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ABSTRACT 

Endogenous polyamines such as spermine and spermidine have mUltiple ef­
fects in the central nervous system and have been suggested to be neurotrans­
mitters or neuromodulators. One effect of the polyamines is to regulate the 
activity of the N-methyl-D-aspartate receptor (NMDAR) channel subtype of 
glutamate receptor channels. The effects of polyamines on NMDAR currents 
are complex, suggesting the presence of one or more polyamine-binding sites 
on the receptor channel. Electrophysiological studies have shown that polya­
mines enhance NMDAR currents by increasing channel opening frequency 
and by increasing the affinity of the receptor for glycine. Polyamines have 
been shown to reduce NMDAR currents by producing voltage-dependent 
reduction of single-channel amplitudes and/or by producing an open channel 
block. Recent molecular biological studies have shown that the polyamine 
effects on NMDAR channels involve interactions with multiple NMDAR 

subunits and are characterizing the structural basis for the polyamine regulation 
of NMDAT receptor channels. 

Po/yamines 

Polyamines are aliphatic amines that are polybasic and negatively charged at 
physiological pH (Figure 1). The charged amine groups are distributed along 
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464 ROCK & MACDONALD 
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Figure 1 Structure and charge of the endogenous (left column) and synthetic (right column) 
polyamines discussed in this review. Net charges (indicated by "+" signs) at pH 7.4 for putrescine 
(PUT), spermidine (SO), and diethylenetriamine (OET) were estimated from pKa values for the 
amine groups, while net charge values for spermine (SP), arcaine (ARC), and OA-10 were estimated 
from those of structurally similar polyamines. (From Reference 39.) 

a carbon-chain backbone, and the orientation and negative charge of these 
groups are considered important in the electrostatic interaction of polyamines 
with nucleic acids and proteins (reviewed in 1). 

The endogenous polyamines-spermine (SP), spermidine (SO), and pu­

trescine (PUT) (Figure I)-are the products of ornithine metabolism (Figure 
2), which is part of the urea cycle of cellular metabolism (2). In the urea 
cycle, the enzyme arginase converts the amino acid arginine to ornithine, 
resulting in the release of urea (2). Ornithine can then be converted to 
citrulline by adding carbamyl phosphate; this reaction is catalyzed by the 

enzyme ornithine-carbamyl transferase (2), which is absent in neurons (3). 
In mammalian cells, ornithine decarboxylase (OOC) decarboxylates ornith­
ine, thereby forming diaminobutane (PUT, putrescine). A propylamine group 
is transferred from decarboxylated adenosylmethionine to create SO, and a 
second propyl amine grouped is added to SO to form SP (4). Enzymes are 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

5.
35

:4
63

-4
82

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Arginine 

POLY AMINES AND NMDAR CHANNELS 465 

�se 

Ornithine 

Putrescine - PUT 

1 Sp.�",". 'Y"'"'' 

Spermidine - SD 

1 S"�I,,,_ 

Spermine - SP 

Figure 2 Metabolic pathway for the synthesis of endogenous polyamines from ornithine in 
mammalian cells. 

also present that catalyze the conversion of SP back to SD and of SD back 
to PUT (5). 

The rate-limiting step in the synthesis of polyamines is the conversion of 
ornithine to PUT by ODC. Polyamine levels are therefore modulated by 
changes in ODC activity, which is regulated by the rate of synthesis of ODe 
because of the rapid turnover of this enzyme (turnover time is approximately 
10 min). 

Polyamines are widely distributed throughout tissue and are found at high 
intracellular levels, particularly in rapidly dividing cells. Inhibition of polya­
mine synthesis by inhibition of ornithine decarboxylase stops growth of rapidly 
replicating cells (4) and affects development (5). Although the exact function 
of intracellular polyamines is unknown, the interaction of polyamines with the 
synthesis of DNA, RNA, and proteins indicates a role for these polyamines in 
the regulation of growth and development (1, 4). Polyamines may also play a 
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466 ROCK & MACDONALD 

role in the regulation of intracellular and mitochondrial calcium levels (5). 
Blockers of ODC, which reduce the level of intracellular polyamines, have 
been tested in clinical trial for the treatment of cancer (4) and have shown 
efficacy in some models of neurodegeneration (6, 7). 

Polyamines are also found at high intracellular concentrations in neurons, 
suggesting a potential role as neurotransmitters or neuromodulators (1, 4, 8). 
Evidence from a variety of biochemical and functional studies indicates that 
the polyamines SP or SD have roles as neurotransmitters or neuromodulators: 
(a) SP and other endogenous polyamines are found at high intracellular con­
centrations (1, 4); (b) SP and SO are released in a Ca2+-dependent manner 
following either chemical, electrical, or K+ stimulation (9-11); (c) a high-af­
finity uptake system exists for polyamines for regulation of extracellular poly­
amine levels and tennination of polyamine effects (10, 12); and (cl) polyamines 
have been shown to interact with ion channels in the central nervous system 
(CNS) and to regulate their activity. Although polyamines have been shown 
to interact with voltage-gated calcium channels (13, 14) (reviewed in 15), most 
studies have focused on polyamine interactions with a sUbtype of glutamate 
receptor channels, N-methyl-D-aspartate receptor (NMOAR) channels. This 
review focuses on the phannacology and mechanism of polyamine interactions 
with NMOAR channels. 

NMDAR Channels 

In the late 1950s Curtis et al (16, 17) found, by measuring increases in firing 
frequency of these neurons during application, that iontophoretic ally applied 
glutamate and aspartate excited spinal cord neurons in vivo. They suggested 
that glutamate and aspartate were not acting as neurotransmitters but that their 
actions were nonspecific and, in fact, were possibly involved in convulsive 
disorders. In work too extensive to review here, biochemical and electrophys­
iological evidence has been gathered indicating that glutamate acts as a neu­
rotransmitter in the CNS and is currently considered the major excitatory 
transmitter in the CNS (reviewed in 18-20). 

The discovery of selective agonists and antagonists clearly demonstrated 
that there are several subtypes of glutamate receptors in the CNS (reviewed 
in 18-20). Subtypes of postsynaptic glutamate receptors have been classified 
on the basis of selective agonists (18, 20) and can be divided into three broad 
categories: two ion channel receptor classes and a group of G protein-linked 
receptors. One of the ion channel SUbtypes is selectively activated by the 
NMOA and is selectively blocked by phosphonic acid derivatives (19, 21). 
The other ion channel SUbtypes are activated by the selective agonists a.-amino-
3-hydroxy-4-methyl-5-isoxazolepropionic acid (AMPA) and/or kainic acid 
(KA) and are selectively blocked by quinoxalinediones (19). 
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POLY AMINES AND NMDAR CHANNELS 467 

Polyamine Interaction with NMDAR Channels 

Ransom & Stec (22) first showed that at low micromolar concentrations the 
endogenous polyamines SP and SD enhanced the binding of the open channel 
blocker MK-801 to NMDAR channels. The polyamine-induced enhancement 
was caused by an increase in affinity for PH]MK-801 without an increase in 
the number of sites available for binding. Higher concentrations of SP and SD 
were not as effective in enhancing the binding of MK-801, leading to a 
reduction in enhancement at concentrations in the high micromolar-Iow milli­
molar range (Figure 3). Several groups showed similar results in preparations 
from rat forebrain (23-26), in human cortical membranes (27), and in solubi­
lized NMDAR channels (28, 29). Interestingly, SD was not effective in en­
hancing MK-801 binding in Triton-treated membranes isolated from cere­
bellum (26, 30), and polyamines showed variable amounts of enhancement of 
open channel blocker binding in different forebrain regions (31, 32). The 
polyamine-induced increase in affinity of MK-801 binding was due to an 
increase in association rate of MK-801 (24, 26, 28), whereas results of poly­
amine effects on the dissociation rate of MK-801 varied in different prepara­
tions (see 24 and 26). The enhancement of open channel blocker binding 
occurred even in the presence of saturating glutamate and glycine, indicating 
a site for polyamine interaction that was distinct from the agonist- and coagon­
ist-binding sites (22, 23, 26-28, 30). 

Electrophysiological recordings from neurons and oocytes injected with 
brain mRNA have shown that polyamines affect NMDAR currents. SP and 
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Figure 3 SP- and SD-enhanced eHJMK-801-receptor binding in membranes isolated from rat 
brain in a concentration-dependent manner in the presence of saturating glutamate and glycine. The 
enhancement of MK-801 binding was not as great at higher concentrations of polyamines,leading 
to a biphasic concentration response curve. (From Reference 23, used with permission.) 
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Figure 4 (A) Whole-cell voltage-clamp recordings of NMDAR currents were enhanced by SP. 
Enhancement of 5 �M NMDAR currents by the coapplication of 10 �M and 1 mM SP was voltage 
dependent; enhancement was limited at higher SP concentrations to a holding potential of -75 mY 
(upper trace). The same neuron shows no difference in enhancement at the same concentrations at 
+75 mY holding potential (lower trace). (8) High SP concentrations resulted in a voltage-dependent 
decrease in NMDA single-channel amplitude. NMDA (5 �M) evoked single-channel openings of 
around 3.8 pA at -75 mY (left panel, upper trace). and single-channel openings were reduced in 
amplitude by the addition of 100 �M SP (left panel, middle trace), A further reduction in amplitude 
was noted following the addition of 1 mM SP (left panel, lower trace). The reduction in amplitude 
of NMDAR single-channel currents was voltage dependent. At +50 mY holding potential (right 
panel, upper trace), NMDA evoked channels with an amplitude of 2.9 pA. Current amplitude was 
not changed by the addition of 100 �M or 1 mM SP (right panel, middle and lower traces). (From 
Reference 38.) 
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POLY AMINES AND NMDAR CHANNELS 469 

SD enhanced voltage-clamped NMDAR current in Xenopus oocytes injected 
with rat brain mRNA (33-35), whereas at higher concentrations of SP (>250 
IlM) the enhancement was diminished (33). The effect of polyamines on 
NMDAR currents was partly due to an increase in the affinity of NMDAR 
channels for the coagonist glycine (33). Whole-cell voltage-clamp recordings 
from cultured rat neurons have shown that SP and SD enhanced NMDAR 
currents, but at higher concentrations a voltage-dependent inhibition was noted 
in some studies (36-42) (Figure 4A). Histamine has also been shown to enhance 
NMDAR currents in acutely isolated hippocampal neurons, possibly through 
an action at the same site as SP (43). Other electrophysiological experiments 
in a cortical wedge preparation (44) and extracellular recordings in vivo (45) 
have shown that polyamines affect NMDA-mediated processes. 

Functional Characterization of NMDAR Channels 

Although the main component of ionic current generated by activation of 
postsynaptic glutamate receptors by synaptically released glutamate is medi­
ated by non-NMDARs, the NMDAR SUbtype is important in a variety of 
physiological processes as well as under pathophysiological conditions. Acti­
vation of NMDAR channels is necessary in several systems to achieve synaptic 
plasticity (46). For example, in the CAl region of hippocampus, activation of 
NMDARs was essential for initiation of increased synaptic efficiency follow­
ing tetanic stimulation. This increase in synaptic efficacy has been termed 
long-term potentiation and is thought to be a cellular correlate of learning and 
memory (46). 

Excessive activation of glutamate receptors has been linked to pathophysi­
ological changes in the CNS (47,48). NMDARs blockers prevented the for­
mation of a seizure focus in an animal model of partial seizures (49), and in 
vitro studies indicate that NMDAR activation may be important in triggering 
delayed cell death following ischemia (47, 48). NMDAR activation may also 
be important in inducing the neuronal damage that is seen following the 
development of AIDS (50) and may play a role in a variety of psychiatric 
disorders (51). 

Electrophysiological Characterization of NMDAR Channels 

The ion channel associated with the NMDAR is a nonselective'cation channel 
permeable to Na+, K+, and Ca2+ (52-58). Single-channel studies have indicated 
that under physiological conditions NMDAR channels open to a variety of 
conductance levels (52, 59-62), with a main conductance level of 50 pS in rat 
cortical neurons. The 30 pS conductance level was prevalent in cultured rat 
cerebellar neurons (59, 61). 

NMDAR channels were permeable to Ca2+ (52, 54, 57) but were blocked 
by physiological concentrations of Mg2+ and other divalent cations (54, 63-66). 
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470 ROCK & MACDONALD 

Nicoll et al (46) and Choi (47) suggested that many of the effects that occurred 
after NMDAR activation were partly due to raising the concentration of intra­
cellular calcium (46, 47). 

Pharmacology of Regulatory Sites on NMDAR Channels 

Because activation of NMDAR channels is an important trigger for physio­
logical changes in neurons and because overactivation can lead to neurotoxic 
effects, NMDAR channels are highly regulated (Figure 5). At resting mem­
brane potential, NMDAR channels are blocked by physiological concentra­
tions of Mg2+ (63, 65, 67). The Mg2+ block of NMDAR channels has been 
attributed to a voltage-dependent fast channel block that is relieved by depo­
larization so that current flows through NMDAR channels only under depo­
larized conditions (52, 63, 65). Unlike other ligand-gated ion channels, a 
second agonist (coagonist), glycine, must be bound in order for gating of the 
NMDAR channels to occur (68,69). NMDAR channels are also sensitive to 
pH, becoming inactive at lower pH (70-72); they are also sensitive to oxidation 
and reduction (73, 74). The divalent cation Zn2+ can act as a fast open channel 
blocker, similar to Mg2+, but can also produce voltage-independent changes 
in gating properties of NMDAR single channels, reducing the open duration 

Redox 
pH 
Zn2+ 

Glycine 

+ 

ARC S\f.. ... ?l0 

NMDA Spermine 

+ +/-

MK-801 
PCP 
TCP 
Mg2+ 
Zn 2+ 

External 

Internal 

Figure 5 Receptor model outlining regulatory sites on the NMDAR channel. Pharmacology of the 
polyamine regulatory site is presented as indicated in receptor-binding assays with SP and SD as 
polyamine agonists; DET, ARC, and PUT as polyamine antagonists; andDA-lOas an inverse agonist 
acting at the polyamine site. The +/- indicates that polyamine agonists have both enhancing as well 
as inhibiting effects on NMDAR channel function. 
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POLYAMINES AND NMDAR CHANNELS 471 

and frequency of channel opening (75, 76). Dissociative anesthetics-such 
as dizocilpine (MK-801) (77), ketamine, and phencyclidine-interact with 
NMDAR channels to reduce current by an open channel block mechanism 
(reviewed in 78). A polyamine regulatory site on the NMDAR channels has 
also been described (see above). 

Pharmacology of the Polyamine-Binding Site on NMDAR 
Channels 

Short-chain diamines (diaminopropane), structurally related triamine polya­
mines, and aminoglycosides enhance the binding of [3H]MK-801 in a fashion 
similar to that of SP and SD (23, 24, 26, 79-82). Polyamines that enhanced 
the binding of open channel blockers to NMDAR channels have been desig­
nated agonists at the polyamine site (37). 

Structurally related polyamines that blocked the SP- or SD-induced enhance­
ment of open channel blocker binding have been discovered by a number of 
groups and have been termed polyamine partial agonists or antagonists (23, 
24, 26, 37, 79, 80, 83-86). The endogenous polyamine PUT was shown to be 
a noncompetitive antagonist of polyamine enhancement of open channel 
blocker binding (23, 24, 26, 29, 80). The synthetic polyamines diethylenetriam­
ine (DET) (23, 37, 80) and arcaine (ARC) (structures in Figure 1) (83, 84, 86), 
as well as several structurally related polyamines (80, 85, 87), also reduced 
the polyamine enhancement. These compounds had little or no effect on 
receptor-binding assays in the absence of polyamines and therefore had the 
profile of a polyamine antagonist. 

Long-chain diamines had a distinct action on the binding of open channel 
blockers to NMDAR channels. Diamines with eight or more carbons between 
the primary amines reduced the binding of open channel blockers in the 
absence of added polyamines (23, 26, 37, 88). The potency of the long-chain 
diamines increased as the chain length increased (88). The reduction of open 
channel blocker binding was reversed by the addition of the polyamine antag­
onist DET (26, 37). On the basis of this evidence, these long-chain diamines 
have been classified as inverse agonists acting at the polyamine site. 

Using the receptor-binding data of various polyamine agonists, antagonists, 
and inverse agonists, Molinoff's group proposed a model for polyamine inter­
actions with NMDAR channels. In this model polyamines have multi-point 
interactions with negatively charged or electron-rich aromatic moieties on the 
surface of NMDAR channels (80). Based on structural data from rigid polya­
mine analogues, the binding sites appeared to be separated by 5 A, and 
interaction with three sites was required for compounds to have an agonist 
action; antagonists interacted with only two sites (80). To accommodate in­
verse agonists, a forth interaction site approximately 12 A from the agonist 
sites was postulated to be occupied by polyamine inverse agonists (80). 
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472 ROCK & MACDONALD 

Mechanisms of Polyamine Interactions with NMDAR Channels 

Polyamine enhancement of MK-801 binding resembled the effect of divalent 
and monovalent cations on open channel blocker binding. Many divalent 
cations (Ca2+, Ba2+, and Mg2+), as well as monovalent cations (Na+ and K+), 
enhanced binding of MK-801 at low concentrations and were less effective at 
higher concentrations (89-91), which was similar to polyamines. These studies 
suggested that the effects of polyamines in receptor-binding assays may be 
partly due to their polyvalent character. 

Polyamines had effects on the binding of agonists and antagonists of the 
glutamate and glycine recognition sites of NMDAR channels. SP has enhanced 
the binding of competitive antagonists acting at the glutamate agonist site (92, 
93), an effect that could be mimicked by the addition of divalent cations (93), 
but has had the opposite effect on the binding of the agonist [3H]glutamate 
(92). SP and SD have been shown to enhance the binding of [3H]glycine (94, 
95) and decrease the binding of antagonists at the glycine site (96). These 
allosteric effects of polyamines on binding at the regulatory sites of NMDAR 
channels may partly explain the enhancement and inhibition of open channel 
blocker binding by affecting the opening frequency of NMDAR channels. 

Electrophysiological studies have shown that polyamines have multiple 
actions on NMDAR channels (Figure 4). Whole-cell voltage-clamp studies in 
cultured neurons have shown that a portion of the enhancing effect of SP was 
caused by an increase in affinity for glycine (41), similar to that in receptor­
binding assays, and a decrease in the glycine-sensitive component of desensi­
tization (40, 41). However, polyamines still enhanced NMDAR current in the 
presence of saturating concentrations of NMDA and glycine, indicating an­
other action of polyamines that is independent of effects at the glycine site 
(38, 41). Although the increase in glycine affinity occurred in most cells tested 
(41), the glycine-independent action of polyamines on NMDAR current varied 
from cell to cell (38, 41). At the single-channel level, the mechanism for the 
polyamine enhancement of NMDAR current was an increase in the opening 
frequency of single channels, with no effect on average open duration or 
average burst duration at low polyamine concentrations (38); there was a report 
of increased burst duration with polyamine application (42). 

Voltage-dependent blocking actions of SP and SD were noted in whole-cell 
voltage-clamp recordings (38, 39, 41, 42) and in single-channel recordings 
(38, 39, 42) from cultured neuronal preparations. The voltage-dependent inhi­
bition resulted from a reduction in the amplitude of NMDAR single-channel 
currents (38, 39, 42) (Figure 4B). The data from single-channel recordings 
indicated that the block was due to either screening of fixed negative charges 
near the opening of the NMDAR channel pore (38, 39) or an unresolved fast 
channel block (42). These studies clearly indicate that polyamines have mul-
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POLY AMINES AND NMDAR CHANNELS 473 

tiple action on NMDAR channels and these actions may result from interac­
tions with multiple sites on the NMDAR complex. 

Polyamine antagonists interacted with NMDAR channels in the absence of 
added polyamines. The polyamine antagonist DET (37) shared some of the 
actions of SP and SD; it showed some of the enhancing effects on whole-cell 
voltage-clamped NMDAR currents (39, 41) and single channel-enhancing and 
-inhibiting actions (39). Although DET blocked SP or SD enhancement in 
receptor-binding experiments (37), it was ineffective in blocking the action of 
SP on whole-cell voltage-clamp NMDAR currents (41) or reversing the volt­
age-dependent inhibitory actions of SP on single-channel recordings (39). In 
fact, the inhibitory actions of DET and SP were additive (39). Another poly­
amine antagonist, ARC, produced a reversible fast open channel block of 
NMDAR currents (39, 97) and prevented blockade of NMDAR channels by 
MK-801 (97). ARC, however, did not block the SP-induced enhancement of 
NMDAR whole-cell voltage-clamped currents (41). These studies indicate that 
those polyamines that had an antagonist profile in receptor-binding assays 
interacted with NMDAR channels but did not block the actions of polyamine 
on NMDAR channels. 

The inverse agonist DA-I0 (structure in Figure 1) and other long-chain 
diamines also interact with NMDAR channels. These compounds produce a 
voltage-dependent block that is consistent with an open channel block mech­
anism (41, 98-100). The potency of the channel-blocking actions of the di­
amines increased as the chain length increased (99, 100). The channel-blocking 
action of DA-lO at the single-channel level could not be reversed by DET 
(98), and DA-lO could not reverse the action of SP on whole-cell voltage­
clamped NMDAR currents (41). These studies indicated that the polyamine 
inverse agonist had actions on NMDAR channels that were unlike polyamine 
agonists-actions that could not be blocked by polyamine antagonists. 

Variability of polyamine effects on whole-cell voltage-clamped NMDAR 
currents (41) and on single-channel currents (38) has lead to the suggestion 
that polyamines act preferentially on subtypes of NMDAR channels (41). Stone 
(101) has reviewed a variety of receptor-binding and electrophysiological 
experiments and postulated the existence of subtypes of NMDAR channels. 
Recent cloning and expression of different subunits of NMDAR channels have 
provided evidence that polyamines may interact only with certain SUbtypes of 
NMDAR channels. 

Molecular Biology of NMDAR Channels 

NMDAR channels are heteromeric complexes formed by association of mul­
tiple subunits. In 1991 Nakanishi's group isolated the first subunit of the 
NMDAR channel (NR1) by using expression cloning in frog oocytes that 
had been injected with mRNA isolated from the forebrain of rats (102). NRI 
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is a 932-amino acid polypeptide with a molecular weight of 105.5 kDa. 
Based on its hydrophobicity profile, NRI has large extracellular C and N 
termini-554 and 110 amino acids, respectively-with four putative mem­
brane-spanning regions. The second membrane-spanning region (TMII) 
shows homology with the other non-NMDAR clones (e.g. GLURI-6) and 
the nicotinic acetylcholine receptor (nAChR) ex subunit (102); negatively 
charged residues flank the TMII region like nAChR channels (103). The 
TMII region is thought to form a portion of the ion channel pore in non­
NMDA and nAChR channels (103-105). Similar clones have been described 
in rat (106, 107) and mouse (108-110). 

NRI has been shown to have a wide distribution in the CNS (102, 107, 108, 
III, I 12) and to form functional homomeric channels with a pharmacological 
profile similar to that of native NMDAR channels (102, 106). Several splice 
variants of NR I have been described that showed regional distribution in the 
CNS (106). These splice variants of NRI subunits had altered affinity at 
agonists sites, different pharmacological profiles, and differences in net surface 
charge (106, 113-115). 

A second family of gene products that are subunits of NMDAR channels 
(NR2) have been identified (107, 108, 110). NR2 subunits are larger than NRI 
subunits with an approximate molecular weight of 160 kDa and a similar 
secondary structure, except for the C-terminal region. The C-terminal region 
of NR2 subunits, which is greater that 600 amino acids, is much longer than 
the C-terminal region of NRI (107, 108). The amino acid sequence of NR2 
subunits is only about 20% identical to NRI, but there is between 55 to 70% 
homology in amino acid sequence between different subtypes of NR2 subunits 
(107, 108, 110). Expression of NR2 alone did not produce functional NMDAR 
channels, but coexpression of NR2 and NRI subunits resulted in NMDA-in­
duced whole-cell currents with larger amplitudes (107, 108, 110). 

Four SUbtypes of the NR2 subunit (NR2A-D) have been described (107, 
110-112). These SUbtypes of NR2 subunits showed differential distribution in 
the adult CNS (107, 110, 112) and also showed different temporal patterns of 
expression during development (111). NR2B and NR2D were present prena­
tally, whereas NR2A and NR2C were first detected by in situ hybridization 
around the time of birth (1 I l ). In adult CNS, NR2A and NR2B were found 
mainly in the forebrain regions, and NR2C was found primarily in the cere­
bellum (107, 110). NR2D levels in mature CNS were low and found mainly 
in midbrain and spinal cord (111, 112). 

There are distinct differences in biophysical and pharmacological properties 
of recombinant NR I and NR2 channels, depending upon the NR2 subtype 
present. Single-channel studies have shown that coexpression of NR2 affected 
the conductance of NMDAR channels (116). Coexpression of NRI and NR2A 
or NR2B subunits resulted in single-channel currents with conductances of 38 
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and 50 pS and an average open duration of 2.8 ms, which were similar to those 
of NMDAR channels recorded from rat hippocampal or cortical neurons (117). 
However, coexpression of the NRI and NR2C subunits resulted in conductance 
levels of 19 and 36 pS, with average open durations of 0.6 ms (116), resembling 
results obtained from rat cerebellar NMDAR channel currents (59, 61, 62). 
There were also differences in the sensitivity to the coagonist glycine; NR1-
NR2B and NRI-NR2C receptor channels had a higher affinity for glycine 
(ECso = 0.3 11M) compared to NRI-NR2A receptor channels (ECso = 2.1-3 
11M) (110, 116). By measuring the voltage dependence of the Mg2+ block of 
NMDAR currents, Monyer et al (107, I l l) found that coexpression of NR2A 
or NR2B subunits resulted in greater sensitivity to Mg2+ compared to coexpres­
sion with NR2C or NR2D subunits. Coexpression of different NR2 subunits 
also affected the rate of decay of glutamate-induced whole-cell currents (111). 
The time constant of decay of whole-cell current with coexpression of the 
NR2A subunit was 120 ms; of the NR2B and NR2C subunits, 380 and 400 
ms, respectively; and of the NR2D subunit, 4.8 s (107, 111). These differences 
in the biophysical and pharmacological properties of the expressions of NR2 
subunit subtypes indicate that the changes in the subtype of NR2 subunits 
could differentially affect the activation of NMDARs. 

Point mutations of amino acids in the putative pore region (TMII) of 
NMDAR channels have identified a region that is important for calcium 
permeability (104, 105) and divalent cation block of expressed NMDAR chan­
nels. However, effects of mutations on the permeability and blocking properties 
of divalent cations depend upon which subunit is mutated. Replacing aspara­
gine, a negatively charged amino acid, at position 598 of the NRI subunit, 
with glutamine, a neutral amino acid, reduced calcium permeability of the 
mutated NMDAR channels and slightly decreased the Mg2+ block, without 
affecting the blocking action of the open channel blocker MK-801 or the 
divalent cation Zn2+ (109, 118). Replacing glutamate, at position 598, with 
arginine, a positively charged amino acid, almost completely eliminated cal­
cium permeability and the Mg2+ block (118). Interestingly, the effects of 
replacing asparagine with glutamine at an analogous position, 592, in the 
NR2A subunit led to a reduction in the Mg2+ block without affecting calcium 
permeability (118), MK-801, or the Zn2+ block (109), indicating differential 
regulation of divalent cation permeability and blockade by subunits of 
NMDAR channels. 

Molecular Sites of Action of Polyamines on NMDAR Channels 

Recent studies with NMDAR channels expressed in heterologous expression 
systems have shown that polyamines have differential effects depending upon 
the splice variant of NRI or subtype of NR2 used to express the NMDAR 
channels. In oocytes expressing NRI homomeric channels, splice variants of 
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the NRI subunit lacking an N-terminaI21-amino acid insert that contained 6 
positively charged amino acids (NRIJ showed an enhancement of NMDAR 
current in response to SP, while NRI subunit homomeric channels that con­
tained the N-terminal insert did not respond to polyamine agonists (113, 114). 
Point mutations that replaced the positively charged amino acids in the N-ter­
minal insert restored the sensitivity to the enhancing actions of polyamines 
(119). The NR2 subunit also played a role in the response of expressed 
NMDAR channels to polyamines. Coexpression of NR2B with NRla resulted 
in channels that showed both glycine-dependent-enhancing and -independent­
enhancing as well as voltage-dependent-inhibiting effects of SP (120), while 
NRla-NR2A channels showed only glycine-dependent-enhancing and voltage­
dependent-inhibiting effects of SP (120, 121). Coexpression of NRla with the 
NR2C subunit produced channels that showed no effects on NMDAR whole­
cell voltage-clamped currents following the additions of polyamines (120). 
These studies indicated that both NRI and NR2 subunits play a role in deter­
mining the sensitivity of NMDAR channels to polyamines and may explain 
the variability of polyamine effects in cultured neurons (see 41 and 38). 
Cultured rat cortical neurons at day 14 in vitro had high levels of mRNA for 
the NRI subunit; NR2B and NR2D mRNAs were at a higher levels than NR2A 
mRNA (122). NR2C mRNA levels were very low in these cultured cortical 
neurons (122). 

Conclusions 

In summary, polyamines have multiple actions on NMDAR channels. Recep­
tor-binding experiments have shown that polyamines enhanced the binding of 
open channel blockers to the NMDAR channel through a site distinct from 
other regulatory sites on the receptor channel and possibly in a way that is 
similar to the effects of divalent cations in receptor binding. Electrophysiolog­
ical experiments, however, indicated that the multiple actions of polyamines 
were difficult to explain by an action at a single site (Figure 6). Polyamines 
may in fact interact with multiple sites on the NMDAR complex. Enhancement 
may occur by actions at the glycine coagonist site to increase activity of 
NMDAR channels and at a separate site to enhance activity when both gluta­
mate and glycine sites are saturated. Another interaction near or in the opening 
of the ion channel may lead to the voltage-dependent effect of polyarnines on 
NMDAR currents. 

The pharmacology of the polyamine site, as suggested by changes in poly­
amine-induced effects on open channel blocker binding, was difficult to inter­
pret due to the multi-site interaction, the multiple actions of polyamines, and 
the indirect nature of the receptor-binding assay. For example, the polyamine 
antagonist DET did not block the actions of SP; it enhanced and inhibited 
NMDAR currents in much the same way as did SP. The inverse agonist DA-lO 
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Zn2+ +� SP 

� DET 
Glycine NMDA SO 

+ + + 

External 

'-------' Internal 

MK-801 
PCP 
TCP 
Mg2+ 
Zn 2+ 
OA-10 
ARC 

Figure 6 Revised receptor model suggesting potential sites of polyamine interactions with the 
NMDAR channel. Polyamines act at a site or sites to enhance NMDAR channel function by 
increasing action at the glycine site (potentially allosteric interaction) as well as by increasing activity 
through an independent regulatory site. Inhibitory actions of polyamines occur at a site near or in 
the channel pore, although evidence indicates that DA-1O  and ARC act as channel blockers. 

blocked the NMDAR current with an open channel block mechanism, an action 
that was not opposite to the enhancing action of SP, and did not block SP-in­
duced enhancement of NMDAR currents at positive potentials, making the 
classification of DA-lO as an inverse agonist questionable. 

Work on expressed NMDAR channels has provided evidence that polya­
mines interact with SUbtypes of NMDAR channels. Polyamine enhancement 
and inhibition of NMDAR currents occurred with some subunit combinations 
of expressed NMDAR channels, while other combinations were insensitive to 
polyamines. Regional variability of polyamine effects in receptor-binding as­
says as well as cell-to-cell variability of polyamine effects in electrophysio­
logical experiments may be due to polyamines that differentially affect sub­
types ofNMDAR channels. Future work on the pharmacology and mechanisms 
of polyamines could focus on expressed NMDAR channels in order to elimi­
nate problems with interpretations that are caused by the interaction of poly­
amines with multiple sites and SUbtypes of NMDAR channels. 
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