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= Abstract =

Background: While the effects of excitatory amino acids have been characterized in the central ner-
vous system, relatively little is known about their possible modulation of elements responsible for
hyperalgesia within peripheral tissue. The purpose of this study was to investigate the role of excitatory
amino acid receptors in mechanical hyperalgesia induced by a subcutaneous injection of Freund’s com-
plete adjuvant (FCA) into the rat hind paw.

Methods: Inflammations were induced by injecting FCA on the dorsal surface of the right hind paw
of rats. Effects of excitatory aminoacid agonists or antagonists on mechanical hyperalgesia were investi-
gated by a subcutaneous injection of a drug to the inflamed paw. Mechanical hyperalgesia was expressed
as percent change in paw withdrawal threshold compared to baseline value that was measured before
drug injection after inflammation was induced with FCA.

Results: In normal rats, an intraplantar (i.pl.) injection of L-glutamate, but not of D-glutamate (3
pmol/0.1 ml each) produced a mechanical hyperalgesia in the hind paw with a lowered paw paw-
withdrawal threshold to pressure. In rats that developed the mechanical hyperalgesia associated with
inflammation in the hind paw following an ipl. injection of FCA (0.15 ml), the injection of a
N-methyl-D-aspartate (NMDA) receptor antagonist, MK-801 (1 pmol/0.1 ml) into the inflamed paw
increased the paw pressure threshold (24.24.6% increase from baseline, P < 0.05). On the other hand,
the injection of a non-NMDA receptor antagonist, 6-cyano-7-nitrogiunoxaline-2,3-dione (CNQX, 10
pmol/0.1 ml) into the inflamed paw had no effect on the FCA-induced lowering of the paw pressure
threshold.

Conclusions: The results suggest that NMDA, but not non-NMDA receptors play a substantial role
in mediating the development of mechanical hyperalgesia induced in the inflamed paw following an i.pl.
FCA injection. (Korean J Anesthesiol 2000; 39: S35~8 40)
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INTRODUCTION

Existence of glutamate receptors in peripheral nerves
innervating normal'” and inflamed skin™® has been well
addressed. An involvement of glutamate receptors in
peripheral nociception has been demonstrated on animal
models of inflammatory pain induced by subcutaneous
injection of formalin® or carrageenan.s'” Freund’s com-
plete adjuvant (FCA) has been used as another inflam-
mation-producing chemical, the Freund’s complete ad-
juvant (FCA) has been used to produce responses that
mimic human clinical pain condition in which the pain
lasts for longer periods of time than when induced by
these other agents. The injection of FCA into the rat hind
paw has been shown to produce mechanical hyperalgesia
that accompanies long-lasting inflammation in the injected
hind paw.® A recent study has demonstrated that the
number of peripheral primary afferent axons expressing
glutamate receptors is significantly increased during
FCA-induced inflammation of the rat hind paw.” How-
ever, it has not yet been proven whether the peripheral
glutamatergic system is involved in mediating mechanical
hyperalgesia accompanying FCA-induced inflammation.
The present study was performed to examine whether the
injection of glutamate into the rat hind paw evokes
mechanical hyperalgesia, and whether glutamate receptor
subtypes contribute to the mechanical hyperalgesia
observed in the inflamed hind paw induced by FCA.

MATERIALS AND METHODS

The protocol of the present study was approved by the
Institutional Animal Investigation Committee. Male Spra-
gue-Dawley rats (200—250 g) were housed in groups of
four with food and water available ad libitum under a
light-dark cycle. All animals were habituated to the beha-
vioural testing for about aapproximately one week before
the beginning of data collection. Mechanical hyperalgesia
was evaluated by measuring the paw-withdrawal thresh-
old to pressure using an automated gauge (Ugo Basile,
Italy). Incremental pressure was applied via using a

round-shaped tip of a piston (4 mm of tip radius) onto the
dorsal surface of the hind paw and the pressure required
to elicit paw withdrawal, the paw pressure threshold, was
determined. Four consecutive trials, separated by intervals
of 15 sec, were conducted at predetermined sites on the
dorsum of the hind paw: over the center of the dorsum,
at the distal end of the 5™ fifth metatarsal, at the interspace
of the distal ends of the 3" third and the 4™ fourth
metatarsals, and at the distal end of the 2™ second
metatarsal bones. The data obtained from these four
measurements were averaged and used as a value for the
paw paw-pressure threshold.

After baseline paw-pressure thresholds were obtained,
an intraplantar injection was made into one hind paw with
L-glutamate (3 nmol/0.1 ml), D-glutamate (3 nmol/0.1
ml), or vehicle control phosphate buffered saline (PBS,
0.1 ml). Paw-pressure thresholds were measured at 15, 30,
60, 90 and 120 mins after injection of each drug. A
comparison was made among three cases.

Inflammation was induced by an intraplantar injection
of 0.15 m! FCA (Sigma Aldrich) into the one hind paw
under enflurane anesthesia (4% enflurane-O; mixture).
Two days after FCA injection, when characteristic signs
of inflammation were observed, either the non-competitive
NMDA receptor antagonist MK-801 (0.1 or 1 pmol/0.1
ml), the competitive AMPA/kainate receptor antagonist
6-cyano-7-nitrogiunoxaline-2,3-dione (CNQX) (1 or 10
pmol/0.1 ml), or PBS (0.1 ml) was injected into the
plantar surface of the inflamed hind paw. To see if the
effect of the intraplantar injection of MK-801 or CNQX
could be via centrally mediated mechanisms, this effect
was compared to the effect exerted by subcutaneous
injection of the same drug into the rat’s back skin. All
drugs (purchased from Sigma Aldrich) were dissolved in
PBS (pH 7.4) and injected under a brief enflurane
anesthesia. Paw-pressure thresholds were measured before
and 15, 30, 60, 90 and 120 min after the drug’s injection.

All data are presented as mean * standard errors of the
mean. Analysis of variance was used to determine statis-
tical differences between the groups according to the
experimental design. Duncan’s multiple range test was
used for post-hoc comparisons between groups.
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RESULTS

The time course of changes in the paw paw-pressure
threshold following an intraplantar injection of glutamate
in the normal paw is shown in Fig. 1. Measurement was
made on the injected paw. Before injection, average base-
line paw-pressure threshold across all groups was 283.1 +
17.8 g (n = 10 for each group). The injection of 3 pmol
of glutamate reduced the paw-pressure threshold gradually
as time went byover time, until 120 minutes post-injection.
However, when these changes were compared to threshold
changes following PBS injection, the difference was
statistically significant at 15 and 30 minutes post-injection
® < 005): 105 *+ 3.2% reduction vs. 4.2 * 6.0%
increase from baseline levels at 15 minutes post-injection
and 12.7 * 2.8% reduction vs. 3.4 * 3.7% increase from
baseline at 30 minutes post-injection. To examine whether
glutamate’s effect was receptor mediated, threshold change
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Fig. 1. Time course of changes in mechanical nociception
following an intraplantar injection of glutamate into nor-
mal tissue. Baseline values for the paw-withdrawal
threshold to pressure were measured before local intra-
plantar injection (at 0) of L-Glutamate (3 pmol), D-Gluta-
mate (3 pmol) or PBS (0.1 ml) into the rat hind paw.
Measurement was repeated at 15, 30, 60, 90 and 120
minutes post-injection. Data represent the percent change
of the paw-pressure threshold from baseline. Average
baseline paw-pressure threshold across all groups was
283.1 = 17.8 g (n = 10 for each group). Error bars are
SEM. *: P < 0.05, significantly different from the PBS-
treated control.

was also tested with the metabolically inactive stere-
oisomer D-glutamate. D-glutamate injection tended to
change the paw-pressure threshold; however, this effect
was not statistically different from that observed in the
PBS-treated control.

The effect of an intraplantar injection of antagonist for
NMDA or non-NMDA receptor on FCA-induced mechani-
cal hyperalgesia was investigated. We have observed
during FCA-induced inflammation that the paw-pressure
threshold decreased with a peak reduction (44.5 * 4.7%
change from baseline levels of 279.5 + 16.7 g, n = 10)
on day 2 and then slowly subsided with the reduced
threshold maintaining until 8 the eighth weeks of the
observation period. Thus, an intraplantar injection of MK-
801 or CNQX into the inflamed paw was carried out 2
days after FCA injection and paw-pressure thresholds were
measured thereafter. These results are presented in Fig. 2.
As seen in Fig. 2A, where average baseline paw-pressure
threshold across all groups was 1552 + 134 g (n = 15
for each group), the administration of 1 pmol of MK-801
tended to increase paw-withdrawal thresholds as compared
to the PBS-treated control group, but a statistically signi-
ficant difference was observed at 15 minutes post-injection
(242 + 4.6% vs. 54 + 3.3% increases from baseline,
P < 0.05). At this time point, the antinociceptive effect
of MK-801 was dose-dependent (14.9 * 3.0% and 24.2
+ 4.6% increases for 0.1 pmol and 1 pmol, respectively).
This effect appears not to be centrally mediated since the
subcutaneous injection of 1 pmol MK-801 into the
animal’s back skin produced changes in the paw-pressure
threshold that were not significantly different from those
observed with the intraplantar injection of PBS.

CNQX was also evaluated in the same paradigm for
peripheral antinociceptive effect. As seen in Fig. 2B,
where average baseline paw-pressure threshold across all
groups was 150.0 + 9.7 g (n = 10 for each group), the
intraplantar injection of CNQX, even at a dose of 10 pmol,
failed to show a statistically significant difference in the
paw-pressure threshold at all time points as compared to
the PBS-treated hind paw. No significant difference in the
paw-pressure threshold was observed between groups
injected with 10 pmol CNQX into the hind paw and those
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Fig. 2. Effects of MK-801 or CNQX on FCA-induced mechanical hyperalgesia. Inflammation was induced by an intra-
plantar injection of FCA (0.15 ml) into the rat hind paw. Two days after FCA injection, baseline paw-pressure threshold
was measured, followed by local administration of MK-801, CNQX or PBS vehicle into the inflamed hind paw (at 0).
Measurement was repeated at 15, 30, 60, 90 and 120 minutes after drug administration. Panel A shows the time course
of changes in the pressure threshold following local injection of MK-801 (0.1 or 1 pmol). Possible systemic effects
of 1 pmol of the intraplantar MK-801 were evaluated with an equivalent dose of MK-801 applied subcutaneously into
the rat’s back skin for another group. Data represent the percent change of the paw-pressure threshold from baseline.
Average baseline paw-pressure threshold across all groups were 155.2 = 13.4 g (n = 15 for each group). Panel B shows
the results from experiments done in the same paradigm as above using CNQX (0.1 or 1 pmol). Average baseline
paw-pressure threshold across all groups was 150.0 + 9.7 g (n = 10 for each group). Error bars are SEM. *: P <
0.05, significantly different from the PBS-treated control.

injected into the back skin.

To examine the effect of an intraplantar injection of 1
pmol of MK-801 on the paw-pressure threshold in normal
rats, MK-801 or PBS (0.1 ml each) was injected into the
plantar surface of the hind paw and the paw-pressure
threshold was measured at 15 minutes post-injection. The
administration of MK-801 resulted in no significant
change in the paw-pressure threshold as compared to the
PBS-treated control group (2.8 + 2.1% vs. 3.1 + 2.0%
changes from baseline levels of 2632 + 145 g, n = 10
for each group).

DISCUSSION

The results of the present study indicate that local intra-
plantar injection of glutamate into the hind paw of normal
rats evokes mechanical hyperalgesia, evidenced by a low-
ering of the paw-withdrawal threshold to pressure. This
observation is consistent with the previous finding that an
intraplantar administration of agonists for glutamate re-

ceptor subtypes into the normal rat hind paw induced
mechanical hyperalgesia.” The glutamate-induced mecha-
nical hyperalgesia observed in the present study is likely
receptor receptor-mediated since the sterecisomer D-
glutamate produced no hyperalgesic effect. When pre-
vious studies showing the present presence of glutamate

1,10,11 .
} are taken into

receptors on primary afferent axons
consideration, glutamate-induced mechanical hyperalgesia
seen in our study may be mediated in part by glutamate
acting on its receptors on peripheral axons, and parti-
cularly on nociceptive fibers. Our data also indicate that
local intraplantar injection, but not systemic administra-
tion, of NMDA receptor antagonist MK-801 attenuates
FCA-induced mechanical hyperalgesia, suggesting a pos-
sible role of the peripheral glutamatergic system in the
generation of inflammatory pain. This possibility is sup-
ported by the findings that the proportion of primary
afferent axons immunostained for glutamate receptors
increased during FCA-induced inflammation,” and that
glutamate levels increased in peripheral tissue inflamed
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with formalin."® Collectively, these results support the
hypothesis that glutamate and its receptors present in
peripheral tissue play a role in signalling pain in the
normal and in the inflamed states.

It has been well known that nociceptive fibers in the
inflammatory state are sensitized and their neuronal acti-
vity increases.'” This increased nerve activity may cause
the release of excess glutamate from peripheral nerve
endings. This possibility, which is supported by a recent
finding that, following peripheral nerve stimulation, gluta-
mate levels increase in the hind paw extracellular space.'?
Peripheral activation of nociceptive fibers by glutamate
has been suggested by an in vitro spinal cord-tail pre-
paration in which peripherally peripherally-applied gluta-
mate activates nociceptive afferent-mediated reflex.'*'®
Thus, it seems reasonable to hypothesize, when considered
together with the fact that there are increases in both the
numbers of glutamate receptor-labelled afferent fibers and
the amount of glutamate in the hind paw during inflam-
mation, that FCA-induced mechanical hyperalgesia ob-
served in the present study might be the result of the
increased nociceptive fiber activity evoked by excess glu-
tamate during FCA-induced inflammation.

Our data show that local intraplantar injection of MK-
801 into the normal hind paw produces no change in the
paw-pressure threshold. This seems due not to lack of
glutamate receptors, but rather to lack of glutamates, in
normal tissue, since local administration of glutamate into
the normal paw evokes mechanical hyperalgesia. Alter-
natively, the amounts of glutamates present in the normal
tissue is not sufficient enough to modulate the mechanical
sensitivity of the hind paw.

In the present study, we observed that the lowered
paw-pressure threshold during FCA-induced inflammation
was reversed by MK-801, but not by CNQX, applied
locally into the inflamed hind paw. This finding suggests
that FCA-induced mechanical hyperalgesia is mediated via
peripheral activation of NMDA, not by non-NMDA
receptors. The previous study reported that both NMDA
and non-NMDA receptor antagonists were effective in
attenuating mechanical hyperalgesia following kaolin-

carrageenan-induced inflammation of the knee joint.” A

possible explanation for non-effectiveness of CNQX on
FCA-induced mechanical hyperalgesia observed in the
present study would be that peripheral expression of
NMDA receptors is higher than that of non-NMDA
receptors during FCA-induced inflammation. Therefore,
such activation of non-NMDA receptors is not sufficient
enough to evoke mechanical hyperalgesia. This possibility
is supported by the anatomical observation that the pro-
portion of primary afferent axons immunostained for
NMDA receptors is higher than that of AMPA or KA
receptors in the hind paw inflamed with FCA.Y

An intraplantar injection of FCA into the rat hind paw
has been shown to induce hyperalgesia to heat stimuli.”
There has been a report suggesting that thermal hyper-
algesia following carrageenan-induced inflammation of the
hind paw was mediated via activation of peripheral NMDA
as well as non-NMDA receptors.” Thus, one might expect
that FCA-induced thermal hyperalgesia would be mediated
via peripheral mechanisms acting on both NMDA and
non-NMDA receptors although we have not tested on for
this possibility matter. If this is the case, during FCA-
inflammation, the peripheral mechanism responsible for
thermal hyperalgesia would be different from that for
mechanical hyperalgesia, which is likely probably me-
diated by NMDA receptor activation as shown in the
present study. A differential involvement of glutamate
receptor subtypes in mediating different kinds of abnormal
pain transmission within the spinal cord has been sug-
gest od. |19

In conclusion, the present study demonstrates that local
administration of glutamate into the rat hind paw induces
mechanical hyperalgesia and that an intraplantar injection
of MK-801, but not of CNQX, attenuates mechanical hy-
peralgesia following FCA-induced inflammation of the
hind paw. The results suggest that NMDA, but not non-
NMDA receptors play a substantial role in mediating the
development of mechanical hyperalgesia induced in the
inflamed paw following an intraplantar FCA injection.
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