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Abstract 

This study tested quantitatively the degree to which selective activation of NMDA receptors increases the intracellular concentration 
of free Ca 2÷ ions ([Ca2+]i) in neurons isolated from the rat spinal cord dorsal horn and grown in culture. The results show that activa- 
tion of NMDA receptors, without additional depolarizing stimuli, produce [Ca2+]i increases in the neuronal cell bodies in the presence 
of physiological concentrations of Mg 2+. Furthermore, this phenomenon occurs during synaptic activation of NMDA receptors. Thus, it 
cannot be assumed that in physiological extracellular [Mg2÷], there is an absolute requirement for additional membrane depolarization 
before NMDA receptor activation stimulates significant increases in [Ca2÷] i. 
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NMDA receptors have been implicated in a number of 
physiological and pathological phenomena in the spinal 
cord dorsal horn, including activity-dependent synaptic 
plasticity [2,3], central sensitization associated with the 
development of hypera]lgesia [8] and neurotoxicity asso- 
ciated with trauma and ischemia [4,16]. Specifically, Ca 2+ 
entry via NMDA receptors plays an important role in 
NMDA receptor-mediated plasticity and neurotoxicity 
[8,16]. Because NMDA-gated channels are both Ca 2+- 
permeable [5,6], and subject to voltage-dependent block 
by Mg 2÷ [6,7,11], it is often assumed that NMDA recep- 
tors only stimulate significant increases in [Ca2+]i in the 
presence of some additional, depolarizing stimulus (e.g. 
AMPA receptor activation) [ 1,9]. To test this assumption, 
we have measured increases in [Ca2+]i in dorsal horn neu- 
rons evoked by selective activation of NMDA receptors 
alone, in physiological [Mg2+]. 
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Dorsal horn neurons were prepared from embryonic 
rats (El5), as described previously [13]. After 7-21 days 
in culture, the neurons were loaded with 10/~M indo 1 
ester (with 0.025% pluronic acid; Molecular Probes) for 
30--45 min at room temperature. The coverslip was then 
mounted in a chamber with continuously flowing room- 
temperature bath composed of (in mM): 150 NaCI, 5 KCI, 
2 CaCI 2, 10 HEPES, 5 x 10 -3 glycine and 0.1% glucose, 
with osmolarity adjusted to 325 mOsM with sucrose. The 
bath also contained 0.5/~M tetrodotoxin, except when 
synaptic activation was being studied. Drugs were applied 
via a large Y-tube that rapidly delivered drug to an entire 
neuron [13,14]. Indo-1 fluorescence was measured with 
photomultiplier tubes and the data were digitized at a rate 
of 20 Hz. Calculated [Ca2÷]i was further filtered at 4 Hz 
[14]. 

For the synaptic experiments, dorsal root ganglion ex- 
plants were co-cultured with dorsal horn neurons. Dorsal 
root ganglia were removed from the same 15-day-old 
embryo from which spinal cord neurons were obtained. 
The ganglia were cut in half and each half was placed on 
a coverslip with dissociated dorsal horn neurons. The 
medium was supplemented with 100 ng/ml nerve growth 
factor (2.5 S fragment, Boehringer Mannheim). To elec- 
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Fig. 1. (A) The change in [Ca2+]i evoked by 300/tM NMDA in the presence and absence of 1 mM Mg 2+. (B) The complete dose-response data for the 
cell in (A). (C) The same data as in (B), with Ca 2+ elevation in 1 mM Mg 2+ expressed as a percent of that in 0 Mg 2+. (D) Ca 2+ responses to 10/~M 
NMDA in the presence of 0.001-1 mM Mg 2+. (E) The Ca 2+ responses to 100/~M NMDA in 0-10 mM Mg 2+ in a different cell than (D). (F) The 
population data for Mg 2+ inhibition of 10 and 100#M NMDA evoked Ca 2+ transients. 

trically evoke synaptic activity in the culture, a bipolar 
tungsten electrode was inserted into the center of the 
DRG explant and was stimulated with single, 10 ms volt- 
age pulse. 

Physiological concentrations of Mg 2÷ only partially 
blocked [Ca2+]i transients in rat dorsal horn neurons. For 
example, as shown in Fig. 1A, 3 0 0 # M  NMDA caused 
[Ca2+]i to increase in a cultured dorsal horn neuron from a 
resting value of approximately 30 nM to a peak of ap- 
proximately 350 nM. This increase in [Ca2+]i was pre- 
sumably due to Ca 2÷ entry through the NMDA receptors 
as well as Ca 2÷ entry through voltage-gated Ca 2÷ chan- 
nels. When the same concentration of NMDA was applied 
in the presence of  1 mM Mg 2÷, the [Ca2+]i transient, al- 
though attenuated, reached a peak amplitude of approxi- 
mately 150 nM. 

The ability of  NMDA receptors to mediate [Ca2÷] i ele- 
vation in the presence of Mg 2÷ should depend on the 
number of receptors activated and therefore the concen- 
tration of agonist applied. This was shown by determining 
the dose dependence of NMDA-evoked [Ca2+]i transients 
in the presence of Mg 2÷ (Fig. 1B,C). The only doses of 
NMDA tested at which 1 mM Mg 2÷ was able to com- 
pletely block the agonist-evoked [Ca2÷]i transient were 
equal to or less than 10/xM, well below the ECso for 
NMDA [13]. Using concentrations as low as 30/.tM, 
NMDA-mediated activation of these cells was sufficient 
to produce significant increases in [Ca2÷]i . Mg 2÷ block 

was progressively overcome as the concentration of 
NMDA was increased above 10/~M. 

We also assessed the degree to which NMDA recep- 
tors mediating a [Ca2÷] i transient depends on the concen- 
tration of Mg 2÷. As shown in Fig. 1D-F, Mg 2÷ block of 
NMDA-evoked [Ca2÷]i transients became progressively 
more effective as [Mg 2÷] increased between 0.01 and 
10 mM. NMDA (100/~M) was more potently able to ele- 
vate [Ca2+] i at all Mg 2÷ concentrations tested compared to 
10/tM NMDA (Fig. 1D-F). 

To determine if the endogenous excitatory amino acid 
transmitter, glutamate, also activates NMDA receptors 
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Fig. 2. (A) Glutamate (3 #M) activates a large Ca 2+ transient both in 
the absence and presence of 1 mM Mg 2+. (B) The dose-dependence of 
the [Ca2+]i response to L-glutamate in the presence of 100/zM and 
1 mM Mg 2+. 
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Fig. 3. Synaptic activity in dorsal horn neurons following stimulation of 
DRG explant. (A) Current evoked in dorsal hom neuron by l0 ms 
stimulation of explant. Response appears to be a large burst of synaptic 
activity. (B) With a comparable stimulation, Ca 2+ transients are evoked 
in a different neuron. (Recording was focused on the soma.) Each trace 
is an average of multiple sweeps in each condition: 8 sweeps for con- 
trol, 7 sweeps for 50/zM CNQX, 5 sweeps for 100/~M Mg 2+ plus 
50/zM CNQX, 7 sweeps for 1 mM Mg 2+ plus 50/~M CNQX, and 8 
sweeps for 30/zM APV, 1 mM Mg 2÷, and 50/zM CNQX. 

sufficiently to result in [Ca2÷] i increases, we measured the 
effect of  l-glutamate at concentrations low enough to se- 
lectively activate the NMDA receptor [12]. As shown in 
Fig. 2A, 1 mM Mg 2÷ was unable to completely block the 
[Ca2+] i transient evoked by 3 p M  glutamate. At higher 
concentrations of  agonist, there was a dose-dependent 
[Ca2÷]i elevation (Fig. 2B). For example, 3/zM glutamate, 
near the ECs0 for NMI')A receptors [12], evoked a [Ca2+] i 
transient in the presence of  1 mM Mg 2÷ of  approximately 
100 nM [Ca2+]i above baseline (Fig. 2B). The selectivity 
of  3 p M  glutamate for NMDA receptor activation in these 
cells was tested by blocking the [Ca2÷] i response with 
4 0 # M  APV (Fig. 2A). 

Even knowing that modest glutamate concentrations 
are able to elevate [Ca:Z÷] i in the presence of  1 mM Mg 2+, 
it is not possible to predict whether synaptic activation of 
NMDA receptors alone will act similarly. Previous inves- 
tigation of  A-6 fiber input onto adult dorsal horn neurons 
suggested that NMDA receptors in these neurons are ef- 
fectively blocked in the presence of  1 mM Mg 2÷ at resting 
membrane potentials [18]. We assessed whether synapti- 
cally released glutamate acting on NMDA receptors alone 
elevates [Ca2+]i in the presence of  1 mM Mg 2÷ in cultured 
dorsal horn neurons. ]Electrical stimulation of  the DRG 
explant with a bipolar metal electrode caused polysynap- 
tic excitation of  the dorsal horn neurons (Fig. 3A). Elimi- 
nation of  any contribution of  synaptically activated 

AMPA recep torsby  adding 5 0 p M  CNQX to the bath 
showed that, in this example, the synaptically evoked 
[Ca2+]i transient was largely a consequence of  NMDA 
receptor activation when the bath contained 0 Mg 2÷. The 
NMDA receptor-mediated [Ca2+]i transient was only 
partly blocked with addition of  0.1 mM Mg 2÷ to the bath, 
and the [Ca2÷] i increase was still detectable when [Mg 2÷] 
was increased to 1 mM (Fig. 3B). The remaining Ca 2÷ 
transient was completely blocked by 30/zM APV. 

Our observations are consistent with molecular bio- 
logical evidence concerning the subunit composition of  
NMDA receptors in the spinal cord. Embryonic spinal 
cord neurons express low levels of  NR2B and higher 
levels of  NR2D form of the NR2 subunit [10]. The NR2D 
subunit is associated with lower sensitivity to voltage- 
dependent Mg 2÷ blockade [10]. In contrast with many 
other areas of the central nervous system in which, during 
maturation, NR2A and NR2C become the major forms of  
NR2, dorsal horn neurons in adult rat continue to pre- 
dominantly express NR2D [15]. Thus, due to their subunit 
composition, NMDA receptors in dorsal horn neurons of  
both embryonic and adult rat may be particularly resistant 
to Mg 2÷ blockade. 

In recent years, the potential role of  NMDA and 
AMPA receptors in dorsal horn neuronal plasticity, hy- 
peralgesia, and pain sensation has become the subject of  
intense research [2,3,8,9,17]. In this regard it is often as- 
sumed that NMDA receptor activation must coincide with 
other depolarizing stimuli in order for NMDA receptors 
to overcome voltage-dependent Mg 2÷ block. Contrary to 
this assumption, our results indicate that, in physiological 
[Mg2+], and at concentrations of  transmitter that are 
achieved by synaptic release, activation of  NMDA recep- 
tors alone can stimulate significant increases in [Ca2+]i . 
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