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THE USE OF LOW CONCENTRATIONS OF DIVALENT CATIONS
TO DEMONSTRATE A ROLE FOR N-METHYL-D-ASPARTATE

RECEPTORS IN SYNAPTIC TRANSMISSION IN
AMPHIBIAN SPINAL CORD

PETER A. SMITH

Department of Pharmacology, University of Alberta, Edmonton, Alberta, CanadaT6G 2H7

1 Synaptic potentials and the responses of frog spinal cord to various acidic amino acids were
examined by means of the sucrose gap recording technique.
2 Divalent cations (50-250pM) specifically antagonized responses evoked at N-methyl-D-
aspartate (NMDA) receptors by N-methyl D,L aspartic acid (NMDLA). The rank order of potency
was Ni2' > Co2+ > Mg2+> Mn2+ Responses to glutamate and aspartate were relatively insensitive
to these concentrations of divalent cations.
3 The rank order of potency for divalent ions (1 mM) for antagonism of synaptic transmission in
bullfrog sympathetic ganglia was Mn2+> Co2' > Ni2 > Mg2e. Thus synaptic transmission in
ganglia was especially sensitive to Mn2+ whereas NMDLA responses were especially sensitive to
Co2+ and Mg2+.
4 It was possible to depress selectively the dorsal root-dorsal root potential (DR-DRP) and dorsal
root-ventral root potential (DR-VRP) of frog spinal cord using low doses of Co2+ or Mg2+ which did
not affect VR-DRP (ventral root-dorsal root potential). It was not possible to produce this selective
depression of DR-DRP and DR-VRP with Mnf2+, as this cation non-selectively depressed all
responses.
5 These results suggest that: (i) divalent cations do not antagonizeNMDLA responses by blocking
Ca2+ channels which may mediate the response; (ii) postsynapticNMDA receptors are activated by
a neurotransmitter involved in the DR-DRP and DR-VRP pathways but not by any neurotransmit-
ters involved in the VR-DRP pathway; (iii) the neurotransmitter activating NMDA receptors in
amphibian spinal cord may be an aspartate-like substance rather than aspartate itself or glutamate.

Intoduction

The acidic amino acids, L-glutamate and L-aspartate,
are putative excitatory neurotransmitters in the cen-

tral nervous system (CNS) (Krnjevic, 1974; Puil,
1981). Three different types of receptors for excitat-
ory amino acids have been characterized on the basis
of their sensitivity to various agonists. These are

N-methyl-D-aspartate (NMDA) receptors, quisqual-
ate receptors and kainate receptors (Watkins &
Evans, 1981). Certain lines of evidence support a

role for calcium ions in the electrogenesis of re-

sponses to acidic amino acids (Sonnhof & Btihrle,
1981; Padjen & Smith, 1981;Puil,1981;butseealso
Shapavolov, Shiriaev & Velumain, 1978 and
McDonald & Wojtowicz, 1980; 1981). Calcium in-
flux may be especially important for responses
evoked by DL-homocysteic acid, an agonist thought
to act on NMDA receptors (Heinemann & Pumain,
1981). Recently, Co2+ and Mg2+ have been shown to
be selective and highly potent antagonists atNMDA
receptors (Ault, Evans, Francis, Oakes & Watkins,
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1981). Since these ions are known to block calcium
channels (Katz & Miledi, 1967; Alvarez-Leefmans,
DeSantis & Miledi, 1979) the question arises as to
whether their blockade of NMDA responses results
from an action on a Ca2+ ionophore or at some other
point between receptor activation and response. To
address this question, the relative potencies of Ni2O,
Co2+, Mn2+ and Mg2+ for blocking Ca2+ channels
was compared with their relative potency in an-
tagonizing responses atNMDA receptors. N-methyl-
D,L-aspartate (NMDLA) was used to activate these
receptors. The relative effects of divalent ions as
Ca2+ channel blockers was measured by exaniing
their ability to block synaptic transmission in sym-
pathetic ganglia. This process depends on the pre-
synaptic influx of Ca2+ ions to promote transmitter
release (Blackman, Ginsborg & Ray, 1963). The
results described below indicate that Mn2+ was much
more effective than Co2+ or Mg2+ in blocking Ca2+
channels, but was relatively ineffective in blocking
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NMDLA responses. On the other hand, Co2" and
Mg2+ were potent antagonists ofNMDLA responses
in doses that had minimal effect on Ca2+ channels.
This suggests that divalent ions block NMDLA re-
sponses by an action at some site other than a Ca2+
ionophore associated with the NMDA receptor (cf.
Davies, Evans, Francis & Watkins, 1979; Ault et al.,
1980).

Several synaptic responses may be recorded in the
amphibian spinal cord by means of the sucrose gap
technique (Barker, Nicoll & Padjen, 1975b; Padjen
& Smith, 1980a). These include the orthodromic
dorsal root-ventral root potential (DR-VRP), the
dorsal root-dorsal root potential (DR-DRP) which
involves primary afferent depolarization and the an-
tidromic ventral root-dorsal root potential (VR-
DRP). Experiments with 'organic' NMDA receptor
antagonists have indicated that NMDA receptors
may be involved in the generation of the slow,
polysynaptic components of DR-DRP and DR-VRP
(Evans, Smith & Watkins, 1981) but not VR-DRP
(Padjen & Smith, 1980a). This conclusion is not
supported by the work of Homma (1981) who de-
monstrated antagonism ofVR-DRP with theNMDA
antagonist, DL-<x-aminoadipic acid. In the present
study, low doses of Co2+ and Mg2e have been used as
NMDA 'receptor antagonists' so as to clarify the role
of NMDA receptors in VR-DRP. The problem with
this approach is that divalent cations will, of course,
tend to block neurotransmitter release (Alvarez-
Leefmans et al., 1979). This problem was minimized
by using 125p1MCo2+ or 250yMMg2e. These low
concentrations had no effect on VR-DRP and thus
did not appear to block neurotransmitter release, but
did produce marked depression of the slow
(polysynaptic) components of DR-DRP and DR-
VRP. This result supports the conclusion of Padjen&
Smith (1980a) than an aspartate-like neurotransmit-
ter, presumably acting on NMDA receptors, is in-
volved in DR-DRP and DR-VRP but not VR-DRP.
Since aspartate responses were relatively insensitive
to divalent cations it is possible that the neurotrans-
mitter activating NMDA receptors in DR-VRP and
DR-DRP is some 'aspartate like' substance rather
than aspartate itself.

Oakes & Watkins, 1979; Ault et al., 1980). For
recording, hemisected spinal cords were mounted in
the sucrose gap chamber and superfused with oxyge-
nated Ringer solution at 15°-20°C. The inlet tube to
the recording chamber was fitted with a tap system to
permit superfusion of drug solutions. NMDA recep-
tors were activated by superfusion of N-methyl-D,L
aspartic acid (NMDLA 0.01-4mM) for 1-3min.
Indirect responses were blocked by including tet-
rodotoxin (TIX) (2 x 10-7M) in the Ringer solu-
tion. Drug responses on ventral roots (VR) were then
considered to result from activation of receptors
located on motoneurones. Drug responses recorded
in this way from dorsal roots (DR) may reflect activa-
tion of receptors located on primary afferents (Pad-
jen & Smith, 1981; cf. Evans, 1980). Synaptic trans-
mission in the IXth or Xth paravertebral sympathetic
ganglion of the bullfrog was examined by means of
the sucrose gap technique as described by Nishi &
Koketsu (1968). Presynaptic B fibres in the paraver-
tebral sympathetic chain were stimulated with sup-
ramaximal 0.5 ms pulses and the postsynaptic B spike
recorded from the ramus of the IXth or Xth ganglion.
All potentials were monitored on a conventional
d.c.coupled electrophysiological recording system.
The high impedence amplifier was connected to the
recording bath by means of calomel electrodes and
Ringer-agar bridges. The traces illustrated were
filmed from an oscilloscope (Tektronix 564B) or
recorded on a rectilinear pen recorder (Brush model
2400). The composition of the Ringer solution used
in spinal cord experiments was (mM): NaCl 115,
CaCl2 2, KCl 2, HEPES buffer (adjusted to pH 7.2
with NaOH) 10, and D-glucose 8. The Ringer solu-
tion used in sympathetic ganglion experiments con-
tained (mM): NaCl 100, CaCl2 1.8, KCl 2, Tris-HCl
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The VR-DRP (ventral root-dorsal root potential),
DR-DRP (dorsal root-dorsal root potential) and
DR-VRP (dorsal root-ventral root potential) of the
isolated hemisected spinal cord of the frog were
examined by means of the sucrose gap technique as
described by Barker, Nicoll & Padjen (1975a, b).
Preparations were equilibrated overnight with Ring-
er solution at 5°C before use (Evans, Francis, Hunt,
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Figure 1 Normalized log dose-response curve for ef-
fect of N-methyl D,L aspartic acid (NMDLA) on ventral
root (VR) of 6 preparations.
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buffer pH 7.2 16 and D-glucose 8. All drugs were
purchased from Sigma, St. Louis, Mo, U.S.A. Statis-
tical data are expressed as means ± s.e. wherever
possible.

Results

Dose-response curve toNMDLA

The antagonism of NMDLA responses by divalent
cations is already well documented (Evans & Wat-
kins, 1978; Ault et al., 1980; Watkins & Evans,
1981; Padjen & Smith, 1981). Since the degree of

VR controls

NMDLA 8K

block produced by Co2+ increases with time (Ault et
al., 1980), it was not feasible to attempt to measure
KA values for Co2, or other divalent cations. The
ED50 for NMDLA from the dose-response curve for
VR (motoneurones) normalized for 6 preparations
was 0.04mM (Figure 1). This dose, which elicited a
clear submaximal response, was used in all subse-
quent experiments in which the relative potencies of
divalent cations were assessed. The ED50 for
NMDLA on DR (primary afferents) was 0.096 mM;
this is to be expected since dorsal roots are generally
considered to be less sensitive to acidic amino acids
than ventral roots (Barker et al., 1975a).
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FIgre 2 Sucrose gap recording from ventral roots (VR) of amphibian spinal cord. Controls: effects of NMDLA
(0.04 mM) and Ringer solution containing 8 mMK (8K). Divalent ions: responses recorded after 20mn exposure ro
250 PMMn2+, Ni2+, Mg2+, Co2+. Al responses recorded from the same preparation using a rectinear pen recorder.
Black bars indicate duration of exposure to 8K or NMDLA.

NMDLA



366 PETER A. SMITH

Relative potencies ofdivalentcations in blocking
NMDLA responses

Responses to 0.04 mMNMDLA were recorded from
both ventral and dorsal roots before and after 20 min
superfusion with Ringer solution containing various
divalent cations (250 gM). On VR, the mean amp-
litude (% of control) ofNMDLA responses recorded
in the presence of various divalent cations (at
250 gM) was as follows: Ni2+, 18.5 ±4.9% (n=7);
Co2+, 31.0±4.3% (n=7); Mg2+, 61.2±7.9%
(n = 7) and Mn2+, 78.9 ± 5.2% (n = 7). On DR, amp-
litudes were as follows in the presence of divalent
cations: Ni2+, 15.9±4.1% (n = 7); Co2+,
28.3 ± 4.0% (n = 7); Mg2+ 44.4 ± 5.2% (n = 7) and
Mn2+, 70.1 ± 3.3% (n = 8). In all preparations where
all four ions were investigated the rank order of
potency was Ni2+ > Co2+ > Mg2+ > Mn2+ for an-
tagonism of NMDLA responses on both roots. The
effects of divalent cations were reversed following
60 min wash with normal Ringer.

Divalent cations block Ca2+ channels (Katz &
Miledi, 1967; Alvarez-Leefmans et al., 1979), and
can thereby prevent release of neurotransmitters
(Barker et al., 1975a). Since the presence ofTTX in
the Ringer only prevents propagated action poten-
tials and may therefore not prevent all types of
neurotransmitter release, responses to NMDLA
could be generated by the release of endogenous
excitory neurotransmitters. Antagonism of these re-
sponses by divalent cations may merely reflect block-

VR control

ade of this release. The experiment illustrated in
Figure 2 was designed to test this possibility. TTX-
blocked preparations were depolarized with Ringer
solution containing 8 rather than 2mM K+. This treat-
ment should be as effective asNMDLA in promoting
any indirect responses by release of endogenous ex-
citory neurotransmitters. As illustrated in Figure 2,
the response ofVR to 8mM K+ was insensitive to the
250 liM dose of divalent ions employed. The
NMDLA responses were reduced. Similar results
were obtained on DR. This indicates that the
mechanism of action of divalent ions in antagonizing
NMDLA responses probably does not involve a
reduction in depolarization - induced release of
endogenous excitatory neurotransmitter(s). The
experiment illustrated in Figure 2 also clearly
demonstrates that Ni2+ > Co2+ > Mg2e > Mn2' in
antagonizingNMDLA responses.

Specificity ofdivalentcations in blockingNNMDLA
responses

Ault et al. (1980) have already demonstrated the
specificity of divalent cations in antagonizingNMDA
receptors at doses which do not affect responses
to noradrenaline, substance P, carbachol, 5-
hydroxytryptamine (5-HT), glutamate or y-
aminobutyric acid (GABA). In the present study,
divalent cations were to be employed as specific
blockers of NMDA receptors to investigate their role
in synaptic transmission. It was therefore important

250 pM Co Recovery

250pM Ni

10 mV

_ m

10 min NMDLA Glu

Flgure 3 Sucrose gap recording from ventral root (VR) of amphibian spinal cord. Effects of 250AMCo2+ and
250 mMNi2+ on responses to NMDLA (0.04 mM) and L-glutamate (Glu 1 mM). NMDLA tested after 20min
exposure to divalent ions, recovery record from Co2+ at upper right is control record for Ni2O. All traces recorded
from some preparation in order shown by means of a rectilinear pen recorder. Black bars under traces indicate
duration of exposure to Glu orNMDLA.
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Figure 4 Sucrose gap recording from ventral root (VR) of amphibian spinal cord. Effects of 25OAMCo2' on
responses to NMDLA (0.04 mM) and aspartate (Asp, 1 mM). Left hand traces: control responses. Centre traces:
responses to Asp tested after 20 min exposure to Ringer containing Co2',NMDLA response recorded after 35 min
in CQ2' Ringer. Right hand traces: recovery records following 75 min wash with normal Ringer. Blackbars indicate
duration of exposure to Asp or NMDLA.

to show that the 250 p1M doses of divalent cations to
be used had minimal effects on receptors for other
putative amino acid neurotransmitters such as gluta-
mate (Glu). A typical experiment is illustrated in
Figure 3, although 20 min incubation in 250pM Co2"
significantly reduced the amplitude of the NMDLA
response, the Glu response was slightly enhanced (cf.
Padjen & Smith, 1981). This apparent enhancement
could result from the suppression of the sodium
pump-mediated Glu after hyperpolarization (Padjen
& Smith, 1980b). Among the divalent cations tested,
only Ni2l at 250 piM produced noticeable reduction of
the Glu response (Figure 3). Since this ion was ex-
tremely effective in antagonizing the response to
NMDLA, Ni2l could still be considered as relatively
specific for NMDA receptors. In another series of
experiments such as that illustrated in Figure 4, it was
noted that NMDLA responses were much more sen-
sitive to divalent cations than responses to aspartate.

Effects ofdivalent cations on synaptic transmission in
bullfrogsympathetic ganglia

If antagonism of NMDLA responses by various di-
valent cations results from an action of these ions on a

Ca2+ channel underlying the electrogenesis of the
response, then these ions should exhibit a similar
rank order of potency for blockade of both NMDA
responses and Ca2e channels. In an attempt to assess
the relative potencies of Ni2', Mn2+, co2+, and Mg2+
as calcium channel blockers, their effects on synaptic
transmission in bullfrog sympathetic ganglia was ex-
amined. This process ultimately depends on pre-

synaptic Ca2+ influx to release acetylcholine (Black-
man etal., 1963).

Ni2+, Co2+, Mn2+ and Mg2+ at 250 p1M had little or
no effect on ganglionic transmission. At 1 mM these

cations reduced the amplitude of the orthodromic
B-fibre action potential to. 13.3 ± 4.4% (Mn2+)
(n = 6), 68.2 ± 7.8%, (Co2+) (n = 6), 76± 11.2%
(Ni2+) (n = 5) and 96.7 ± 4.7% (Mg2+) (n = 6), (per-
centages of control responses following a 20 min
incubation). In any given preparation, the order of
potency was Mn2+ > Co2+> Mg2+ but the potency
of Ni2+ varied from being more effective than Co2' to
less effective than Mg2+. In some preparations the
response observed in the presence of 1 mM Mg2+ was
larger than control. This may have resulted from a
'membrane stabilization' effect of the divalent ion
and consequent superior recording of responses. A
typical experiment is illustrated in Figure 5a. Thus, if
the cation sensitivity of synaptic transmission in

ganglia is accepted as a suitable model for the cation
sensitivity of Ca2+ channels, it would seem that there
is a clear cut difference in sensitivity of NDMLA
responses and Ca2+ channels, i.e. NMDA receptors
are antagonized by Ni2+> Co2+ > Mg2+> Mn2+ at
250 M whereas Ca2+ channels are antagonized by
Mn2+ > Co2+> Ni2+>Mg2e at 1mM.

Effects ofdivalent cations on synaptic responses in
frogspinal cord

Magnesium As illustrated in Figure 2, Mg2+ pro-

duced marked and specific depression of NMDLA
responses at 250 gM. Since this treatment would not
be expected to block neurotransmitter release, any
effect of this dose of Mg2+ on synaptic transmission in
spinal cord should be largely due to postsynaptic
effects atNMDA receptors. After 20min incubation
in Ringer solution containing 250 AM Mg2+, the slow
(polysynaptic) component of DR-VRP and DR-
DRP was depressed. VR-DRP was relatively unaf-
fected or even slightly enhanced. The results of all

VR contr
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F1gue 5 (a) Sucrose gap recording from bullfrog sympathetic ganglion. Control: orthodromic (synaptic) B fibre
population action potentials recorded following stimulation of the sympathetic chain with supramaximal 0.5 ms
pulses. Divalent ions: orthodromic B fibre population action potentials recorded following 20 min incubation in
Ringer containing Mn2', Co2+ orMg2+ (1 mM). All traces are photographs of oscilloscope recordings from the same
preparation. (b) Graphical comparison of the effects of divalent cations (250 juM) on the ventral root-dorsal root
potential (VR-DRP) of amphibian spinal cord with their effects (at 1 mM) on the synaptic B fibre spike in
sympathetic ganglia. Amplitudes of the two responses as percentage of control in the presence of Co2+, Ni2+, Mn2+
or Mg2+ are plotted against each other. n> 5 for both VR-DRP and ganglionic spike. Error bars indicate s.e.mean
response size under each experimental condition. Line of best fit and correlation coefficient (r) computercalculated.

experiments are summarized in Table 1 and data
from a typical experiment are illustrated by means of
the histogram in Figure 6a.

Cobalt Figure 2 also illustrates that 250 pM Co2+ was
more potent than Mg2e in antagonizing NMDLA
responses but is also more unlikely to affect neuro-
transmitter release (Figure 5). Thus the effects of
250 pMCO22 upon synaptic transmission in spinal

cord may be ascribed both to antagonism ofNMDA
receptors and reduction of neurotransmitter release.
Although 250 AM Co2-' (20 min incubation) tended
to depress preferentially DR-VRP and DR-DRP
rather than VR-DRP, it was somewhat less selective
than Mg2e (Table 1). In some experiments however,
such as that illustrated in Figure 6a and 7, a relatively
selective depression of DR-VRP and DR-DRP was
observed. In an attempt to minimize effects on

Table 1 Effects of divalent cations (250 jM) on synaptic transmission in frog spinal cord

Mg2+

90.5 ± 10.2 (n = 7)
47.3 ± 5.4 (n = 7)
38.1 ± 4.9 (n = 7)

% of control response*
Co2+

64.0 ± 8.6 (n = 6)
29.5 ± 4.4 (n = 6)
25.3 ± 4.3 (n = 6)

Mn2+

60.1 ± 6.3 (n = 7)
36.5 ± 3.7 (n = 7)
32.4 ± 4.4 (n = 7)

*% of control response =
Area under curve of response in presence of divalent cation

Area under curve of control response
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Figure 6 Histograms illustrating the depression of
synaptic responses in amphibian spinal cord by divalent
cations. (a) Effects of Mg2+, Co2+, Mn2+ (250 gM) on

VR-DRP, DR-DRP and DR-VRP. Percentage changes
of responses obtained by measuring area under traces on
original data records such as that illustrated in Figure 7.
All data obtained from same preparation. Note that
Co2+ and Mg2+ preferentially depress DR-VRP and
DR-DRP whereas Mn2+ tends to reduce all responses.
(b) Histograms of data from another preparation illus-
trating effect of 125 p{M C2+. Note selective depression
of DR-VRP and DR-VRP. (c) Histograms of data from
a third preparation illustrating effect of 125 piMMn2+.
Note non-selective depressions of all responses.

neurotransmitter release, some experiments, such as

that presented in Figure 6b, were performed with
125 pMCo2+. With this dose it was often possible to
produce selective depression of DR-DRP and DR-
VRP with little or no depression of VR-DRP.

Manganese Unlike C(2+ and Mg2+, 250 pMMn2+
was relatively ineffective in blocking NMDA recep-
tors (Figure 2) so that its effects on synaptic transmis-
sion in spinal cord may be mainly ascribed to inhibi-

tion of neurotransmitter release. Although after
20min incubation in 250 MM Mn2+, VR-DRP
seemed, on average, to be slightly less depressed than
DR-DRP or DR-VRP (Table 1) this was not the case
for all preparations. In the results illustrated in Figure
6a no such selective depression of VR-DRP could be
observed. Mn2' often produced non-selective depre-
ssion of all three synaptic responses, marked depres-
sion of DR-DRP was always associated with marked
depression of VR-DRP. With lower doses of Mn2+
(125 pM), (Figure 6c), it was still not possible to
demonstrate selective depression of any single
pathway.

Nickel As illustrated in Figure 2, 250MNi2+ was
very effective in blocking NMDA receptors but was
somewhat erratic in blocking ganglionic transmis-
sion. Although Ni2+ (250pM) consistently reduced
VR-DRP to an average of 67.2±7.1% of control
(n = 5), (Figure 8), its effects on DR-DRP and DR-
VRP were varied, both depressions and enhance-
ments of these responses were observed. The effects
of all divalent cations were reversed following 60 min
wash with normal Ringer solution.

Statistical examination ofdata

If VR-DRP is generated by pathways which do not
involve NMDA receptors (Padjen & Smith, 1980a;
cd. Homma, 1981) it is likely that any depression of
this response by divalent cations results from an
action of these substances on transmitter release. If
this is the case, then the ability of Mn2+, Co2+, Ni2+
and Mg2+ to block ganglionic transmission should be
correlated with their ability to block VR-DRP. For
both responses the effectiveness of the cations was
Mn2+ > Co2 >Ni2 > Mg2+. This is illustrated
graphically in Figure 5b where the relative potencies
of divalent ions in antagonizing the two responses are
plotted against each other. Since these phenomena
were linearly correlated (r = 0.76) it is likely that
similar processes were involved in blockade of both
ganglionic transmission and VR-DRP. Antagonism
ofDR-VRP and DR-DRP were not at all well corre-
lated with antagonism of ganglionic transmission.
The rvalues were 0.37 and 0.27 respectively, indicat-
ing that different processes were involved in the
antagonism in each case. On the other hand, an-
tagonism of DR-VRP was very well correlated with
antagonism of DR-DRP (r= 0.98). This is consistent
with the possibility that essentially identical proces-
ses were involved in the antagonism in each case.
Antagonism of VR-DRP correlated very poorly with
antagonism of DR-DRP (r= 0.15) and DR-VRP
(r = 0.04) again indicating that different processes
were involved in the antagonism of the responses in
these pathways.

) aI a I * I* * II
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Figure 7 Sucrose gap recording from isolated hemisected amphibian spinal cord. Effect of Cj2+ on synaptic
potentials. Left hand traces: controls: Centre traces: DR-VRP, DR-DRP and VR-DRP recorded after 20 min
superfusion with Ringer containing 250 pMCo2'. Note preferential depression of DR-VRP and DR-DRP com-
pared to VR-DRP. Right hand traces: Recovery of responses following 75 min washout of CQ2+. Traces from
rectilinear pen holder.

Discussion

The rank order of potency for divalent cations in
blocking Ca2' channels (ganglionic transmission)
was Mn2 > Co2" >Ni2 S>Mg2e. On the other
hand, their rank order of potency in antagonizing
NMDLA responses was Ni2+ > Co2+ > Mg2+ >
Mn2+. Divalent cations were effective against these
responses in concentrations below 100 tiM, whereas,
concentrations exceeding 1 mM were required for
blockade of Ca2+ channels. NMDLA responses and
Ca2+ channels thus displayed very different phar-
macological sensitivities to divalent cations. This in-
dicates that the blockade ofNMDLA responses is not
due to an effect of these substances on a Ca2+
ionophore which may underlie the generation of the
response. This conclusion is based on the assumption
that all types of Ca2+ channels exhibit similar sen-
sitivity to divalent cations; if this were not the case,
NMDLA-activated Ca2+ channels would have to
exhibit rather remarkable properties in that (i) they
would have to be at least ten times more sensitive to
divalent ions than voltage-sensitive Ca2+ channels

and (ii) they would have to be relatively insensitive to
Mn2+.

If it is accepted that divalent cations do not act on a
Ca2+ ionophore associated with electrogenesis of the
NMDLA response, it must be assumed that they
interfere with either receptor-agonist binding or
receptor-ionophore coupling. The high potency of
divalent cations and the demonstration of inhibition
of [3H]-NMDA binding to rodent brain membrane
fractions by Mg2+ (IC50 = 450 riM) (Snodgrass, 1979)
suggests that divalent ions interfere with receptor-
agonist binding. On the other hand, it has been
suggested that the divalent cations exhibit a different
mechanism of action from 'organic' NMDA antagon-
ists (Evans & Watkins, 1978; Evans et al., 1979)
which presumably compete with agonists for receptor
binding. If both receptor and ionophore blockade are
excluded itmay be suggested that the divalent cations
act on receptor-ionophore coupling. Such an effect
has recently been proposed for divalent cations and
5-HT receptors in sympathetic ganglia (Nash& Wal-
lis, 1981).

Regardless of their exact mechanism of action, the
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FIgure 8 Sucrose gap recording from isolated hemisected amphibian spinal cord. Effect of Ni2+ on synaptic
responses. Left hand traces: controls. Centre traces: DR-VRP, DR-DRP and VR-DRP recorded after 20min
superfusion with Ringer containing 2501iMNi?2. Note apparent enhancement of DR-VRP. Right hand traces:
recovery of responses following 105 min washout of Ni2+ . Traces from rectilinear pen recorder.

present work confirms that divalent cations are rela-
tively specific antagonists of responses evoked at
NMDA receptors (Ault et al., 1980; Watkins &
Evans, 1981). Since they also block neurotransmitter
release (Alvarez-Leefmans et al., 1979) no previous
attempts have been made to use divalent cations to
identify specific neuronal pathways involving
NMDA receptors. In the present study it was possible
to examine three different synaptic responses in am-
phibian spinal cord, the usual orthodromic DR-VRP,
as well as DR-DRP and an antidromic VR-DRP.
Low doses of Mg2' and Co2+ were used to investigate
the role of NMDA receptors in specific pathways
because they were relatively ineffective in blocking
neurotransmitter release but highly effective in
blocking NMDA receptors. These divalent cations
produced a similar pattern of antagonism of re-
sponses in spinal cord to DL a-aminoadipate (Padjen
& Smith, 1980a). Both classes of antagonists blocked
or reduced the slow (polysynaptic) component of
DR-VRP and DR-DRP with minimal depression of
VR-DRP. These results suggest an involvement of
NMDA receptors in DR-DRP and DR-VRP but not
in VR-DRP. The general lack of effect of
250 pLM Mg2+ and 125 pM Co2+ onVR-DRP serves as

a control to indicate that the blockade of DR-DRP
and DR-VRP was not due to impairment of neurot-
ransmitter release. Mn2' produced non-specific de-
pression of all responses. This lack of selective depre-
ssion with Mn2+, which is a poor NMDA receptor
blocker, adds further support to the hypothesis that
NMDA receptors may be involved in only DR-DRP
and DR-VRP and not VR-DRP. The relative
abilities of the divalent cations Ni2+, Mn2+, CQ2+ and
Mg2e to depress VR-DRP was correlated with their
relative abilities to block ganglionic transmission.
This suggests that antagonism of both ganglionic
transmission and VR-DRP could be attributed to
blockade of neurotransmitter release and could
further imply a lack of involvement ofNMDArecep-
tors in the VR-DRP pathway. The higher potency of
the divalent ions in the case of VR-DRP may be
because this pathway is polysynaptic whereas gang-
lionic transmission is monosynaptic. In a recent
paper, Homma (1981) demonstrated antagonism of
VR-DRP in frog spinal cord with 1 mMDL-a-
aminoadipate. This would suggest an involvement of
NMDA receptors in this pathway. This result is in-
consistent with both the present results and with the
previous finding that 3 mMDL-X-aminoadipic acid



372 PETER A. SMITH

had little effect on this response (Padjen & Smith,
1980a). There is at present no obvious explanation
for this difference in data. Since there was little
correlation between the ability of various divalent
ions to block VR-DRP and their ability to block
DR-DRP and DR-VRP it would seem that different
mechanisms were involved in each case. Blockade of
DR-DRP andDR-VRP was well correlated, suggest-
ing similar processes were involved in the blockade.

Ni2+ was the most potent antagonist ofNMDLA in
the present experiments, DR-VRP and DR-DRP
were relatively insensitive to this ion and in some
experiments responses were slightly enhanced. It was
noted that the action of Ni2+ on ganglion transmis-
sion was highly variable. This variability could result
from poor penetration of Ni2+ into ganglia. Poor
penetration to subsynaptic sites could also explain
the inability of this ion to block DR-DRP and
DR-VRP.

In general, the present data support the idea of an
involvement ofNMDA receptors in the polysynaptic
components of DR-DRP and DR-VRP (cf. Evans et

al., 1981). Recent evidence suggests that, the puta-
tive neurotransmitter, aspartic acid may not act on
NMDA receptors (Lambert, Flatman & Engberg,
1981); glutamate is thought to act primarily on quis-
qualate receptors (Watkins& Evans, 1981). Further-
more, the present results indicate that neither aspar-
tate nor glutamate responses are especially sensitive
to divalent cations. This may indicate that neither
aspartate nor glutamate are the transmitters involved
in DR-DRP and DR-VRP, further investigation is
therefore necessary to clarify this situation and
perhaps to 'identify the endogenous ligand' for
NMDA receptors (Anis, Burton & Lodge, 1982).
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