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Aims: To evaluate in mice the antinociceptive effect of copper in spinal and
trigeminal nociceptive pathways by using the intraplantar and orofacial formalin
tests, respectively, and to examine whether this effect may interact synergistically
with ketamine-induced antinociception. Methods: Nociceptive behaviors (licking/
biting of the formalin-injected limb and rubbing/scratching of the formalin-injected
orofacial area) in male mice were evaluated during a 45-minute observation period
post-formalin injection. Dose-response curves for intraperitoneal (ip) copper
sulfate and ketamine allowed their combination in equi-effective doses, and
their interaction was determined with isobolographic analysis. The results were
examined with one-way analysis of variance followed by the Bonferroni post hoc
test. Significance was accepted at an alpha level of .05. Results: Irrespective of
the region injected with formalin (upper lip or hindlimb), copper sulfate (0.3, 1.0, and
3.0 mg/kg) and ketamine (1.0, 3.0, and 10 mg/kg) dose-dependently decreased
the nociceptive behaviors evoked by formalin injection. Isobolographic analysis
showed a superadditive interaction between copper and ketamine at the spinal
level, but this interaction was only additive at the trigeminal level. Conclusion:
The results suggest that copper salts could be used to synergistically improve
the efficacy of some commercial centrally acting analgesic agents, such as
ketamine, while reducing the possibility of side effects. However, a synergistic
effect probably should not be expected if treatment is for orofacial pain. J Oral
Facial Pain Headache 2018,32:247-257. doi: 10.11607/0fph.1961

Keywords: copper, intraplantar formalin, isobologram, ketamine, orofacial formalin

in very small amounts in the body, they are crucial for the health
of living organisms and for the proper functioning of organs and
metabolic processes.' As a divalent cation (Cu?*), copper is the third
most abundant dietary trace metal after iron and zinc and is present
in a multiplicity of cells and tissues, with the highest concentrations in
the brain and liver.2 Copper accumulates in the brain and reaches ex-
tracellular concentrations of around 0.2 to 1.7 uM. The average copper
concentration in the cerebrospinal fluid is approximately 70 uM, most
of this being bound to proteins.® Interestingly, copper values are even
higher in the synaptic cleft, reaching a Cu?* concentration of about
100 pM.4
There are data indicating that copper may participate as a signaling
molecule in the nervous system, as copper ions can decrease major
components of neuronal activity, such as synaptic efficiency and neuro-
nal excitability. In this regard, it has been shown that at a low micromolar
concentration, Cu?* can abolish synaptic long-term potentiation (LTP)
in hippocampal slices®® and cultured hippocampal neurons,” an effect
that is in agreement with the blocking properties of copper on purinergic
(P2X) receptors®® and glutamate receptors.'®'" On the other hand, it
has been reported that at micromolar concentrations of 30 pm, Cu?* can
inhibit tetrodotoxin (TTX)-sensitive sodium channels in olfactory bulb
neurons,'? thereby decreasing their firing rate.'® Furthermore, at these
concentrations, copper blocks virtually all types of voltage-gated cal-
cium channel isoforms expressed in neurons (T-, L-, N-, P-, and Q-type
Ca?* channels),"* thus pointing to a general suppressive effect of copper

a Ithough trace elements such as copper, magnesium, and zinc are
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ions on neuronal excitability. However, caution should
be exercised when interpreting these data, because
at low micromolar concentrations copper has also
demonstrated inhibitory effects on calcium-activated
and inwardly rectifying voltage-gated neuronal potas-
sium channels,'* which are known to be involved in
regulating the excitability of individual neurons.

There are some studies showing that copper has
antinociceptive properties in various pain models.
For instance, subcutaneous or oral administration of
Cu?*—based preparations had antinociceptive effects
in the writhing test in mice and in the adjuvant arthrit-
ic rat pain model." In a more recent study, intraperito-
neal administration of incremental concentrations of
Cu?* chloride (0.5, 1.0, 2.0 mg/kg) and Cu?* sulfate
(0.5, 1.0 mg/kg) produced antinociceptive effects of
about 30% in the hot plate and tail flick tests and of
about 57% in the writhing test.'® In addition, copper
can also potentiate the effect of some conventional
peripheral analgesic drugs; for example, the admin-
istration of Cu?* increased the antinociceptive effect
of fenoprofen, a nonsteroidal anti-inflammatory drug
(NSAID), both in the acetic acid—induced writh-
ing and the formalin acute pain models.'” In another
study, a significant analgesic effect of a Cu?* com-
plex was obtained in an arthritic rat model.'® Thus, as
a whole, these various data have revealed antinoci-
ceptive effects of copper in thermoalgesic and che-
moalgesic acute tests.

However, the possibility of potentiating the activity
of some classic centrally acting analgesics by the ad-
dition of copper has not yet been tested. The ultimate
goal of drug combination is to obtain a higher ther-
apeutic response with a reduction in the incidence
and severity of side effects, which can be achieved
by using lower doses of the drugs when a superaddi-
tive interaction between them is produced.'®?° There
is a current need for alternative nonopioid analgesics
for the treatment of acute, chronic, and refractory
pain. Ketamine, a fast-acting N-methyl-d-aspartate
(NMDA) receptor antagonist, can provide safe and
effective analgesia in different clinical settings.
Ketamine has special indications for patients with
opioid tolerance, acute hyperalgesia, and periopera-
tive and neuropathic pain, as well as a role in the man-
agement of chronic pain, including both cancer and
noncancer pain.2' However, relatively large doses of
ketamine produce dissociative effects, including in-
duction of a psychedelic state causing agitation, hal-
lucinations, and panic attacks,?? thereby discouraging
the use of ketamine alone as a therapeutic agent for
chronic pain states that require long-term treatment.
Knowledge of how the efficacy of ketamine could be
potentiated without increasing its side effects could
provide a good option for obtaining adequate analge-
sia with low, subdissociative doses of this drug. Thus,
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the aim of the present study was to evaluate in mice
the antinociceptive effect of copper in spinal and tri-
geminal nociceptive pathways by using the intraplan-
tar and orofacial formalin tests, respectively, and to
examine whether this effect may interact synergisti-
cally with ketamine-induced antinociception.

Materials and Methods

Animals

A total of 133 naive outbred CF1 male adult mice
weighing 28 to 33 g were used for the study. Animals
were housed six per cage and maintained in an en-
vironment with controlled temperature (21 = 1°C)
and light conditions (12/12 hours light/dark cycle,
lights on at 7:00 am). Animals had ad libitum access
to food and water and were allowed to habituate to
the housing facility for 1 week before the beginning
of the experiments. The experimental procedure was
carried out during the light phase between 9:00 am
and 12:00 am in a quiet room. The housing condi-
tions and experimental procedures were approved by
the Bioethics Committee of the Faculty of Medicine,
University of Chile, and were in agreement with the
ethical guidelines published by the International
Association for the Study of Pain and the Guide
for the Care and Use of Laboratory Animals of the
National Institutes of Health (NIH) in the USA.2® To
determine the number of required mice in each ex-
perimental group, a power analysis was conducted
with the G*Power 3 Software.?* All the experimen-
tal measurements were performed in a blinded con-
dition. Each mouse was sacrificed at the end of the
experiment by a carbon dioxide overdose.

Drugs

All animals received only one injection of a specific
drug, drug combination, or solvent used. Copper sul-
fate pentahydrate (CuSO,; Winkler) was dissolved in
physiologic saline (0.9% NaCl) and administered via
the intraperitoneal (ip) route in a volume of 0.5 mL at
doses of 0.1, 0.3, 1, and 3 mg/kg for the intraplantar
formalin test (n = 5 in each dose group) and at doses
of 0.3, 0.6, 1, and 3 mg/kg for the orofacial forma-
lin test (n = 5 mice in each dose group). Ketamine
(Imalgene 1,000) was administered at doses of 0.3,
1, 3, and 10 mg/kg (ip) for both the intraplantar (n = 5
in each dose group) and the orofacial formalin test
(n = 5 in each dose group). Two control groups (in-
traplantar formalin test = 7; orofacial formalin = 6)
received a similar ip volume (0.5 mL) of the solvent
used to dissolve CuSO, or ketamine (0.9% saline).
Thus, 80 mice were given a single dose of a deter-
mined drug dose (CuSO, or ketamine), and 13 mice
received the solvent and served as controls. Another
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40 mice received a single injection of one out of four
equi-effective combinations of CuSO, and ketamine,
as indicated below in Isobolographic Analysis.

Behavioral Assessment

The animals were acclimatized in the experimental
room 2 hours before the beginning of the experi-
ments. At 15 minutes before the behavioral evaluation,
mice were given a single injection of physiolog-
ic saline (control), CuSQ, alone, ketamine alone, or
CuSQO, + ketamine. For behavioral testing, mice were
placed into an acrylic cylinder (25 cm high X 25 cm in
diameter) enclosed by two mirrors placed perpendic-
ular to each other. Prior to testing, each mouse was
placed into the cylinder for 10 minutes to acclimatize
and minimize stress. Mice were then gently restrained
and received 20 pL of 2% formalin solution injected
into either the plantar surface of the right hindlimb or
into the right whisker pad (lip) of the orofacial region.

Formalin Test

For the intraplantar formalin test,?® the nociceptive
behavior evaluated was licking/biting of the injected
limb, and for the orofacial formalin test,® rubbing/
scratching of the formalin-injected orofacial area
(using either the ipsilateral fore- or hindpaw) was
assessed. Both tests were run during a 45-minute
observation period starting from the time of formalin
administration and divided into 9 blocks of 5 minutes
each. A nociceptive score was determined for each
block by measuring the number of seconds that the
animal exhibited nociceptive behavior.

The time course of the nociceptive response to
formalin is usually studied by plotting the individu-
al nociceptive scores obtained during the first 10
minutes following formalin injection (Phase 1) and
between 10 and 45 minutes after formalin injection
(Phase 2) for both the intraplantar?®2728 and orofa-
cial?6293% formalin tests. Nevertheless, preliminary
statistical analyses of experimental data revealed that
both CuSO, and ketamine similarly affected behav-
iors in Phase 1 and Phase 2 (ie, the effective dose
that produced 50% of the maximal effect [EDs,] for
each drug was not significantly different when com-
paring the antinociceptive effects between Phase 1
and Phase 2; for explanation, see below). Therefore,
the data were analyzed for the total time of observa-
tion (1 to 45 minutes). By summing the nine individu-
al nociceptive scores (NS) recorded during the total
time of observation, a global nociceptive score (ENS)
was obtained. This was subsequently used to calcu-
late the antinociceptive effect of each dose of each
drug as:

Antinociceptive _ ([ZNSsaline - NSdrugl| . 100
effect (%) >NSsaline
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. where 2NSsaline is the algebraic sum of the
scores under saline and XNSdrug is the algebraic
sum of the scores under drug. Plotting the antinoci-
ceptive effect (%) against log dose allowed for ob-
taining the EDg, by linear regression analysis.

Isobolographic Analysis

Evaluation of the interaction of CuSO, and ketamine
was performed with isobolographic analysis.?'223
The isobologram is a graphic method that involves
calculating the theoretical additive dose for each
level of effect and statistically comparing it to the
combination dose that causes the same effect ex-
perimentally. Equi-effective doses of both drugs
alone are necessary to calculate the expected dose
in a combination. To this end, each drug dose that
produced EDg, was defined by using a linear regres-
sion analysis from the dose-response curve of four
increasing doses of CuSO, and ketamine. Once
the EDs, of each drug was obtained, a graph was
constructed by placing the EDg, of CuSO, on the
x axis and the EDg, of ketamine on the y axis. The
union of the two points by a straight line (isobolo),
also known as the line of additivity, allowed estab-
lishing the type of interaction of both drugs. Then,
a dose-response curve for the coadministration of
CuSO, + ketamine was carried out by administering
the combination in fixed ratios of 1/2, 1/4, 1/8, and
1/16 of their respective EDg, values (ie, by combining
the respective ED,5, ED,,5, EDg o5, and EDj 4,5 val-
ues of CuSO, and ketamine). Each combination of
CuSQ, + ketamine was administered as a single (ip)
injection 15 minutes before the intraplantar or the
orofacial formalin injection. The relationship between
the experimental value (experimental EDg,) of the
combination and the theoretical value (theoretical
additivity EDg,) determines the type of interaction: if
the value is located under the line of additivity and is
statistically different from the theoretical value, then
the interaction is synergistic or superadditive (effect
greater than the sum of the individual effects of each
drug), and if it is not statistically different from the
theoretical value, the interaction is simply additive
(effect equal to the sum of the individual effects of
each drug); conversely, if the experimental value is
located above the line of additivity and statistically
different from the theoretical value, it is a subaddi-
tive or antagonistic interaction. This relation can be
calculated by the interaction index (y = experimen-
tal EDgy/theoretical additive EDg,) between both
drugs. When smaller than 1, the index corresponds
to a synergistic interaction; when equal to 1, it corre-
sponds to an additive interaction; and when greater
than 1, it corresponds to an antagonistic interaction.
Figure 1 shows a graphic illustration of the isobolo-
graphic method.
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Fig 1 The isobolographic methods for analyzing the interaction of two drugs producing
the same biologic effect. (a, b) Regression lines plotted from the dose-response data on
the effects of drugs A and B on the same biologic parameter (pain threshold), allowing
their respective EDg, values to be calculated. (c) Equi-effective doses of the drugs A
and B to be combined (eg, 1/2, 1/4, 1/8, and 1/16 of their respective ED5, values) and
later tested (on pain threshold) in a separate experiment. (d) Regression line obtained
from the dose-response experiment using the equi-effective doses of the A + B drug
combination, from which the experimental EDs, of the combination can be calculated. (e)
An isobologram is plotted showing the line of additivity, which theoretically results from
the combination of different proportions of the drugs, provided the interaction is additive.
On the middle part of this line is the theoretical additive ED5, of the combination against
which the experimental EDg, can be statistically compared. All data calculated are mean
+ SEM values, and therefore error bars for both the experimental and the theoretical ad-
ditive EDg, could be depicted. When the experimental EDg, / theoretical additive EDg,
(eg, the vy index) is smaller than 1, it corresponds to a synergistic interaction; when equal
to 1, it corresponds to an additive interaction; when greater than 1, it is an antagonistic
interaction.

Data Analyses

The results of the scores obtained were expressed as means *+ standard
error of the mean (SEM), and the computed ED;, values included the
95% confidence intervals (Cl). To characterize the interaction between
the drugs studied, an isobolographic analysis was performed using a cus-
tom Microsoft Excel macro program based on the method previously de-
scribed?"?28! and the interaction index was calculated. The results were
examined using Student ¢ test for unpaired data. To compare the effects
of the different doses of each drug and their combinations, the results
were examined using one-way analysis of variance (ANOVA) followed by
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the Bonferroni post hoc multiple
comparisons test. The statistical
analyses were conducted with
Prism 7.0 Software (GraphPad
Software). Significance was ac-
cepted at an alpha level of .05.

Results

Antinociceptive Effect in the
Intraplantar Formalin Test
Intraplantar administration of 2%
formalin in control mice (20 uL)
induced a score of nociceptive
licking/biting behavior amounting
to 220.9 * 6.9 seconds for total
time of observation (n = 7; Fig 2a).
Administration of CuSO, induced
a dose-dependent reduction of
the nociceptive response induced
by 2% formalin (Fig 2a). For to-
tal time of observation, licking/
biting behavior scores amounted
to 199.0 + 4.0 seconds, 157.8
+ 4.4 seconds, 113.6 + 4.7 sec-
onds, and 93.1 + 3.3 seconds for
doses of 0.1, 0.3, 1, and 3 mg/kg
of CuSO,, respectively (Fig 2b).
All these nociceptive scores were
significantly lower than those ob-
tained after physiologic saline ad-
ministration (P < .001).

Ketamine administration also
induced a dose-dependent re-
duction of the nociceptive scores
induced by formalin (Fig 2c). For
total time of observation in the
formalin test, nociceptive scores
were 197.4 + 6.9 seconds, 166.0
+ 10.6 seconds, 126.2 *+ 4.2
seconds, and 100.2 * 6.2 sec-
onds for doses of 0.3, 1, 3, and
10 mg/kg of ketamine, respec-
tively (Fig 2d). The three high-
er doses of ketamine produced
significantly lower nociceptive
scores compared to physiologic
saline (P < .001).

The administration of com-
binations of CuSO, + ketamine
in equi-effective proportions of
their respective EDg, values in-
duced a dose-dependent reduc-
tion of the nociceptive behavior
scores (Fig 2e). For total period of
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Fig 2 Effect of intraperitoneal (ip) administration of saline, CuSO,, ketamine, or CuSO, + ketamine combination on nociceptive re-
sponse, expressed as licking/biting behavior, elicited by intraplantar administration of 2% formalin. CuSO,, ketamine, or CuSO, +
ketamine combination were administered as a single ip injection 15 minutes before intraplantar formalin administration. (a) Time course
of effects of physiologic saline and 0.1, 0.3, 1, or 8 mg/kg CuSO,. (b) Global nociceptive score (ENS) for total time of observation after
administration of physiologic saline or increasing doses of CuSO,. (c) Time course of effects of physiologic saline and 0.3, 1, 3, or 10
mg/kg of ketamine administration. (d) NS for total time of observation after administration of physiologic saline or increasing doses
of ketamine. (€) Time course of effects of physiologic saline and CuSO, + ketamine combinations in proportions of their respective
ED3 105, EDg.0s, ED1o5, and ED,5 values. (f) NS for total time of observation after ip administration of physiologic saline or increasing
equi-effective doses of CuSO, + ketamine combination. Arrows indicate formalin injection. Each bar represents the mean + SEM of five

independent determinations. Intergroup statistics were compared using one-way ANOVA followed by Bonferroni multiple comparisons
post hoc test (***P < .001).
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Fig 3 Dose-response data representing the antinociceptive effect (%) of (@) CuSO,,
(b) ketamine, and (c) CuSO, + ketamine combination in naive mice submitted to in-
traplantar formalin testing, expressed as dose logarithm. The respective ED5, values were
calculated from the regression lines and are shown in each figure with a segmented line.
(d) Isobologram of interaction for CuSO, + ketamine combination in naive mice for total
observation period in the intraplantar formalin test. The black circle on the straight line
represents the point of theoretical additivity of the combination, and the white circle cor-
responds to the experimental point. The experimental point was significantly different from
the theoretical point (mean + SEM; ***P < .001, two-tailed Student ¢ test), indicating a
superadditive interaction.

observation, association of CuSO, + ketamine administered in propor-
tions of their respective EDj 55, EDg 55, ED;5 5, and ED,g values produced
nociceptive scores of 172.8 + 8.8 seconds, 126.2 *+ 5.6 seconds, 84.6
*+ 6.3 seconds, and 65.0 + 3.8 seconds, respectively (Fig 2f). All the
CuSO0O, + ketamine proportions administered led to significantly lower no-
ciceptive scores compared to physiologic saline (P < .001).

The EDg, value for CuSO, was 1.48 mg/kg (95% CI: 1.21 to 1.79
mg/kg) (Fig 3a); the ketamine EDg, was 6.36 mg/kg (95% CI: 4.10 to
9.86 mg/kg) (Fig 3b); and the experimental EDs, for CuSO, + ketamine
was 1.43 mg/kg (95% CI: 1.24 to 1.65 mg/kg) (Fig 3c). Isobolographic
analysis for the administration of CuSO, + ketamine showed that the ex-
perimental ED5, was significantly lower than the theoretical additive EDg,
(interaction index g = 0.365), which represents a superadditive effect
(Fig 3d).

Antinociceptive Effect in the Orofacial Formalin Test

Orofacial administration of 2% formalin induced a rubbing/scratching be-
havior score of 183.5 = 9.7 seconds for total time of observation (n = 6,
Fig 4a). Administration of CuSO, induced a dose-dependent reduction
of nociceptive rubbing/scratching behavior scores induced by 2% forma-
lin (Fig 4a). Comparison of area under the curve (AUC) values showed
that for the total period of observation, the three higher doses of CuSO,
(0.6, 1, and 3 mg/kg) significantly reversed (P < .001) the development of
hyperalgesia compared to physiologic saline (CuSO,: 125.0 + 11.0 sec-
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onds, 90.4 + 6.8 seconds, and
69.8 *+ 5.2 seconds, respectively;
saline: 183.5 * 9.7 seconds; Fig
4b). However, the lowest dose
of CuSO, (0.3 mg/kg) did not
significantly modify the rubbing/
scratching behavior caused by
formalin (155.0 + 5.6 seconds).

As illustrated in Fig 4c, ket-
amine administration induced a
dose-dependent reduction  of
nociceptive  rubbing/scratching
behaviors evoked by orofacial for-
malin. Comparison of AUC values
showed that for total time of ob-
servation in the orofacial formalin
test, the three higher doses of
ketamine (1, 3, and 10 mg/kg) sig-
nificantly reduced the nociceptive
scores (ketamine: 148.8 + 4.0
seconds, 101.6 = 4.4 seconds,
and 80.4 + 4.2 seconds, respec-
tively; P < .001) (Fig 4d).

Administration of CuSO, +
ketamine in equi-effective propor-
tions of their EDg, values induced
a dose-dependent reduction of
the nociceptive behavior pro-
duced by orofacial formalin (Fig
4e). For total period of obser-
vation, the association between
the mix of CuSO, + ketamine in
proportions of their respective
ED,, 5, ED,s, and EDg, values de-
creased the nociceptive scores
significantly (123.4 * 6.4 sec-
onds, 90.3 *+ 8.1 seconds, and
77.9 £ 5.1 seconds, respectively;
P < .001; Fig 4f).

The ED50 for CuSO, was
1.40 mg/kg (95% ClI: 1.02 to 1.91
mg/kg) (Fig 5a); for ketamine, the
EDs, was 5.73 mg/kg (95% Cl:
4.26 to 7.72 mg/kg) (Fig 5b); for
CuSO, + ketamine, the exper-
imental EDs, was 4.47 mg/kg
(95% CI: 3.62 to 5.51 mg/kg) (Fig
5¢). The isobologram obtained for
the orofacial formalin test indicat-
ed that the experimental ED5, was
not significantly different from the
theoretical additive EDg, (inter-
action index of 1.254), indicating
that for the combination of CuSO,
+ ketamine, the interaction was
only additive (Fig 5d).
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Fig 4 Effect of intraperitoneal (ip) administration of physiologic saline, CuSQO,, ketamine, or CuSO, + ketamine combination on noci-
ceptive response, expressed as rubbing/scratching behavior, elicited by orofacial administration of 2% formalin. CuSO,, ketamine, or
CuSO, + ketamine combination were administered as a single ip injection 15 minutes before orofacial formalin administration. (a) Time
course of effects of saline and 0.3, 0.6, 1, or 3 mg/kg CuSO,. (b) =NS for total time of observation in orofacial formalin test after ip
administration of physiologic saline or increasing doses of CuSO,. (c) Time course of effects of physiologic saline and 0.3, 1, 3, or 10
mg/kg of ketamine administration. (d) Global nociceptive score (ENS) for total time of observation in orofacial formalin test after admin-
istration of physiologic saline or increasing doses of ketamine. (e) Time course of effects of saline and CuSO, + ketamine combinations
in proportions of their respective EDg o5, ED;,5, ED,s, or EDg, values. (f) NS after administration of physiologic saline or increasing
equi-effective doses of CuSO, + ketamine combination. Arrows indicate formalin injection. Each bar represents the mean = SEM of five
independent determinations. Intergroup statistics were compared using one-way ANOVA followed by Bonferroni's multiple comparison
post hoc test (*P < .05; ***P < .001).
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Fig 5 Dose-response data representing the antinociceptive effect of (@) CuSO,, (b) ket-
amine, and (c) CuSO, + ketamine combination in naive mice submitted to orofacial for-
malin testing, expressed as dose logarithm. The respective ED50 values were calculated
from the regression lines and are shown in each figure with a segmented line. (d) Isobolo-
gram of interaction for CuSO, + ketamine combination in naive mice for total observation
period in the orofacial formalin test. The black circle on the straight line represents the
point of theoretical additivity of the combination, whereas the white circle corresponds
to the experimental point. The experimental point was not significantly different from the
theoretical point (mean + SEM; two-tailed Student ¢ test), indicating an additive interac-
tion of both drugs.

Discussion

The present results have shown that CuSO, produced a dose-depen-
dent antinociceptive effect in the two mouse models of formalin-induced
pain used in this study. This is in agreement with expectations, since a
previous report showed that copper salts induced dose-dependent anti-
nociception in mice in both the hot-plate and writhing algesimetric tests.'®
Furthermore, the antinociceptive effect produced by CuSO, also coin-
cides with that obtained in other studies'”*? in which copper NSAID com-
plexes were found to produce higher antinociception than NSAIDs alone
in the paw formalin test. In one of these studies,'” the daily copper doses
were higher than those used in the present study and were chronically
given during a 28-day period. Some renal side effects were reported;
however, these mostly corresponded to well-known side effects of the
NSAID when used long-term.'” The present study also showed that ket-
amine alone and the CuSQO, + ketamine combination produced dose-de-
pendent antinociception in both models of formalin-induced pain. It has
been reported that subanesthetic doses of the NMDA antagonist ket-
amine induce antinociception in several pain models®® and can decrease
the hyperalgesia and allodynia present in chronic pain complaints.'®34
The main result of the present study was that CuSO, and ketamine
interacted synergistically in the intraplantar formalin pain model, which
means that there was a potentiation of the antinociceptive effect of the
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drugs. The ED;, of ketamine alone
was 6.36 mg/kg, while the ad-
dition of CuSO, to ketamine (in
proportions of each EDg,) low-
ered the EDg, for the combination
to 1.43 mg/kg. The superadditive
interaction between CuSO, and
ketamine detected by isobolo-
graphic analysis upon intraplantar
formalin testing originated from
parallel regression lines obtained
in the dose-response plots of the
individual drugs, indicating that
the potency ratio for these two
drugs remained constant during
testing of formalin-induced pain
in normal rats.?"223! Theoretically,
superadditivity in the effects of
two simultaneously administered
antinociceptive drugs implies that
the combined molecules act on
anatomically and/or functionally
different substrates for nocicep-
tive processing, which may rep-
resent different neurons, different
receptors in the same neuron, or
even different sites of binding in
the same receptor. In this regard,
it is likely that Cu?* had synergized
the blocking effect of ketamine on
the NMDA receptor channel by
binding to an NMDA receptor site
other than that bound by ketamine.
This is in agreement with previ-
ous reports demonstrating that
Cu?* acts as a high-affinity NMDA
receptor antagonist character-
ized by a voltage-independent
mechanism of action,'® whereas
ketamine binds to the phency-
clidine NMDA receptor site in a
voltage-dependent fashion, caus-
ing a selective block of only open
NMDA receptor channels.®°3%¢ A
similar superadditive interaction
for the antinociceptive effect of
two NMDA receptor antagonists
acting in different sites of the re-
ceptor has already been reported
in rats, where the NMDA recep-
tor antagonists ketamine and *
3-(2-carboxypiperazin-4-yl)-pro-
pyl-1-phosphonic acid (CPP) act
on the phencyclidine binding site
and on the NMDA recognition
competitive site, respectively.®”
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Nevertheless, synergy by Cu?* of the antinocicep-
tive effect of ketamine in the intraplantar formalin test
could also be the result of a modulating effect of Cu?*
on other molecules that are different from NMDA re-
ceptors that are involved in nociceptive transmission/
control and are known to be functionally affected
when bound by Cu?*; these include Na* and Ca?*
channels,®® GABAA 24 AMPA"" and purinergic
P2X, and P2X, ionotrophic receptors.®® Further in-
vestigation is required to elucidate the relative contri-
bution of such a receptor molecule to the synergistic
effect of Cu?* on ketamine-induced antinociception
at the concentrations used in the present study.

In contrast to the superadditive interaction be-
tween copper salt and ketamine in the intraplantar
formalin test, this drug combination produced only
an additive effect in the orofacial formalin model. This
different interaction obtained through isobologram
analysis of data could be the result of differences be-
tween the spinal and trigeminal nociceptive systems
regarding the distribution of neurotransmitter recep-
tors and mechanisms involved. Indeed, although the
trigeminal and spinal systems have often been re-
garded as anatomically and functionally homologous
systems, it is known that there are differences. For
example, portions of the subnucleus caudalis of the
trigeminal spinal nucleus are organized in a different
way than the spinal system, and the afferent fibers
releasing substance P and calcitonin gene-related
peptide show a different pattern of distribution in the
trigeminal subnucleus caudalis of adult animals when
compared to the spinal dorsal horn.#!#2? In addition
to a different organization of the nociceptive afferent
input in the trigeminal vs the spinal cord system, the
inhibitory projections descending from the rostral
ventromedial medulla to the trigeminal subnucleus
caudalis and spinal dorsal horn are morphologically
and neurochemically distinct.#® For example, primary
afferent neurotransmission to the superficial layers of
the trigeminal subnucleus caudalis and spinal dorsal
horn is inhibited by different subtypes of the 5-HT1
receptor (the 5-HT1B and 5-HT1D receptor sub-
types are effective in the subnucleus caudalis, and
the 5-HT1A receptor subtype is effective in the spi-
nal dorsal horn*4), which may underlie the differential
sensitivity to triptans of caudalis neurons compared
to spinal dorsal horn neurons.*® Further, primary tri-
geminal afferents have a specific endogenous ag-
onist system for the TRPV1 channel—the oxidized
linoleic acid metabolites system—that can be activat-
ed under conditions of tissue injury.*® Moreover, glu-
tamate-mediated current density in neurons from the
subnucleus caudalis have been reported to be sig-
nificantly lower than those from cultured spinal dorsal
horn neurons,*” which may have some relation with
the inability of Cu?* to potentiate ketamine-induced
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antinociception upon orofacial testing. However, de-
spite these described differences, the ED50 values
exhibited by ketamine and Cu?* during orofacial for-
malin testing did not differ from those obtained upon
intraplantar formalin testing in the present study.

It seems possible that the conclusions arising
from the present study on the differential interaction
between CuSO, and ketamine in generating antino-
ciception of formalin-induced nociceptive behavior
in territories innervated by trigeminal nerve branch-
es and spinal nerve branches are perhaps only per-
tinent to chemically induced pain. Indeed, the first
phase of the formalin nociceptive response has been
proposed to be mediated by activation by formalin
of TRPA1 receptor channels expressed in periph-
eral nociceptors.*® However, the second phase of
the formalin-induced response in rodents has been
shown to reflect integration between peripheral (no-
ciceptors) and central (spinal/supraspinal) signaling,
including neuronal and glial responses,*® which are
mechanisms relevant to most forms of sustained or
chronic pain. Thus, whether there are specific pro-
tein targets that are critical for formalin-evoked noci-
ception and their identities, especially for the second
phase, are largely unknown. In this regard, it has re-
cently been reported that TRPV4 ion channels are
also importantly involved in the trigeminal formalin no-
ciceptive response in addition to TRPA1, the TRPV4
being contributory to all phases of the trigeminal for-
malin-induced response.®® Since the mRNA expres-
sion for TRPV4, but not for TRPAT1, is 10-fold higher
in the trigeminal ganglia compared to the dorsal root
ganglia,®" the involvement of TRPV4 may be on the
basis of the differential synergy exhibited by CuSO,
and ketamine when tested for antinociception in the
orofacial or the intraplantar formalin tests.

Although the mechanism underlying the ability
of CuSO, to exert a synergistic action upon the ket-
amine antinociceptive effect in spinal-innervated but
not trigeminal-innervated territories is still uncertain,
this topic could constitute a potential basis for future
clinical applications aiming to obtain more antinoci-
ception together with a reduction of ketamine side
effects, provided the copper/ketamine interaction
be proven superadditive in other preclinical models
of persistent pain. As pointed out elsewhere,®? it is
not possible to determine synergism in humans due
to scientific, practical, and ethical reasons, and thus
studies on preclinical drug combinations should be
carried out in animals to obtain the basis and ratio-
nale for further studies in humans. Ketamine is the
most potent NMDA receptor blocker available for
clinical use and could be used for postoperative an-
algesia and for cancer and noncancer chronic pain,
but it produces some undesirable dose-related ef-
fects, such as psychotomimetic phenomena, that
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limit its usefulness.'”®®* On the other hand, copper
levels are tightly regulated, and both copper deficit
and excess could be deleterious to the organism. The
World Health Organization recommends up to 12 pg
of dietary copper daily for healthy adult humans,
but this higher level could probably be overcome if
copper is positioned in the future as an inexpensive
analgesic adjuvant or as a drug complex for treating
a disease. Studies on in vivo toxicity of copper ions
in rats have revealed that high levels of CuSO, de-
livered via a gastric tube (60 mg/kg twice a week),
but not low levels of salt (10 mg/kg twice a week),
induced adverse effects on lipid profiles associated
with oxidative stress and diminished activities of anti-
oxidant enzymes, the oral LDy, for CuSO, being 960
mg/kg.?® In addition, it has been shown that a single
oral dose of 500 mg/kg of CuCl, in the rat increased
the brain concentration of Cu?* by about 70%, but in
the following 72 hours this level decayed to those of
controls.®* To date, copper has not found many uses
in medicine, but further preclinical and clinical stud-
ies®® will most likely lead to some novel applications
of copper in the near future. In this regard, very recent
data support a likely role of copper ions and copper
complexes in diverse areas of medicine, such as an-
giogenesis,®® antimicrobial and anticancer drugs,®"~°°
cancer biomarkers,®® treatment of gastrointestinal
diseases,®® and wound healing.®' Most of these ap-
plications are based on the involvement of copper in
regulatory, immunologic, and antioxidant functions. In
the case of the antinociceptive properties of copper
and its ability to synergize the effects of other periph-
eral and/or central analgesic drugs, additional pre-
clinical and clinical research is required to position
copper as an adjuvant analgesic in the future.

Conclusions

Copper salts could be used to synergistically im-
prove the efficacy of some commercial centrally act-
ing analgesic agents, such as ketamine; however,
this synergistic action might not have an effect on
orofacial pain.
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