrupt NMDA receptor activation, we exam-
ined the influence of spermidine on anesthetic-induced
depression of NMDA receptor activation as indicated by
glutamate stimulation of [PH]MK-801 binding.

MATERIALS AND METHODS

Adult, male Wistar rats (Harlan Sprague-Dawley, In-
dianapolis, IN) were killed by decapitation. Their cere-
bral cortices were homogenized at 2-4° in 5 mM Tris—
HCI, pH 7.4. This homogenate was centrifuged at 17,000
g for 15 min. The pellet was resuspended in buffer and
treated with Triton X-100 (0.04%) for 20 min at 37°, and
then washed 4-5 times to remove the Triton and endog-
enous glutamate and glycine. The final pellet was resus-
pended in Tris buffer at a protein concentration of 1
mg/mL and used without further treatment.

The binding of 1 nM [PHJMK-801 (22.5 Ci/mmol;
Dupont-NEN) to neural membranes (10 pg protein) was
measured following a 60-min incubation in 5 mM Tris—
HCl, pH 7.4, at 37° in a final volume of 1 mL. Nonspe-
cific binding was determined in the presence of 100 pM
unlabeled MK-801. Membranes were collected by vac-
uum filtration, and their radioactivity content was deter-
mined by liquid scintillation counting. The ECs, values
for spermidine stimulation of [P’HJMK-801 binding were
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Fig. 1. Influence of spermidine on [PHJMK-801 binding to the

NMDA receptor in rat cortical membranes. The binding of 1

nM [PHJMK-801 was measured in the presence of the indicated

concentrations of spermidine in the absence () and presence

(@) of 10 uM glutamate. Each point represents the mean from
three experiments, which varied by less than 15%.

calculated by averaging the concentrations at which
spermidine increased [PH]JMK-801 binding to a point
halfway between the binding level in the absence of
spermidine and the maximal binding level, as deter-
mined in the three independent experiments.

Halothane and enflurane were added to assay tubes as
aliquots from saturated stock buffers, and the mixtures
were vortexed for 10 sec prior to the addition of mem-
brane protein. Initial and final assay concentrations were
determined by gas-liquid chromatography, and were ob-
served to decrease by less than 15% over the course of a
60-min assay. The anesthetic concentrations reported
were those measured after 40 min of incubation.

RESULTS

Glutamate increased the binding of 1 nM [PH]JMK-
801 to cortical membranes after a 1-hr incubation at 37°
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by up to several hundred percent (Fig. 1). This increase
is believed to reflect the fact that MK-801 binds to a site
within the NMDA receptor ionophore, and access to this
site in the absence of receptor agonists is sterically re-
stricted (e.g. [14, 15]). The magnitude of this fractional
stimulation in the different membrane preparations de-
pends on the efficiency of the washing procedures in
removing endogenous glutamate and/or glycine; the
fractional stimulation was greatest in preparations in
which basal [PHIMK-801 binding was lowest (i.e. <200
fmol/mg protein). The ECs, for glutamate-induced stim-
ulation of [PH]MK-801 binding was in the range of 1-3
pM [12].

Spermidine stimulated the binding of 1 nM [PHJMK-
801 by >300% at 100 uM (Fig. 1); significant stimula-
tion was seen with spermidine concentrations as low as
10 pM. Spermidine stimulation was still increasing at
100 pM. Spermidine also stimulated [H]MK-801 bind-
ing in the presence of 10 uM glutamate with an EC, of
=3 uM (Fig. 1). In the presence of glutamate, maximal
stimulation was about 75%. Above 10 uM, the degree of
spermidine stimulation decreased. This difference in
spermidine potency suggests that different mechanisms
underlie spermidine potentiation of [PH]MK-801 bind-
ing in the absence versus the presence of glutamate. An
alternate possibility is that the expression of the inhibi-
tory effect of spermidine (note the biphasic nature of the
spermidine curves in Fig. 5) is facilitated in the presence
of the agonist; perhaps the inhibitory action of spermi-
dine is dependent on access to an ion channel site.

Several volatile anesthetics, including enflurane, halo-
thane, methoxyflurane and chloroform, inhibited gluta-
mate-stimulated [*H]MK-801 binding, in agreement
with our previous reports [11, 12] (Figs. 2 and 3). An-
esthetic inhibition of [*H]MK-801 binding was not ob-
served in the absence of glutamate. Maximal inhibition
with the different anesthetics ranged from 45 to 60%. In
terms of their potency at inhibiting glutamate-stimulated
{*H]MK-801 binding, the following series was obtained:
methoxyflurane > enflurane = halothane > chloroform.
Inclusion of 10 uM spermidine in the incubation me-
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Fig. 2. Influence of spermidine on enflurane and halothane inhibition of glutamate-stimulated [PH]MK-801

binding to the NMDA receptor in rat cortical membranes. The binding of 1 nM [’H]MK-801 was measured in

the presence of 100 uM glutamate and the concentration of enflurane (Fig. 2A) or halothane (Fig. 2B) indicated

on the abscissa. Binding was determined in the absence () and presence (@) of 10 uM spermidine. Control

binding was 740 £ 104 fmol/mg protein (glutamate) and 1408 i 90 fmol/mg protein (glutamate + spermidine).
Values are means * SD from three experiments.
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Fig. 3. Influence of spermidine on methoxyflurane and chloroform inhibition of glutamate-stimulated [*H]MK-

801 binding to the NMDA receptor in rat cortical membranes. This binding of 1 nM [’H]MK-801 was measured

in the presence of 100 uM glutamate and the concentration of methoxyflurane or chloroform indicated on the

abscissas. Binding was determined in the absence () and presence (@) of 10 pM spermidine. Control binding

was 858 + 154 fmol/mg protein (glutamate) and 1458 + 131 fmol/mg protein (glutamate + spermidine). Values
are means * SD from three experiments.

dium greatly reducecl the inhibitory potency of each of
the anesthetics. For example, at the calculated minimum
alveolar concentration of enflurane (=0.4 mM), anes-
thetic inhibition was reduced from 42 to <10%.

In the absence of glutamate, enflurane and halothane
did not affect the low affinity stimulation of 1 nM
[PHJMK-801 binding by spermidine (Fig. 4). Methoxy-
flurane and chloroform were similarly without effect. In
the presence of 100 pM glutamate and a concentration of
anesthetic that inhibited ["HJMK-801 binding by ~50%,
spermidine reversed the anesthetic-induced inhibition
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Fig. 4. Influence of volatile anesthetics on spermidine stimula-

tion of [PHJMK-801 binding to the NMDA receptor in the

absence of glutamate. The binding of 1 nM [PHJMK-801

was measured in the presence of the indicated concentrations

of spermidine in the absence ((O) and presence of halothane

(@) or enflurane {(A). Values are means + SD from three
experiments.

with an ECsy of =3 pM in every instance (Fig. 5). At
concentrations above 10 puM, spermidine decreased
[PHJMK-801 binding, as it did in the absence of anes-
thetic (Fig. 1).

DISCUSSION

Anesthetics and NMDA-mediated signal transduction

It is likely that volatile anesthetics produce a gener-
alized depression of synaptic transmission through the
alteration of the function of specific proteins involved in
synaptic transmission, such as receptors, ion channels
and transducer proteins {16, 17]. A number of lines of
evidence indicate that volatile anesthetics block NMDA
receptors: Volatile anesthetic potency is increased by the
receptor antagonists MK-801 [18, 19] and CGS 19755
[20], and volatile anesthetics inhibit NMDA receptor-
mediated ion currents [21] and calcium translocation
[22]. Ketamine, a dissociative general anesthetic, blocks
NMDA neurotransmission at clinically relevant concen-
trations [23, 24]. As with MK-801, ketamine blockade is
voltage dependent and appears to occur at a site within
the cation channel. Ethanol, in a manner analogous to the
volatile anesthetics, disrupts NMDA transmission by a
process that is reversed by glycine [25].

We have shown that volatile anesthetics inhibit glu-
tamate stimulation of [PH]MK-801 binding to NMDA
receptors in rat brain [11-13]. This antagonism is re-
versed, or substantially reduced, by glycine in a manner
that suggests an antagonism for the glycine site on the
receptor complex. Anesthetics inhibit **Ca®* influx into
brain microvesicles mediated by NMDA receptors, and
receptor desensitization is mitigated [13].

In the present studies, the polyamine spermidine was
found to reverse volatile anesthetic depression of agonist
opening of the NMDA ion channel (thus exposing
[’HJMK-801 binding sites). Two effects of spermidine
were observed: at relatively high concentrations (>10
uM), spermidine directly stimulated [*’H]MK-801 bind-
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Fig. 5. Influence of volatile anesthetics on spermidine stimulation of [PH]MK-801 binding to the NMDA receptor
in the presence of glutamate. The binding of 1 nM [PH]MK-801 was measured in the presence of the indicated
concentrations of spermidine in the absence () and presence of the indicated anesthetics. Anesthetics were
included at concentrations at which they inhibited approximately 50% of the glutamate-stimulated binding.
Glutamate (100 uM) was included in the incubation medium. Values are means + SD from three experiments.

ing in the absence of receptor agonist, at somewhat
lower concentrations (1-10 uM), spermidine potentiated
glutamate stimulation of [PH]MK-801 binding. Spermi-
dine reversal of volatile anesthetic inhibition of
[PHIMK-801 binding occurred at the same concentra-
tions at which spermidine potentiated glutamate channel
opening activity, suggesting that the two activities are
the consequence of the same molecular interaction. It
should be kept in mind that desensitization of the
NMDA receptor complex is an inherent complication of
equilibrium binding measurements; moreover, volatile
anesthetics have been shown to affect the development
and extent of NMDA receptor desensitization in a man-
ner similar to glycine [13].

Site of anesthetic action on the NMDA
receptor complex

The NMDA receptor is a heteromeric complex with
multiple sites of drug interaction. Discrete sites on the
NMDA receptor complex have been identified for (1)
agonist recognition (i.e. the glutamate binding site), (2)
co-agonist (glycine) recognition, (3) ion translocation
(i.e. the ion channel), (4) divalent cation modulator (e.g.
Zn**) binding, (5) Mg?* inhibition (within the ion chan-
pel), and (6) polyamine and polyamine antagonist bind-
ing. Occupancy of each of these sites has multiple and
complex effects on both receptor activation and ligand
activity at the other sites. The picture is further compli-
cated by the fact that multiple polyamine sites and ac-
tions have been described. Moreover, it has become
clear that polyamine antagonists such as ifenprodil are
allosteric regulators of polyamine action. Thus, it may be
reasonable to discuss anesthetic action on NMDA recep-
tors in terms of their functional effects on the NMDA
receptor rather than specific sites of interaction.

Spermidine closely resembles glycine in its mitigating
effects on anesthetic inhibition. Glycine also possesses
discrete direct and potentiating activities on NMDA re-
ceptor activation. Moreover, glycine reversal of volatile
anesthetic inhibition also occurred in the concentration
range at which glycine potentiated rather than directly
stimulated channel opening. This led to our suggestion

[12] that anesthetic actions at obligatory allosteric sites
(such as the glycine site) underlies this activity. Glycine
and the polyamines act at different sites on the NMDA
receptor and have complex allosteric effects on each
other’s activities (e.g. [5, 7]). The fact that two distinct
classes of allosteric NMDA receptor modulators reverse
volatile anesthetic inhibition raises the possibility that
anesthetic action involves a downstream effect on the
receptor activation process rather than a direct action at
either one of these two sites.

The present results are consistent with the notion that
volatile anesthetics block transmission at NMDA recep-
tors at clinically relevant concentrations and in a manner
that is consistent with production of an anesthetic state.
This inhibition appears to be specific for the ion channel
activation process (i.e. the glutamate-stimulated confor-
mational change that increases the accessibility of
[PHIMK-801 for its binding site within the ion channel).
Multiple classes of positive allosteric regulators (i.e.
polyamine and glycine) reverse anesthetic inhibition
with extremely similar properties, suggesting that the
anesthetic action involves a discrete set of sites on the
channel complex.
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