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SUMMARY
Spermine potentiates the action of N-methyl-D-aspartate(NMDA)
at micromolar concentrations but is less effective at millimolar
concentrations. In cultured cortical neurons we demonstrate that
spermine enhances NMDA receptor currents in a unique manner.
At low concentrations (1 -1 0 �zM) spermine enhances NMDA
receptor current by increasing channel opening frequency, and

at higher concentrations (>1 0 MM) it produces, in addition, a
voltage-dependent decrease in channel amplitude and average
open time that limits its enhancing action. It is likely that these
two actions of spermine, due to differences in concentration and
voltage dependence, are mediated by independent sites on the
NMDA receptor complex.

Glutamate is one of the major excitatory neurotransmitters

in the central nervous system. Postsynaptic glutamate recep-

tors have been classically subdivided into three types, according

to affinity for selective agonists NMDA, quisqualate (AMPA/

metabotropic), and kainate (1, 2). There has been considerable

interest in the NMDA subtype because of its role in the

induction of long term potentiation in hippocampus (reviewed

in Ref. 3), implying a role in learning and memory as well as

in pathophysiological states such as epilepsy and ischemic

neurodegeneration (reviewed in Ref. 4).
Receptor binding assays and electrophysiological studies

have described several modulatory sites on the NMDA receptor
ion channel complex that can either increase or decrease activ-

ity (1). These include 1) a glycine co-agonist site thought to be

essential for opening of the NMDA channel (5, 6), 2) sites

inside the channel where divalent cations (Mg� and Zn2�) (7-

9) and noncompetitive open-channel blockers (phencyclidine

and MK-801) act to reduce current (10, 11), 3) a pH-sensitive

site (12-14), and 4) a more recently described polyamine mod-

ulatory site (15).

Polyamines were first shown to interact with the NMDA

receptor channel in binding studies by Ransom and Stec (16).

Spermine and spermidine both enhance [3H]MK-801 or [tH]

N-(1-[thienyl]cyclohexyl)piperidine binding at concentrations
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in the low micromolar range, either in the presence or in the

absence of added glutamate and glycine (16-18). Higher con-

centrations of spermine were less effective in enhancing binding

of these open-channel blockers, resulting in a biphasic concen-

tration-response curve. Spermine has also been shown to inter-

act with the glycine co-agonist site (19) and may even have

some interaction with the NMDA recognition site (20). Struc-

turally related analogs of spermine and spermidine interact

with the polyamine site to block the action of spermine and

spermidine (21, 22).

Electrophysiological studies using whole-cell voltage-clamp

in cultured neurons and in poly(A)� mRNA-injected frog oo-

cytes have shown that spermine and spermidine can enhance

NMDA-evokedwhole-cell currents (21, 23-25) as well as inhibit

NMDA receptor current at higher polyamine concentrations

(21). These effects were independent of NMDA and glycine

concentrations (24, 25). Both binding and electrophysiological

studies indicate that the polyamine enhancement of NMDA

receptor current occurs through a site distinct from the gluta-

mate recognition or glycine sites.

The basis for the enhancement of NMDA receptor currents

by spermine is unclear at present. The following studies using

whole-cell voltage-clamp and single-channel recording tech-

niques were carried out to investigate the mechanism of mod-

ulation of the NMDA receptor channel by spermine.

Materials and Methods

Culture preparation. Cultures of fetal rat cortical neurons were

prepared by standard methods (26). Briefly, cortices from E- 18 fetuses
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were enzymatically treated and then mechanically dissociated. Cells

were suspended in Eagle’s minimum essential medium supplemented

with 30 mM glucose, 26 mM bicarbonate, 10% fetal calf serum, and 10%

horse serum. Cells were plated on poly-L-lysine-coated 35-mm plastic

culture dishes. On the fifth day after plating, a combination of 15 jsg/

ml 5-fluoro-2-deoxyuridine and 35 �g/ml uridine, in minimum essential
medium lacking fetal calf serum, was added to suppress glial/astrocyte

growth. Cells were maintained in culture for 2-5 weeks before experi-

ments.

Solutions. The same external and internal solutions were used for

whole-cell recording and excised outside-out single-channel recordings.

The external solution consisted of 142 mM NaCl, 1.5 mM KC1, 1 mM

CaCI2, 10 mM glucose, 10 mM Na-HEPES (pH 7.4), and 500 nM

tetrodotoxin (added for whole-cell recordings) (osmolarity, 320-300
mOsm). The internal pipette solution consisted of 153 mM CsCl, 10

mM Cs-HEPES, and 5 mM EGTA (pH 7.4) (osmolarity adjusted to

305-280 mOsm with water). Chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO).

Drug application. NMDA (Sigma), glycine (Sigma), and spermine

tetrahydrochloride (United States Biochemicals) were dissolved in

external solution at a concentration between 10 mM and 100 mM and
were diluted via serial dilutions to final concentrations as indicated.

Addition of 100 mM spermine tetrahydrochloride to the external solu-

tion had no effect on pH. Glycine concentrations were expressed as the
amount of glycine added to the external solution. Drugs were applied

to whole cells or patches by pressure ejection (0.25-1.0 psi) from blunt-

tipped (15-25-sm) glass micropipettes positioned within 50 pm of the

cell or patch.

Electrophysiological recording. For experiments, cultures were

placed on the stage of an inverted phase contrast microscope at room
temperature (20_23*) and were superfused at approximately 1 ml/min
during recordings. High-resistance gigaohm seals were obtained with
low-resistance glass micropipettes (5-10 M�l), with procedures for

whole-cell voltage-clamp and outside-out excised patch recordings sim-

ilar to those of Hamill et al. (27). The intrapipette potential for whole-
cell and single-channel recordings was -75 mV, unless otherwise stated.

Recordings were performed with a L/M EPC-7 amplifier (LIST Med-
ical Instruments), and currents were recorded on a videocassette system
via a digital audio processor (PCM II; Medical Systems, Inc.) (16 bit,
44 kHz). Currents were simultaneously displayed on a chart recorder
(Gould Inc), using a low-pass (-3 db at 1 kHz) eight-pole Bessel filter

(Frequency Devices). For single-channel analysis, the data were played
back from the videocassette system, through a low-pass filter (-3 db

at 2 kHz), and digitized (20-kHz, 16-bit Tecmar analog/digital con-
verter) for computer analysis. This setup resulted in a system dead-

time of 70 �sec, so only openings of >140 �sec (2 times the system dead
time) were considered valid openings.

Single-channel analysis. Single-channel data were analyzed by
computer, using a locally written channel detection program (50%

threshold-crossing criterion) and locally written analysis programs to

determine opening frequency and open and closed durations by meth-

ods previously described (28). Percentage of change in opening fre-

quency was determined in those patches where control solution (NMDA
alone) was applied before and after coapplication of spermine and

NMDA. The software analysis package IPROC (Axon Instruments)
was used to generate amplitude histograms, which were fit by eye with

Gaussian curves to determine peak amplitude of the main conductance.

Although NMDA has been shown to activate a channel or channels

that exist in several conductance states (29, 30), openings were predom-
inantly of 5O-pS conductance (see amplitude histogram; Fig. 4). In this

study, openings from the two higher conductance levels (40 and 50 PS)

were analyzed. Concentrations of spermine above 10 �sM resulted in a

decrease in channel amplitude. Detection windows were adjusted to

compensate for these changes in amplitude.
Bursts can be defined as groups of openings separated by relatively

long closed periods. For the purpose of this analysis, a critical closed
time (to was chosen such that all openings separated by closures longer

than this critical closed time were considered to belong to a burst. A
modification of the equal proportion of misclassification method was

used to select a t� of 15 msec (28).

Significant changes in single-channel parameters by spermine were

determined using a two-tailed t test versus paired control observations.

Results

Spermine enhanced whole-cell voltage-clamped

NMDA currents. Spermine produced a concentration-de-

pendent enhancement of whole-cell NMDA receptor current,

which was observed over a wide concentration range (0.1 �M to

1 mM). Spermine did not enhance NMDA receptor current on

all neurons tested and, although not systematically studied,

spermine enhancement of NMDA receptor current appeared to

be consistent among neurons in a given culture dish. Seventy
percent of neurons (n = 34) tested showed enhancement of

NMDA current by micromolar concentrations of spermine. In

spermine-responsive neurons, the peak enhancement of NMDA

receptor current was observed at 10 �tM spermine (mean ±

standard error of increase of 175 ± 15%, n = 13) (Fig. 1A). At

concentrations above 10 �M, spermine was less effective in

enhancing NMDA receptor currents (Fig. 1B, upper trace).

Spermine enhancement of NMDA receptor currents occurred

in the presence of saturating concentrations of NMDA (100

�tM) and glycine (10 .zM), with 1 mM spermine increasing

NMDA receptor currents by 38 ± 12% (n = 8) under these

conditions.

The reduction in enhancement ofwhole-cell current at higher

concentrations of spermine was voltage dependent and not

observed in neurons voltage clamped at +75 mV. Fig. lB shows

the difference in relative enhancement at +75 mV, compared

with -75 mV. In this example, 10 �tM spermine caused a 100%

increase in amplitude of the NMDA receptor current at a -75

mV holding potential, whereas 1 mM spermine caused a 66%

increase (Fig. 1B, upper trace). In the same cell clamped at +75

mV, both 10 �iM and 1 mM spermine caused a 100% increase in

the amplitude of the current (Fig. 1B, lower trace). In neurons

where spermine did not enhance NMDA receptor currents,

high concentrations of spermine (100 �M and 1 mM) caused a

small voltage-dependent reduction in the NMDA receptor cur-

rent (n = 4). In contrast to its effects on NMDA receptor

currents, spermine (1 mM) had no effect on 5 �zM AMPA (97 ±

1.4% of control; n = 5) or 5 sM GABA (97 ± 0.9% of control;

n = 4) receptor currents.

Spermine had multiple effects on NMDA single-chan-

nel currents. Application of 5 �tM NMDA (0.5 �tM glycine) to

excised outside-out patches resulted in an average opening

frequency of 10 ± 2.6 openings/sec (n = 18) (Fig. 2). Addition

ofspermine (1-1000 �M) resulted in a concentration-dependent

increase in channel opening frequency, with a 45% increase at

1 �sM (2,067 openings, six applications, four patches) and 140%

increase at 100 sM (22,714 openings, 12 applications, six

patches), at a holding potential of -75 mV. At a holding

potential of +50 mV, spermine increased opening frequency in

three of four patches at 10 �tM and in three of five patches at

100 �sM. Because ofthe variability ofthe spermine effect (whole-

cell data) and differences in opening frequency among patches,

it was difficult to compare the percentage changes in opening

frequency between different holding potentials.

The increase in opening frequency at 100 �zM spermine at

-75 mV holding potential was not dependent on glycine con-
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101.tM 1mM
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TABLE 1
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A 5�.tMNMDA

-75mV

+75mV

+ Spermine

0.11�M

centration, because opening frequency increased approximately

2-fold in the absence of or at a saturating concentration of

glycine (0-10 �tM). Addition of 10 �tM glycine resulted in a 223%
(n = 6) increase in opening frequency, compared with control

applications of 5 isM NMDA in the absence of glycine, and a

45% increase over 5 �iM NMDA with 0.5 jzM added glycine.
These results indicate that spermine enhanced NMDA receptor

current by increasing opening frequency though a mechanism
independent of the glycine site.

At concentrations of 10-1000 �M, spermine caused a voltage-

dependent decrease in single-channel amplitude at a holding

potential of -75 mV (Table 1). Application of 5 zM NMDA to

5 �M NMDA

+ Spermine

+ 1O�tM

Spermine

Spem�ne

3pA

100 msac

Fig. 2. Low concentrations of spermine caused a concentration-depend-
ant increase in opening frequency of NMDA receptor single-channel
currents. Application of NMDA (5 �M) (top trace) to an excised outside-
out patch resulted in channel opening at a frequency of approximately 5
sec-1. Addition of spermine (1 , 10, and 100 �M) (lower three traces)
caused a concentration-dependent increase in channel opening fre-
quency. Data were taken from the same patch at a holding potential of
-75 mV.

10 1.tM

Fig. 1. Whole-cell voltage-clamp recordings of NMDA
receptor currents were enhanced by spermine. A, En-
hancement of 5 �sM NMDA receptor currents by the
coapplication of 0.1 , 1 , and 10 MM spermine was concen-
tration dependent (-75 mV holding potential). B, The
limitation in enhancement at higher spermine concentra-
tions was voltage dependent. Upper trace, reduction in
enhancement seen at 1 m�.i spermine, compared with 10
jzM spermine, at a holding potential of -75 mV. Lower
trace (same neuron), no difference in enhancement at the
same concentrations at +75 mV holding potential.

Effect of spermine on single-channel parameters at -75 mV and
+50 mV holding potentials
Data are represented as mean ± standard error of 4-23 observations.

Hot�nr�po_ Spermine Manstateam- Averageopen Burst duration

MM p4 msec msec

-75 mV 0 3.6 ± 0.05 4.4 ± 0.4 15 ± 1.1
1 0 3.2 ± o.o6� 4.6 ± 0.3 15 ± 1.2

100 2.8±0.05a 2.6±0.3 13±1.5
+50 mV 0 3.1 ± 0.11 7.3 ± 0.9 17 ± 2.1

10 3.0 ± 0.09 9.1 ± 2.4 13 ± 3.1
100 3.0 ± 0.19 8.0 ± 1.1 21 ± 2.2

a � � 0.05 (two-tailed t test).

patches voltage-clamped at -75 mV resulted in openings with

a mean amplitude of 3.6 pA (Fig. 3, left). Addition of spermine

at 100 �M reduced the mean amplitude to 2.8 pA, and at 1 mM

spermine further reduced openings to a mean amplitude of 1.5

pA (Fig. 3, kft). The reduction ofchannel amplitude was voltage
dependent. Spermine did not alter channel amplitude at either
concentration at +50 mV holding potential (Fig. 3, right; Table
1). A histogram of average amplitudes of channel openings

illustrates the shift in channel amplitude seen with the appli-

cation of 100 �M spermine at -75 mV holding potential (Fig.

4). In this patch, the mean current amplitude of the main

conductance state was decreased by approximately 26%. The

decrease in mean current amplitude was proportional to sperm-

me concentration, with a 10% decrease at 10 jsM spermine and

a 60% decrease at 1 m�i spermine. Preliminary analysis of

recordings at higher bandwidths (Fig. 5) (filtered at 4 kHz) did

not indicate that the reduction in channel amplitude was as-

sociated with an increase in open-channel noise. The reduction

in single-channel current amplitude seen at higher spermine

concentrations is consistent with the reduction in current noise

noted in whole-cell voltage-clamp recordings.

In addition, spermine produced a concentration-dependent
reduction of average open time at a holding potential of -75

mV (Table 1). Average open time for control NMDA applica-
tions in different patches ranged from 3.6 to 5 msec (n = 2,000-
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Mechanism of enhancement of NMDA receptor cur-

50

40

5 �tM NMDA

+ 100�tM Spermine

Mean Channel Amplitude (pA)

22,000 openings), with an average of 4.4 msec (n = 10,257). An

8% decrease in average open time was first observed at 10 �

(5.0 to 4.6 msec), with an 83% decrease (3.6 to 0.6 msec) seen

at 1 mM. The reduction in average open time at 100 �zM

spermine was voltage dependent, with no decrease in average

open time observed at a +50 mV holding potential (Table 1).

Burst durations were unaffected by the addition of spermine at

holding potentials of -75 and +50 mV (Table 1).

Discussion

Spermine enhanced NMDA receptor currents over a wide

concentration range. These results are similar to previously

reported results (21, 23-25). The effect of spermine on channel

opening frequency occurred at low micromolar concentrations,

whereas the voltage-dependent reduction in enhancement oc-

curred at higher concentrations. Because spermine is present

in central nervous system tissue at high micromolar concentra-

tions (31), these actions ofspermine on single-channel currents

may be important in the modulation of NMDA receptor cur-

rents.

Fig. 3. High spermine concentrations resulted in a volt-
age-dependent decrease in NMDA single-channel ampli-
tude. NMDA (5 pM) evoked single-channel openings of
around 3.8 pA at -75 mV (left, top trace). Addition of 100
pM spermine resulted in a decrease in channel amplitude

to 2.8 pA (left, middle trace) and a further reduction to
1 .5 pA with 1 mM spermine (left, bottom trace). The
reduction in amplitude of NMDA single-channel currents
was voltage dependent. At +50 mV holding potential
(right, top trace), NMDA evoked channels with an ampli-
tude of 2.9 pA. Current amplitude was not changed by
the addition of 1 00 �M or 1 mM spermine (right, middle
and bottom traces).

Fig. 4. Spermine (1 00 MM) reduced the mean single-chan-
nel amplitude. Histograms of mean event amplitude were
generated using a wide detection window to accept events
with amplitudes between 1 .2 and 5 pA and durations
longer than 0.5 msec. Application of 5 � NMDA for 30
sec 4 resulted in a histogram with the main peak at 3.5
pA. The combination of 5 MM NMDA and 100 MM spermine
applied for 30 sec (D) resulted in a histogram with the
main peak at 2.5 pA.

5��MNMDA � �Hi�

� �

+ Sperrn�e

3 pA

100 msec

Fig. 5. Spermine reduction of channel amplitude was not associated with
an increase in open-channel noise. The cutoff frequency of the low pass
filter was increased to 4 kHz during digitization of these data. Open-
channel noise associated with openings evoked by 5 �zM NMDA (upper
trace) was not different from that associated with openings evoked by 5
sM NMDA and 100 �zM spermine (lower trace). Similar results were

obtained with a filter cutoff frequency of 6 kHz.
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rent by spermine. Enhancement of whole-cell current can

arise from a variety of changes in single-channel properties.

These include an increase in mean channel current amplitude,

an increase in average channel open time, or an increase in the

frequency of channel opening. The single-channel experiments

show that, at low concentrations, spermine increased channel

opening frequency without increasing average open time or

amplitude. Although this action was similar to the effect of

glycine on NMDA single-channel currents (5), the spermine-

induced increase in opening frequency occurred in the presence

of saturating glycine concentrations (both whole-cell and sin-

gle-channel data). This finding indicates that the polyamine

binding site that modulates opening frequency is independent

of the glycine site, which agrees with receptor binding assays

and other electrophysiological studies (17, 24, 25) and argues

against an indirect action at the glycine site, which has been

proposed for Zn2� (32).

This mechanism ofenhancement of NMDA receptor currents

by spermine, increasing opening frequency, is similar to the

one proposed for the benzodiazepine enhancement of GABA

receptor currents (33, 34). However, because the single-channel

recordings were obtained primarily from multichannel patches,

it was not possible to determine the basis for the increased

opening frequency. Possibilities include an increase in opening

frequency of a single channel or an increase in the number of

channels opening.

Mechanism of the limitation in enhancement of NMDA

receptor currents by high concentrations of spermine.

The single-channel experiments suggest that the reduction in

enhancement of NMDA receptor current at high spermine

concentrations was likely due to a decrease in single-channel

amplitude and average channel open time. These voltage- and

concentration-dependent effects occurred over the same con-

centration range in both single-channel and whole-cell voltage-

clamp studies.

Reduction in the amplitude of single-channel current may

occur in several different ways. The NMDA receptor has been

shown to open to a variety of subconductance states or con-

ductance levels (29, 30, 35), and a shift to any one of these
subconductance states would result in a decrease in mean

channel amplitude. This shift to a different conductance state
would cause discrete changes in amplitude histograms, pre-

dicted by the amplitudes of the subconductance states. Because

the spermine-induced change in mean channel amplitude was

concentration dependent and to amplitudes not seen in control

NMDA applications, it is not likely that spermine caused a

shift from the main state to subconductance states of the

NMDA receptor.

Divalent cations have been shown to affect NMDA receptor

currents by a variety of mechanisms, including voltage-depend-

ent effects on average open time and channel amplitude. Be-

cause spermine is a polyvalent cation at physiological pH, its

effects on average open time and channel amplitude may be

similar. Block of NMDA currents by extracellular Mg�� was

first shown by Ault et al. (36). Ascher and Nowak (7) attributed

the effect of Mg2� to open-channel block, similar to the actions

of local anesthetics on the nicotinic acetylcholine channel

described by Neher and Steinbach (37). The Mg�� block of

NMDA single-channel currents was associated with a voltage-

dependent decrease in average open time but no change in

current amplitude. Therefore, although the reduction in average

open time by spermine may be explained by an open-channel

block, spermine clearly has a second voltage-dependent effect,

reduction of channel amplitude, that cannot be explained by a

simple open-channel block mechanism similar to that of �

The blocking actions of external Zn2� on inward NMDA

receptor currents (9) and of internal Mg2� on outward (38)

NMDA receptor currents have been attributed to fast open-

channel block. With fast open-channel block, the open NMDA

channel becomes rapidly blocked and unblocked, which, due to

the limited resolution of the recording system, leads to an

apparent reduction in current amplitude and an increase in

open-channel noise (39). Preliminary analysis of data recorded

with higher bandwidths (see Fig. 5) does not support the idea

that spermine reduces channel amplitude by fast open-channel

block.

Divalent cation effects on surface charges have been shown

to affect the amplitude of NMDA single-channel currents. High

external Ca2� has been shown not only to shift the reversal

potential for NMDA currents but also to reduce the amplitude

of inward currents carried by Na� and Ca2� (7). This rectifica-

tion of inward current may be due to an interaction of the

divalent Ca2� ions with negative charges on the external surface

of the receptor, thus altering inward current flow (40). The

effect of high Ca2� on NMDA single-channel current amplitude

is voltage dependent, with no effect on outward Cs� current (7,

40). Because a voltage-dependent effect on the amplitude of

single-channel currents has been shown to occur by changing

negative charges lining the external vestibule of the nicotinic

acetylcholine receptor (41), it is possible that an interaction of

the positively charged groups of spermine with surface charges

at the mouth of the NMDA receptor ion channel may underlie

the reduction of single-channel current amplitude.

The multiple actions of spermine on single-channel currents

may thus explain the biphasic nature of concentration-response

curves seen in electrophysiological (21, 24) and receptor binding

assays (16, 17). Low concentrations of spermine increase open-

ing frequency, thereby enhancing both NMDA receptor cur-

rents and the binding of open-channel blockers that preferen-

tially bind to an open state of the channel (see Ref. 10). As the

concentration of spermine is increased above 10 pM, opening

frequency continues to increase but the decrease in average

open time observed at these spermine concentrations begins to

limit the percentage of time the channel spends in the open

state, which results in a limitation of the enhancement of

NMDA receptor currents and binding of open-channel block-

ers. Because decreased average open time occurs only at higher

spermine concentrations, a biphasic concentration - response

curve may result.

The reduction in channel amplitude seen at spermine con-
centrations above 10 pM also limits the enhancement of NMDA

receptor current, but the effect of reduced channel amplitude

on the binding of open channel blockers is unclear. An effect

of spermine on surface charge at the mouth of the ion channel

or fast open-channel block may affect access of the blockers to

the internal binding site, resulting in a reduction of enhance-

ment of binding.

In summary, we suggest that the polyamine spermine en-

hances NMDA receptor current in a unique way. Spermine

increases channel opening frequency to enhance current, but

the enhancement is limited, due to a voltage-dependent de-

crease in average open time and single-channel amplitude. The
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polyamine binding site that modulates opening frequency ap-

pears to be independent of the glycine site. The voltage-de-
pendent actions of spermine to reduce channel amplitude and

average open time may be due to a complex interaction with

surface charges at the ion channel. Because of the difference in

voltage-dependence and the separation in concentration range
for the effects of spermine on channel amplitude and average

open time, compared with opening frequency, it is likely that

spermine produces these effects by interacting with two inde-

pendent sites on the NMDA receptor ion channel complex.
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