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The Role of NMDA Receptor-operated Calcium Channels in 
Persistent Nociception after Formalin-induced Tissue Injury 
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The contribution of intracellular calcium to central sensiti- 
zation and persistent nociception in response to tissue injury 
in rats was examined following the subcutaneous injection 
of formalin into the hindpaw. Formalin injury-induced noci- 
ceptive behaviors were enhanced by intrathecal pretreat- 
ment with the calcium ionophore A23187 or the calcium 
channel agonist Bay-K8644. Conversely, formalin nocicep- 
tive responses were reduced by intrathecal pretreatment 
with the calcium chelator Quin 2 or the calcium channel an- 
tagonists verapamil and nifedipine. Each of these agents 
affected the tonic, but not the acute, phase of the formalin 
response. The enhancement in formalin nociceptive behav- 
ior in rats treated with L-aspartate or L-glutamate was re- 
versed by combined pretreatment with the noncompetitive 
NMDA antagonist MK-801, but not by nifedipine or the non- 
NMDA excitatory amino acid antagonist 6-cyano-7-dinitro- 
quinoxaline-2,3-dione. In rats not treated with excitatory 
amino acids, the analgesic effect of MK-801 was also sig- 
nificantly greater than that produced by nifedipine. Further- 
more, combining nifedipine with MK-801 did not produce a 
significantly greater analgesic effect than MK-801 alone. The 
results suggest that central sensitization and persistent no- 
ciception following formalin-induced tissue injury are de- 
pendent on the influx of calcium through predominantly NMDA 
receptor-operated (and to a lesser extent voltage-gated) cal- 
cium channels. 

Studies in the preceding article indicate that central sensitization 
and tonic nociceptive behavior associated with formalin-in- 
duced tissue injury depend, in part, on activity at the NMDA 
receptor. Formalin injury-induced nociceptive behaviors were 
enhanced by intrathecal pretreatment with L-glutamate or 
L-aspartate, and were reduced by intrathecal pretreatment with 
the NMDA antagonists 5-amino-phosphonovalerate and MK- 
801. Formalin nociceptive responses were also enhanced, al- 
though to a lesser degree, by intrathecal pretreatment with 
NMDA. Although these data establish a role for EAAs in injury- 
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induced central sensitization, excitatory amino acids (EAAs) 
alone cannot account for the prolonged changes in central neural 
function that accompany tissue injury. Since the activation of 
NMDA receptors is likely to produce physiological effects that 
last at most milliseconds (depolarization) to seconds (windup), 
additional intracellular effects are likely involved in the pro- 
duction of long-term central sensitization associated with the 
tonic nociceptive response. 

An important characteristic of the NMDA receptor is that its 
channels are permeable to Ca*+ as well as to Na+ and K+. Volt- 
age-clamp studies of cultured neurons injected with a calcium- 
sensitive dye indicate that calcium can enter cells after NMDA 
receptor activation in a manner that is independent of voltage- 
gated calcium channels (MacDermott et al., 1986). Increases in 
intracellular calcium after NMDA receptor activation have been 
proposed to initiate biochemical processes responsible for plas- 
ticity induced by EAAs in various systems (see Cotman and 
Monaghan, 1988). Indeed, the enhanced calcium entry through 
NMDA receptor-operated channels leads to the activation of 
several intracellular messengers. Increased calcium influx fol- 
lowing NMDA receptor activation is associated with the acti- 
vation of guanylate cyclase and formation of cGMP (Novelli et 
al., 1987) the release of arachidonic acid (Lazarewicz et al., 
1988) the translocation and activation of protein kinase C (Vac- 
carino et al., 1987), and the increased expression of the c-fos 
proto-oncogene (Szekely et al., 1987). It has been proposed that 
persistent NMDA receptor activation leads to alterations in 
membrane permeability following the phosphorylation of sub- 
strate proteins by these various intracellular messengers (Mon- 
aghan et al., 1989). It is possible that these intracellular calcium- 
dependent alterations in membrane permeability contribute to 
central sensitization following formalin-induced tissue injury. 

The present study examined the contribution of increased 
intracellular calcium to the persistent behavioral nociceptive 
responses following subcutaneous formalin injection in rats. Ini- 
tial experiments assessed the effect of agents that increase or 
decrease the availability or entry of calcium into the intracellular 
space on formalin-induced nociception. Later experiments as- 
sessed the relative importance of calcium influx through voltage- 
sated or NMDA receptor-operated calcium channels on for- 
malin-induced nociception, as well as on the enhanced formalin 
nociceptive responses in rats treated with L-aspartate and 
L-glutamate. The results provide evidence that calcium influx 
through NMDA receptor-operated (and to a lesser extent volt- 
age-gated) calcium channels contributes to central sensitization 
and tonic nociception following subcutaneous formalin injec- 
tion. 
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Materials and Methods 
The experiments were performed on 250-350 gm Long Evans hooded 
rats (Charles River). For nociceptive testing, rats were given a subcu- 
taneous injection of either a standard 50 ~1 of 2.5% formalin or a smaller 
volume of a lower concentration of formalin (30 ~1 of 1.0%) into the 
plantar surface of one hindpaw. Rats were then placed in a 30 cm x 
30 cm x 30 cm Plexiglas box with a mirror below the floor at a 45 
angle to allow an unobstructed view of the paws. Observations for the 
purpose of generating nociceptive scores began immediately after for- 
malin injection and were continued for 50 min. A nociceptive score 
was determined for each 5 min time block according to the scale outlined 
in the preceding article (Coderre and Melzack, 1992). 

Formalin nociceptive responses were assessed in an observer-blind 
manner in 20 groups of rats, following intrathecal administration of 
agents affecting either EAA receptors or the levels of intracellular cal- 
cium. In the first experiment, nociccptive responses to a standard for- 
malin injection were assessed in vehicle-treated control rats and rats 
that were administered either a calcium ionophore (A23187, 1 rg), a 
calcium chelator (Quin 2, 1 fig), a calcium channel agonist (Bay-K8644, 
1 pg), a phenylalkylamine-type calcium channel antagonist (verapamil, 
10 pg), or a dihydropyridine-type calcium channel antagonist (nifedi- 
pine, 10 pg). In the second experiment, rats pretreated with intrathecal 
saline, A23187 (1 pg), or Bay-K8644 (I pg) were given the lower con- 
centration of formalin to assess the possible contribution of a ceiling 
effect on pain scores in these groups of rats when given the standard 
formalin injection. In the third experiment, rats treated with either the 
EAA agonist L-glutamate (20 pg) or L-aspartate (25 pg) were compared 
on a standard formalin test with rats treated with a combined treatment 
with L-glutamate (20 pg) or L-aspartate (25 fig) and either nifedipine (10 
pg), 6-cyano-7-dinitroquinoxaline-2,3-dione (CNQX; 10 pg) or MK- 
80 1 (20 rg). MK-80 1 is a noncompetitive NMDA antagonist that blocks 
the influx of calcium through NMDA receptor-operated calcium chan- 
nels; CNQX is a selective antagonist of AMPA/kainate receptors. Fi- 
nally, nociceptive responses to a standard formalin injection were as- 
sessed in MK-801-treated rats and rats given a combined treatment 
with MK-80 1 (20 pg) and nifedipine (10 pg). These groups were com- 
pared with the effects of nifedipine (10 fig), by itself, described above. 
All agents were dissolved in 0.9% saline [except A23 187, Quin 2, and 
nifedipine, which were dissolved in 10% alcohol, 1% dimethyl sulfoxide 
(DMSO) or 10% acetone, respectively, in 0.9% saline] and given 10-15 
min prior to testing as an intrathecal injection, in a 20 ~1 volume. The 
vehicle control group in the first experiment consisted of six rats each 
treated with intrathecal saline, 10% ethanol, 1% DMSO, or 10% acetone 
in saline; no significant differences were found between these four vehicle 
treatments; consequently, they were collapsed into one vehicle control 
group. Intrathecal injections were given by lumbar puncture between 
the L4 and L5 vertebrae while rats were under brief ether anesthesia. 
None of the calcium channel agents produced any behavioral effects on 
their own. Formalin injections were given after the rats had fully re- 
covered from the ether anesthesia. Rats were killed immediately fol- 
lowing testing by overdose with chloral hydrate. The experimental pro- 
tocol was approved by the institutional animal care committee. 

Results 

Figure 1A illustrates the formalin nociceptive scores for control 
rats and rats treated with agents affecting calcium availability 
or influx. The vehicle control group exhibited a typical biphasic 
nociceptive response with high nociceptive responses in the first 
5 min, a reduction in nociceptive behavior for 5-10 min, and 
a subsequent increased level of nociceptive responses that start- 
ed 20 min after formalin and continued until the completion of 
testing at 50 min. Nociceptive responses were significantly el- 
evated, compared to control rats, in rats pretreated with the 
calcium ionophore A23 187 or the calcium channel agonist Bay- 
K8644. Both treatments significantly elevated nociceptive re- 
sponses between 5 and 15 min after formalin injection, while 
Bay-K8644 also increased scores between 30 and 50 min after 
formalin. Importantly, intrathecal administration of these agents 
that increase calcium availability or influx resulted in increased 
nociceptive responses only during the intermediate and late 
phases of the formalin response. Nociceptive responses during 

the early phase (the first 5 min time block) of the formalin test 
were unaffected, indicating that the treatments did not simply 
produce an additive hyperalgesic effect. Rather, it appears that 
agents that increase intracellular calcium shifted the tonic phase 
of the formalin test to an earlier time point, so that nociceptive 
responses during the normally quiet intermediate phase were 
more like those normally seen during the late phase of the for- 
malin test, as well as increasing nociception during the late phase 
in the case of Bay-K8644. 

The effects of A23 187 and Bay-K8644 were also assessed in 
rats given a lower concentration of formalin to determine wheth- 
er a ceiling effect may have prevented nociccptive responses 
from reaching their maximum level. This could explain, for 
example, why nociceptive scores for rats treated with A23187 
were only elevated during the intermediate phase ofthe formalin 
test when nociceptive scores are typically quite low. When these 
agents were given to rats tested with a lower concentration of 
formalin, nociceptive responses were significantly elevated, with 
respect to the control group, for the majority ofthe testing period 
(excluding the acute phase during the first 5 min for both groups, 
and at the 35 and 40 min time points for Bay K-8644) (Fig. 
1B). 

In contrast to the hyperalgesic effects of agents that increase 
intracellular calcium, those agents that decrease intracellular 
calcium produced a reduction in formalin nociceptive re- 
sponses. Although the phenylalkylamine-type calcium channel 
antagonist verapamil produced a slight reduction in formalin 
nociceptive behaviors that reached significance at only one time 
point, the dihydropyridine-type calcium channel antagonist ni- 
fedipine produced a significant reduction that was sustained 
over a period between 10 and 25 min after formalin injection. 
Furthermore, the calcium chelator Quin 2 produced a significant 
reduction in formalin nociceptive responses throughout much 
of the intermediate and late phases of the formalin test (between 
10 and 30 min, as well as at the 40 min time period) (Fig. 1A). 
Once again, none of these agents affected formalin nociceptive 
responses during the acute early phase of the formalin test, 
indicating that lowering intracellular calcium reduces the de- 
velopment of tonic nociception in the late phase but does not 
produce a generalized analgesia throughout the entire test. 

Figure 2A illustrates the formalin nociceptive responses for 
rats treated either with L-aspartate alone or with L-aspartate 
combined with nifedipine, CNQX, or MK-801. By itself, 
L-aspartate produced an elevation in formalin nociceptive re- 
sponses that was reflected by the absence of low nociceptive 
responses during the intermediate phase (5-15 min) after for- 
malin injection. The elevation in formalin nociceptive responses 
produced by L-aspartate was unaffected by combined treatment 
with either the non-NMDA EAA receptor antagonist CNQX or 
the calcium channel antagonist nifedipine. Conversely, the L-as- 
partate-induced elevation in nociceptive responses was signif- 
icantly reduced by combined treatment with the noncompetitive 
NMDA receptor antagonist MK-801. The nociceptive responses 
of L-aspartate-treated rats given MK-80 1 were significantly re- 
duced between 5 and 20 min post-formalin, as well as during 
the 40 min time block. 

Figure 2B illustrates the formalin nociceptive responses for 
rats treated either with L-glutamate alone or with L-glutamate 
combined with nifedipine, CNQX, or MK-801. Like L-aspar- 
tate, L-glutamate produced an elevation in nociceptive responses 
that was reflected by the absence of low nociceptive responses 
during the intermediate phase (5-l 5 min) after formalin injec- 
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Figure 1. A, Nociceptive responses (+_SEM) induced by a standard 
formalin injection in rats pretreated with intrathecal vehicle, Bay-K8644 
(1 pg), A23 187 (1 pg), Quin 2 (1 pg), verapamil (10 pg), or nifedipine 
(10 pg). N = 6 for each group except the vehicle group, where N = 24. 
Statistical analyses performed in all experiments were nonparametric 
multiple comparisons to the control group (Zar, 1984) subsequent to 
Kruskal-Wallis analysis of ranks. Significant differences from the vehicle 
control group in this and subsequent figures are indicated by the fol- 
lowing symbols: t, p < 0.05; *, p < 0.01. B, Nociceptive responses 
(+SEM) induced by a low concentration formalin injection in rats pre- 
treated with intrathecal saline (N = 6), Bay-KS644 (1 pg, N = 4), or 
A23187 (1 pg, N = 4). 
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Figure 2. A, Nociceptive responses (+SEM) induced by formalin in 
rats pretreated with intrathecal L-aspartate (20 pg), L-aspartate + nife- 
dipine (10 pg), L-aspartate + CNQX (5 pg), or L-aspartate + MK-801 
(20 pg). N = 6 for each group. B, Nociceptive responses (+SEM) induced 
by formalin in rats pretreated with intrathecal L-glutamate (20 pg), 
L-glutamate + nifedipine (10 pg), L-glutamate + CNQX (5 fig), or L-glut- 
amate + MK-801 (20 pg). N = 6 for each group, except L-glutamate + 
nifedipine (N = 5). 

tion. The elevation in nociceptive responses produced by L-glu- 
tamate was also unaffected by combined treatment with either 
the non-NMDA EAA receptor antagonist CNQX or the calcium 
channel antagonist nifedipine. However, similar to L-aspartate, 
the L-glutamate-induced elevation in nociceptive responses was 
significantly reduced by combined treatment with the noncom- 
petitive NMDA receptor antagonist MK-80 1. The nociceptive 
responses of L-glutamate-treated rats given MK-801 were sig- 
nificantly reduced between 5 and 25 min post-formalin. 
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Figure 3. Nociceptive responses (2 SEM) induced by formalin in rats 
oretreated with intrathecal vehicle. nifedinine (10 u& MK-80 1 (20 I.&. 
br nifedipine + MK-801. N = 12’for the vehicle’G&p; N = 8 fo; zi 
other groups. The nifedipine group is repeated from Figure 1A. The 
vehicle group consisted of six rats each given 0.9% saline or 10% acetone 
in 0.9% saline; no significant differences were observed between these 
two groups of rats. 

Figure 3 illustrates the formalin nociceptive responses for rats 
treated with the non-competitive NMDA antagonist MK-801 
and the calcium channel antagonist nifedipine given alone or 
combined. The NMDA antagonist MK-801, given by itself, 
produced a profound reduction in formalin nociceptive re- 
sponses during both the intermediate and late phases of the 
formalin test (between 10 and 40 min post-formalin). This effect 
was greater than that produced by the calcium channel antag- 
onist nifedipine. Although combining MK-80 1 with nifedipine 
produced effects that significantly reduced nociceptive responses 
(with respect to vehicle) throughout the entire test, the combi- 
nation did not significantly enhance the reduced formalin no- 
ciceptive responses found with MK-80 1 alone. 

Discussion 

The present study has demonstrated that formalin injury-in- 
duced nociceptive behaviors are enhanced by intrathecal treat- 
ment with a calcium ionophore and a calcium channel agonist, 
both of which increase the level of intracellular calcium. In 
addition, formalin nociceptive responses were decreased by in- 
trathecal treatment with a calcium chelator and phenylalkyl- 
amine- and dihydropyridine-type calcium channel antagonists, 
each of which would decrease intracellular levels of calcium. 
Importantly, the effects of the agents were restricted to the tonic 
intermediate and late phases of the formalin test and did not 
affect the acute early phase. We suggest that excessive calcium 
influx is not critically involved in the transmission of nocicep- 
tive inputs in response to brief noxious stimuli, but rather is 
critically involved in mediating plasticity or central sensitization 
following tissue injury that leads to persistent nociception. This 
hypothesis is supported by previous results that indicate that 

brief, phasic nociceptive tests, such as the tail-flick and hot- 
plate tests, are unaffected by Ca*+ (Harris et al., 1975; Chapman 
and Way, 1982), calcium chelators (Harris et al., 1975; Ben- 
Sreti et al., 1983), or calcium channel antagonists (Benedek and 
Szikszay, 1984; Contreras et al., 1988), while tonic nociceptive 
tests, such as the acetic acid-induced writhing test, are sensitive 
to Ca*+ (Chapman and Way, 1982), which increases nociceptive 
responses, and calcium channel antagonists (Del Pozo et al., 
1987), which reduce nociceptive responses. 

Although these results implicate calcium influx as contrib- 
uting to central sensitization and tonic nociception in the for- 
malin test, they do not address the mechanism by which for- 
malin-induced tissue injury produces an increase in intracellular 
calcium. Since the calcium chelator Quin 2 was more effective 
than verapamil or nifedipine at reducing formalin nociccptive 
responses, it is likely that calcium influx through channels other 
than phenylalkylamine- and dihydropyridine-type voltage-gat- 
ed calcium channels is involved in this response. Other than 
this point, it is not clear from the results in Figure 1 whether 
the increased calcium is within presynaptic or postsynaptic cells, 
or whether calcium influx is increased through receptor-oper- 
ated calcium channels or voltage-gated calcium channels. Given 
the results of the preceding article demonstrating a contribution 
of EAAs to formalin-induced nociceptive behaviors, we hy- 
pothesized that increases in intracellular calcium that enhance 
formalin responses are dependent on influx through NMDA 
receptor-operated calcium channels. To test this hypothesis, we 
first assessed the effects of agents affecting calcium influx on the 
enhanced formalin nociceptive responses in rats pretreated with 
the EAAs L-glutamate and L-aspartate. The results indicated 
that enhanced formalin nociceptive responses in rats pretreated 
with L-glutamate or L-aspartate were significantly reversed by 
combined treatment with a noncompetitive NMDA antagonist, 
which blocks NMDA receptor-operated calcium channels, but 
not by a calcium channel antagonist, which blocks voltage-gated 
calcium channels, or by a non-NMDA receptor antagonist. These 
results suggest that it is the NMDA receptor-operated calcium 
channels that are critical to the enhancement of formalin no- 
ciceptive responses by EAAs. It is noteworthy that MK-801 
seemed to produce a greater reduction in formalin nociceptive 
responses in rats treated with L-glutamate than in rats treated 
with L-aspartate. This may have resulted because although both 
aspartate and glutamate increase ligand binding to phencycli- 
dine recognition sites where MK-801 acts (Loo et al., 1986; 
Fagg, 1987), glutamate is nine times more effective than as- 
partate in this respect (Loo et al., 1986). 

Finally, to implicate further the contribution of NMDA re- 
ceptor-operated calcium channels in central sensitization and 
tonic nociception following formalin-induced tissue injury, we 
compared the analgesic effects of the NMDA receptor-operated 
calcium channel antagonist MK-80 1, the voltage-gated calcium 
channel antagonist nifedipine, and a combination of these two 
agents in otherwise untreated rats. We have demonstrated that 
MK-801 is much more effective at reducing formalin nocicep- 
tive responses than is the voltage-dependent calcium channel 
antagonist nifedipine. This indicates that there is a greater con- 
tribution of NMDA receptor-operated calcium channels, as op- 
posed to voltage-gated calcium channels, in the nociceptive re- 
sponse to formalin-induced tissue injury, although the latter 
probably make some contribution. Furthermore, combining MK- 
801 with nifedipine did not add to the analgesic effect of MK- 
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801, suggesting that most of the effects of calcium influx on 
injury-induced central sensitization can be accounted for by 
NMDA receptor-operated calcium channels. 
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