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Abstract
A connection between pain and depression has long been recognized in the clinical setting;
however, its mechanism remains unclear. In this study, we showed that mechanical hyperalgesia
induced by unilateral temporomandibular joint (TMJ) inflammation was exacerbated in Wistar-
Kyoto (WKY) rats with genetically predisposed depressive behavior. Reciprocally, TMJ
inflammation enhanced depressive behavior such that a lower nociceptive threshold correlated
with a higher score of depressive behavior in the same WKY rats. As compared with Wistar rats,
WKY rats exhibited a lower plasma melatonin level, downregulation of the melatonin MT1
receptor, but upregulation of the NR1 subunit of the NMDA receptor in the ipsilateral trigeminal
subnucleus caudalis (Sp5C). Intracisternal administration of 6-chloromelatonin (250μg, twice
daily × 7 days) concurrently attenuated mechanical hyperalgesia and depressive behavior in WKY
rats as well as downregulated the NR1 expression in the ipsilateral Sp5C. In patch-clamp
recordings, melatonin dose-dependently decreased NMDA-induced currents in spinal cord dorsal
horn substantia gelatinosa neurons. These results demonstrate a reciprocal relationship between
TMJ inflammation-induced mechanical hyperalgesia and depressive behavior and suggest that the
central melatoninergic system, through modulation of the NMDA receptor expression and activity,
may play a role in the mechanisms of the comorbidity between pain and depression.
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Introduction
Previous studies have consistently shown a high degree of comorbidity between depression
and chronic pain [1, 3, 6, 11, 33, 39, 51, 55, 82]. The prevalence of pain in subjects with
depression, as well as that of depression in subjects with pain, is higher than in the cohort
with either condition alone [6]. Moreover, pain and depression often share similar predictors
and appear to exacerbate each other in the clinical setting [7, 13, 24, 32, 33, 44, 52, 82].
Despite this apparent connection between clinical pain and depression, the exact mechanism
of their interaction remains unclear.

We have shown in a previous study that a reciprocal relationship between allodynia and
depressive behavior is present in rats with combined sciatic nerve injury and depression
[97]. Recent studies have indicated that inflammatory pathways may play a role in the
interaction between pain and depression [11, 59, 83]. For example, animals with spared
nerve injury showed increased gene expression of interleukin-1beta (IL-1β) within the
frontal cortex, and exposure to stress for two weeks before spared nerve injury exacerbated
mechanical allodynia and depressive behavior [59]. Moreover, the corticosteroid synthesis
inhibitor metyrapone given before exposure to stress prevented exacerbation of mechanical
allodynia in rats with spared nerve injury, whereas administration of an IL-1 receptor
antagonist diminished the effect of nociception on depressive behavior in the same study
[59]. These findings suggest that the mechanisms of interaction between pain and depression
could be examined using animal models with combined nociceptive and depressive
conditions.

Melatonin is a hormone secreted mainly by the pineal gland, which regulates important
biological functions including circadian rhythms, sleep, and mood [12, 23, 57, 64, 70, 79,
85, 87, 96]. It has been shown that melatonin produces a transient antinociceptive effect in
rats and mice [62, 80, 94, 95] modulates lipopolysaccharide-induced hyperalgesia [70], and
interacts with opioid antinociception [28, 41, 65, 70, 75]. In clinical studies, melatonin has
been reported to reduce cluster headache, irritable bowel syndrome, and fibromyalgia [14,
40, 76]. We have also shown that the plasma melatonin level and the spinal melatonin
receptor expression were altered in rats with sciatic nerve injury and depressive behavior
[97], supporting a role for endogenous melatonin in this process.

Using a rat model of temporomandibular joint (TMJ) inflammation in WKY rats (a variant
of Wistar rats) with genetically predisposed depressive behavior, as well as age-matched
Wistar rats, we aimed to examine 1) differences in TMJ inflammation-induced mechanical
hyperalgesia and depressive behavior between WKY and Wistar rats, 2) plasma melatonin
level and expression of the melatonin MT1 receptor and the NR1 subunit of the NMDA
receptor in the Sp5C, and 3) the effect of melatonin or its analog on mechanical
hyperalgesia, depressive behavior, NMDA receptor expression, and NMDA-induced current
in spinal cord dorsal horn substantia gelatinosa neurons.
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Materials and Methods
Drugs

Complete Freund’s adjuvant (CFA), incomplete Freund’s adjuvant (IFA), melatonin (N-
acetyl-5-methoxytryptamine), 6-chloromelatonin (N-[2(6-chloro-5-methoxy-1H-indol-3-
yl)ethyl] acetamide), NMDA, glycine, tetrodotoxin (TTX), strychnine, bicuculline
methchloride, a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), D-(−)-2-
amino-5-phosphonopentanoic acid (d-AP5), 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo [f]
quinoxaline -7-sulfonamide (NBQX) were all purchased from Sigma-Aldrich (St. Louis,
MO, US). Luzindole (MT1&MT2 antagonist) and prazosin hydrochloride (MT3 antagonist)
were purchased from Tocris (Ellisville, MI).

Animals and trigeminal inflammation model
Male Wistar and WKY rats (Charles River Lab, Wilmington, MA, 220–260g at the
beginning of experiment) were used. The experimental protocol was approved by our
Institutional Animal Care and Use Committee and carried out in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animals
were housed under controlled temperature (21°C±2°C), relative humidity (50%±10%) and
artificial lighting (12/12 h light/dark cycle, lights on at 7 A.M.). All animals had ad libitum
access to distilled water and a standard rat diet. The nomenclature from the rat’s brain atlas
by Paxinos and Watson [66] was used for describing trigeminal nuclei.

Persistent TMJ inflammation was induced by injecting CFA (as a suspension in 1:1 oil/
saline ratio and a total volume of 50μl) into one TMJ capsule under pentobarbital sodium
(50mg/kg, i.p.) anesthesia. TMJ was identified by palpation and the injection was given by
advancing a 22-gauge needle inferior to the posterior border of the zygomatic arch until it
reached the mandibular condyle. Since a small amount of CFA out-flew into surrounding
tissues including muscles during the injection, TMJ inflammation involved both the TMJ
capsule and surrounding tissues. Previous studies have shown that this dose of CFA injected
into the TMJ produces persistent hyperalgesia [61, 88] and elevates Fos-like
immunoreactivity in the lower trigeminal complex [98]. For control, 50 μl of IFA was
injected according to the same protocol used for the CFA injection.

For intracisternal drug administration, a 7-cm piece of PE10 tube was prepared, creating a
circle in the proximal part of the tubing to be used to secure the catheter to subcutaneous
tissues, and sterilized in 70% ethanol overnight before surgery. Under pentobarbital
anesthesia, a rat was fixed to a stereotaxic apparatus and a small cut was made to expose the
cisterna magna. The PE10 tubing was inserted cephalically (about 3cm) and secured to the
skull by using 3-0 silk suture around the circle of the tubing. Those rats exhibiting
postoperative neurological deficits (e.g., paralysis) or distress (poor grooming or eating)
were excluded from the experiments as previously described [54]. 6-chloromelatonin (a
melatonin analog) was diluted in 5% ethanol to the final concentration of 25mg/ml. Ten μl
of this solution (250 μg 6-chloromelatonin), followed by 10 μL saline flush, was given
twice daily via the catheter. This 5% ethanol solution was used as vehicle control. Motor
activities were observed in rat’s home cage on each day of behavioral test including gate and
exploratory activities in order to assess the effect of an agent or vehicle on rat’s motor
function.

Assessment of mechanical hyperalgesia
To assess mechanical hyperalgesia, a rat was gently held in a hand of an experimenter. The
level tip of a digital algometer (Wagner Instruments, Greenwich, CT), producing a linear
increase of mechanical force, was firmly pressed against the TMJ region ipsilateral and
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contralateral to the CFA or IFA injection. The stimulation was exerted to an area of about
0.75cm2 that included TMJ and the sounding tissue. We did not use von Frey filaments
because the stimulation from a von Frey filament focuses on only a tiny point of the skin
surface. Given that TMJ-related nociception in this model affects both TMJ and surrounding
tissues, we opted to use the algometer instead of von Frey filaments. Nociceptive threshold
(g/mm2) was determined when the rat either vocalized or withdrew (sudden and vigorous
turning of its head) from the stimulation. Two trials were made for each rat with a 10min
interval and the values were averaged from two trials. The mechanical hyperalgesia test took
place between 9 and 10 AM, before the first daily intrathecal injection.

Forced swimming test
The forced swim test was performed to assess depressive behavior according to the method
originally described by Porsolt et al [68, 69] and used in our previous study [97]. One day
prior to the test, a rat was placed for conditioning for 5min (pretest session) in a clear plastic
tank (45×35×60cm) containing 30cm of water (24±0.5 °C). The next day, each rat was
tested under the same condition for 5min (test session). Both WKY and Wistar rats
underwent the same test procedure. Following each session, a rat was removed from water
tank, dried with paper towel, placed in a warm cage for 10min, and then returned to its home
cage. Each test session was recorded with a stopwatch. A rat was judged to be non-
swimming when no effort was made to escape from the tank (floating passively). The total
duration of immobility (non-swimming) within a 5-min session was recorded as immobility
score (in second) and compared among groups [17, 45, 97]. All sessions were observed by
the same experimenter blinded to the group assignment in order to minimize between-
session variation. All swimming test sessions took place between 2 and 4 PM before the
second daily intrathecal injection.

ELISA
Blood samples were taken in the afternoon to minimize natural variation of the serum
melatonin level. The blood was allowed to clot for 60min in dark cold room (4°C), and then
centrifuged at 1000rpm for 5min. The serum was obtained, wrapped with aluminum foil for
photo protection and stored at −80 °C until use. The melatonin ELISA kit (catalog #RE
54021) was purchased from IBL (Immuno-Biological Laboratories, Minneapolis, MN). A
standard curve was generated using the reagent supplied in the kit. Experimental samples
were measured according to the manual provided in the kit. Fifty μl of the standard agent or
the extracted sample from each rat was first put into individual plate wells, followed by
adding 50μL each of melatonin biotin and antiserum. The plate was well shaken, sealed with
adhesive foil, and incubated overnight in a dark cold room. The plate was then washed three
times with an assay buffer and 150μl of an enzyme conjugate supplied in the kit was added.
The plate was again incubated for 120min at room temperature. After three washes with the
assay buffer, 200μl of para-nitrophenyl phosphates (PNPP) substrate solution was added,
followed by incubation for 30min at room temperature. The reaction was stopped by adding
50μl of PNPP solution into wells. Absorbance values were obtained using a microplate
reader (Bio-TeK Instruments Winooski, VT) at 405nm wavelength. The serum melatonin
concentration was calculated based on the standard curve and presented as pg/ml.

Western blot
Trigeminal (Sp5C) tissue, separated by each side, was homogenized in a buffer (20mM Tris-
HCl, pH 7.5, 150mM NaCl, 1mM EDTA, 1mM EGTA, 2.5mM Sodium pyrophosphate,
1mM β-Glycerophosphate, 1mM Sodium Orthovanadate, 0.01% Tirton-X100, 0.01%
NP-40) containing a mixture of proteinase inhibitors (Sigma). Tissue homogenates were
centrifuged at 7,000rpm for 10min at 4 °C. Protein samples (50μg) were loaded and
separated on SD S-PAGE gel (12%) and transferred to polyvinylidene difluoride filters
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(Millipore, Bedford, MA). Filters were blocked with 5% non-fat dry milk and subsequently
incubated with a primary antibody, MTR-1A (MT1, 1: 500, rabbit anti-rat polyclonal, 1:500,
Abbiotec, San Diego, CA), overnight in a cold room and then 1hr at room temperature with
HRP-conjugated secondary antibody (Donkey anti-rabbit 1:4000; Santa Cruz). ECL solution
was used for visualization and blots were exposed onto a hyperfilm (Amersham) for 1–
10min. The blots were then incubated in a stripping buffer (67.5mM Tris, pH 6.8, 2% SDS,
and 0.7% β-mercaptoethanol) for 1–15min at room temperature and reprobed with an NR1
antibody (1:500, mouse monoclonal; United States Biological) under the same incubation
condition. With a similar procedure, a monoclonal mouse anti-β-actin antibody (1:12,000;
Abcam) was used for loading control. Samples from each rat were probed in triplicates. The
density of each blot was measured with Adobe PhotoShop and normalized against a
corresponding β-actin blot. Differences in the normalized band density among different
groups were compared using Graphpad Instat software.

Immunohistochemistry
Rats were anesthetized with sodium pentobarbital (50mg/kg, i.p.) and transcardially
perfused with 200 ml of saline followed by 200–300ml of ice-cold 4% paraformaldehyde in
0.1M phosphate buffer (PB). Brains were harvested, post-fixed for 4hr, and kept in 30%
sucrose in 0.1M PB until sunk to the bottom. Brain tissues from all rats were cut, processed
and immunostained using the same procedure. Immunohistochemical staining was used to
detect MT1 (1: 500, rabbit anti-rat polyclonal, 1:500, Abbiotec, San Diego, CA) and NR1
(1:250, mouse monoclonal; United States Biological). Briefly, brain sections were blocked
with 1% BSA, 3% donkey serum in 0.3% Triton for 1hr at room temperature and incubated
overnight at 4 °C with a primary antibody. For control, a primary antibody was omitted or
antigen absorption was used. Sections were then incubated for 1hr at room temperature with
a corresponding DyLight 488- or DyLight 594-conjugated secondary antibody (1:300;
Jackson Immunoresearch, West Grove, PA). For double staining, a second primary antibody
was added using the same procedure. Sections were mounted onto slides, analyzed using a
fluorescence microscope (Olympus, Japan), recorded using a digital camera, and processed
using Adobe Photoshop.

Patch-clamp recording
Substantia gelatinosa (lamina II) of the spinal cord dorsal horn has a similar anatomical
structure as the trigeminal dorsal horn, which has been implicated in nociceptive
transmission because both Aδ and C primary nociceptive afferent fibers are heavily
projected onto this region [37, 42, 93]. The upper cervical spinal cord is the continuation of
the elongated part of trigeminal nuclei. Since activation of NMDA receptor plays a crucial
role in the mechanisms of peripheral and central sensitization [15, 20, 53, 67], we used slices
taken from the upper cervical spinal cord as a surrogate model of the trigeminal dorsal horn
to examine whether melatonin would regulate NMDA-induced current in substantia
gelatinosa neurons.

Spinal cord slices were prepared from postnatal 4~6 weeks old WKY or Wistar rats. Under
sodium pentobarbital anesthesia (50mg/kg, i.p.), a portion of cervical spinal cord (C1–C5)
was rapidly removed and placed in chilled, oxygenated artificial cerebrospinal fluid (ACSF)
containing (mM): 125 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 2 MgCl2, and
25 d-glucose. Transverse slices (400μm) were cut on a vibratome (Vibratome, IL) and
incubated in the oxygenated ACSF at 35°C for 30min and then at room temperature for 1hr
before recording. Melatonin, luzindole, prazosin, d-AP5, or NBQX was first dissolved in
DMSO and then diluted with artificial cerebrospinal fluid (ACSF) to their final
concentrations. The final concentration of DMSO in a solution was less than 0.1%.
Accordingly, a corresponding concentration of DMSO or ACSF was used as vehicle.
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For whole-cell patch clamp recording, a slice was placed in a recording chamber mounted
onto the stage of an upright microscope (Olympus, Japan) and perfused with ACSF (2~3ml/
min). Substantia gelatinosa was clearly visible as a translucent band across the spinal cord
dorsal horn under a low magnification microscopic view. Patch pipettes, with resistance of
3–5MΩ, were made from thick-walled, borosilicate, glass-capillary tubing (1.5mm outer
diameter). The internal solution contained the following (mM): 140 K-gluconate, 2 MgCl2,
1 CaCl2, 11 EGTA, 10 HEPES, 5 Mg-ATP, and 0.5 Na-GTP, pH 7.3. Only neurons that had
an apparent resting membrane potential more negative than −50mV and produced normal
action potentials after injection of depolarizing currents (25–200pA in 25pA steps for 1s)
were further investigated [30, 74].

NMDA currents were evoked by ejecting 50μM NMDA plus 10μM glycine in Mg2+-free
ACSF for 30s at a holding potential of −70mV (Stoelting, WI). One μM strychnine, 10μM
bicuculline, 10μM NBQX, and 1μM TTX were added to the bathing solution to block
glycine receptors, GABAA receptors, AMPA receptors and voltage-gated sodium channels,
respectively. Once baseline NMDA current was acquired, melatonin (0.1, 1, 5mM) in the
presence or absence of a melatonin receptor antagonist, was bath-applied for 5min.
Recordings were made using an Axopatch 700B amplifier (Molecular Devices, CA). Signals
were filtered at 2kHz, digitized at 10kHz, acquired using a personal computer and pClamp
software (version 9.2; Molecular Devices, CA), and stored for later analysis. Input resistance
was monitored throughout the experiments. The mean series resistance was 25~35Ω and the
current noise was ~10pA. All experiments were performed at room temperature (22~25°C).

Statistical analysis
Data from behavioral tests were analyzed by using two-way ANOVA, followed by post-hoc
tests, to compare across various groups and time points. Differences were considered to be
statistically significant at the level of α =0.05. The Spearman’s correlation coefficient
analysis was used to examine a correlative relationship between mechanical nociceptive
threshold and depressive behavior score (immobility time in the forced swimming test).

Results
Exacerbation of depressive behavior in WKY rats after TMJ inflammation

Baseline immobility scores obtained using the forced swimming test were significantly
higher in WKY than Wistar rats (Fig. 1A, F=9.904, df =27, p<0.01), indicating the presence
of a basal level of depressive behavior. While the immobility score was not changed in
Wistar rats receiving CFA or IFA on day 7 (Fig. 1A, p>0.05), the immobility score was
significantly higher on day 7 in WKY rats receiving CFA when compared with both WKY
rats receiving IFA or Wistar rats receiving CFA (Fig. 1A, p<0.05). The data indicates that
TMJ inflammation exacerbated depressive behavior in WKY rats with genetically
predisposed depressive behavior.

Exacerbation of mechanical hyperalgesia in WKY rats after TMJ inflammation
Difference scores (the side of TMJ without CFA injection minus the side of TMJ injected
with CFA) did not differ at baseline between WKY and Wistar rats (Fig. 1B, day 0, p>0.05,
n=6), indicating that the presence of predisposed depressive behavior in WKY rats did not
change their baseline nociceptive threshold to mechanical stimulation. When examined 7
and 14 days after TMJ inflammation, both WKY and Wistar rats showed a lower
nociceptive threshold to mechanical stimulation in the ipsilateral, but not contralateral, TMJ
region, as compared with their corresponding baseline (Fig. 1B, F=15.278, df=41, p<0.05).
However, mechanical hyperalgesia was exacerbated in WKY rats with TMJ inflammation
such that mechanical nociceptive threshold was significantly lower in these WKY rats with
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TMJ inflammation than that of their counterpart Wistar rats (Fig. 1B, p<0.01, n=5). These
results indicate that mechanical hyperalgesia was exacerbated in WKY rats following TMJ
inflammation as compared with Wistar rats.

A correlative relationship between mechanical hyperalgesia and depressive behavior was
examined by using the Spearman’s rank analysis. This analysis showed that a longer
immobility time in the forced swimming test (in seconds) inversely correlated with a lower
nociceptive threshold (escape threshold in g/mm2) in WKY rats (Fig. 1C; R= −0.2533, n=5;
Y=464.693-0.1868X) but not in Wistar rats (Fig. 1C; R= −0.0792, n =5;
Y=614.895-0.6057X), indicating a reciprocal, albeit weak, relationship between mechanical
hyperalgesia and depressive behavior in WKY rats.

Lower plasma melatonin concentration in WKY rats
Baseline plasma melatonin concentration assayed by ELISA was significantly lower in
WKY rats than Wistar rats in the absence of TMJ inflammation (Fig. 2A, p<0.05, n=12/
group). The plasma melatonin concentration in WKY rats was further reduced at 7 days after
TMJ inflammation, as compared to both Wistar rats with TMJ inflammation and WKY rats
injected with IFA (Fig. 2B, p<0.05, n=12/group). These results indicate that WKY rats had a
lower melatonin level than Wistar rats both before and after TMJ inflammation.

Effect of intracisternal 6-chloromelatonin on mechanical hyperalgesia and depressive
behavior in WKY rats

Since depressive behavior correlated with exacerbated mechanical hyperalgesia in WKY
rats with a lower plasma melatonin level, we examined whether 6-chloromelatonin (a
melatonin analog) would improve both mechanical hyperalgesia and depressive behavior in
WKY rats. Accordingly, 6-chloromelatonin (250μg) or vehicle was administered, via an
intracisternal catheter, twice daily for six consecutive days beginning immediately after the
CFA injection into unilateral TMJ (n=5/group). When tested on day 2, 4 and 7 after TMJ
inflammation, mechanical hyperalgesia was significantly improved in WKY rats treated
with 6-chloromelatonin, without motor impairment (e.g., gait change), as compared with
those rats treated with vehicle (Fig. 3A; F=21.494, df=27, p<0.05).

Intracisternal 6-chloromelatonin administration also improved depressive behavior in WKY
rats such that the duration of immobility in the forced swimming test was significantly
reduced when tested on day 7 after TMJ inflammation, as compared with vehicle-treated
WKY rats (Fig. 3B, p<0.05, n=5/group). In contrast, intracisternal administration of 6-
chloromelatonin did not change the immobility time in the forced swimming test (Fig. 3B,
n=5), nor did it alter baseline nociceptive threshold (data not shown), in Wistar rats.
Moreover, the correlative relationship between mechanical hyperalgesia and depressive
behavior in WKY rats with TMJ inflammation shown in Figure 1C was reversed after the
intracisternal 6-chloromelatonin administration (Fig. 3C; n=5/group; WKY rats treated with
6-chloromelatonin: R=0.6738, n =5; Y=615.478+1.2201X; WKY rats treated with vehicle:
R=0.0642, n =5; Y=399.544+0.0763X). Collectively, the results indicate that intracisternal
administration of a melatonin analog concurrently improve both mechanical hyperalgesia
and depressive behavior in WKY rats.

Modulation of MT1 and NR1 expression in Sp5C by TMJ inflammation and 6-
chloromelatonin

As compared with its corresponding baseline, expression of MT1 (Western blot) in the
ipsilateral trigeminal Sp5C was downregulated (Fig. 4A, F=5.995, df=15, p< 0.05), while
NR1 expression was upregulated (Fig. 4A, p< 0.05, n=5), in both Wistar and WKY rats
when examined at 5 days after TMJ inflammation. MT1 and NR1 were also colocalized in
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Sp5C (Fig. 4B). The same intracisternal 6-chloromelatonin administration (250μg, twice
daily × 6 days) that concurrently improved mechanical hyperalgesia and depressive behavior
in WKY rats also reversed the upregulated expression of NR1 in the ipsilateral Sp5C (Fig.
4C, p> 0.05, n=5), indicating that 6-chloromelatonin also regulated the NR1 expression in
Sp5C in WKY rats.

Inhibition by melatonin of NMDA-induced current in substantia gelatinosa neurons
NMDA-induced current in spinal cord dorsal horn substantia gelatinosa neurons was evoked
by ejecting 50μM NMDA plus 10μM glycine in Mg2+-free ACSF for 30s at a holding
potential of −70mV. The amplitude of NMDA-induced currents ranged from 50pA to 500pA
and blocked by 0.1mM d-AP5 (Fig. 5A). Exposure to melatonin (5mM) for 5min markedly
decreased NMDA-induced current in substantia gelatinosa neurons of WKY rats (Fig.
5A&B; p< 0.01), which returned to the baseline after melatonin was washed out for 8min
(Fig. 5A). Exposure to vehicle (DMSO) for 5min had no effect on NMDA-induced current
(n=8, p>0.05, Fig. 5A&B). The melatonin effect on NMDA-induced current was dose-
dependent (Fig. 5B) such that 0.1mM melatonin had no significant effect (n=6, p>0.05),
1mM melatonin decreased about 16% (n=12, p<0.05), and 5 mM melatonin had the
maximal effect of nearly 40% inhibition (n=15, p<0.01). A similar dose-response effect of
melatonin on NMDA-induced current also was demonstrated in substantia gelatinosa
neurons of Wistar rats (Fig 5B).

Since melatonin at 5mM had the maximal inhibition on NMDA-induced current in both
WKY and Wistar rats, we examined whether melatonin at this concentration would change
NMDA-induced currents in WKY rats at 7 days after TMJ inflammation. The results
showed that melatonin also significantly blocked NMDA-induced current (about 35%) in
WKY rats with TMJ inflammation (Fig. 5C; n=11), similar to its effect on WKY rats
receiving the IFA injection (Fig. 5C; n=6).

Effect of melatonin receptor antagonists on NMDA-induced current
To examine which melatonin receptors were involved in the melatonin effect on NMDA-
induced current, luzindole (a competitive melatonin MT1/MT2 receptor antagonist) and
prazosin (an MT3 and alpha-1 adrenoreceptor antagonist) were used (Fig. 6). Luzindole at
0.1mM did not significantly change baseline NMDA current (Fig. 6A, n=7). However, co-
perfusion of luzindole (0.1mM) with melatonin (5mM) for 5min did not prevent the
inhibition of NMDA-induced current (Fig. 6A, n=7) induced by 5mM melatonin alone (Fig.
6A, n=15). At a higher concentration (0.5mM), luzindole itself inhibited NMDA current
(Fig. 6A, n=5; p<0.05), but again did not diminish the inhibitory effect of 5 mM melatonin
on NMDA-induced current (Fig. 6A, n=5).

Prazosin (0.1mM) by itself also inhibited NMDA-induced current (Fig. 6B, n=4) but did not
block the effect of 5mM melatonin on NMDA-induced current (Fig. 6B, n=6). Furthermore,
a combination of perfusion with 0.1mM luzindole, 0.1mM prazosin, and 5 mM melatonin
also failed to block the melatonin effect on NMDA-induced current (Fig. 6B, n=5). These
results indicate that the inhibitory effect of melatonin on NMDA-induced current could not
be directly blocked by melatonin receptor antagonists tested under the current experimental
condition.

Discussion
In this study, we demonstrated that 1) WKY rats exhibited baseline depressive behavior as
compared to age-matched Wistar rats; 2) the presence of depressive behavior in WKY rats
exacerbated mechanical hyperalgesia induced by TMJ inflammation; 3) TMJ inflammation
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worsened depressive behavior in WKY rats; 4) WKY rats also exhibited a lower plasma
melatonin level at the baseline, which was further reduced by TMJ inflammation; 5)
intracisternal administration of 6-chloromelatonin (a melatonin analog) concurrently
improved mechanical hyperalgesia and depressive behavior in WKY rats; 6) the expression
of the MT1 receptor was downregulated, whereas the expression of the NR1 subunit was
upregulated, in the ipsilateral Sp5C of WKY rats; and 7) in association with its behavioral
effect, melatonin or its analog prevented the upregulation of NR1 expression and dose-
dependently inhibited NMDA-induced current in spinal cord dorsal horn substantia
gelatinosa neurons. These results support a reciprocal relationship between depressive
behavior and TMJ inflammation-induced mechanical hyperalgesia in WKY rats and suggest
that the central melatoninergic system, via regulation of the NMDA receptor expression and
activity, plays a significant role in the mechanisms of comorbidity between pain and
depression.

It has long been recognized that comorbid depression is associated with pain complaints [5,
24, 43, 60], which complicates clinical diagnosis and treatment of chronic pain [39].
Depression has been shown to result in decreased pain threshold and increased analgesic
requirement [16, 31, 38, 46, 47]. Use of antidepressant therapy in combination with
psychotherapy program substantially improved depression as well as produced a moderate
reduction in pain severity and disability [36]. This finding is consistent with clinical
observations that antidepressants such as duloxetine and venlafaxine are beneficial in the
treatment of both depression and chronic pain [8, 25, 39]. On the other hand, chronic pain is
also closely associated with psychological and psychiatric comorbidities including
depression [4, 10, 24, 32, 33, 39, 43, 60]. Consistently, attenuation of pain symptoms often
leads to significant improvement in a variety of psychological outcome measures including
depression [2, 18, 58] and a higher remission rate of comorbid symptoms [25].

To date, several hypotheses have been proposed regarding the relationship between pain and
depression [9, 19, 26], although these hypotheses do not necessarily address the underlying
cellular mechanisms of such comorbidity. Recent studies have indicated that multiple
anatomical structures are activated and/or altered in response to both depression and pain
[22, 59, 73, 78, 81, 84]. In addition, depression and pain may share common biological
pathways, neurotransmitters, and neurobiological mechanisms [4, 5, 29, 39, 73] and are
associated with common psychological alterations [73]. Of interest is that depression in the
context of chronic pain does not appear to be restricted to specific types of pain [55] or their
detection [34]. Indeed, temporomandibular disorder is a common stress-related condition
with comorbidities including depression [6, 35, 56]. The present study further supports the
notion that the comorbid condition of TMJ inflammation-induced nociception and
depression can be modeled and assessed in rodents utilizing behavioral tests. This extends
our earlier observation in rats with combined depressive behavior and chronic constriction
sciatic nerve injury [97] as well as observations from other investigators in rats with spared
nerve injury [59]. Of note, although a correlative relationship between nociceptive and
depressive behavior was demonstrated in our experiments, the number of animals in each
group is relatively low and further confirmation of this relationship requires additional
experiments by using perhaps a larger sample size in each group.

Melatonin (N-acetyl-5-methoxytryptamine) has immunomodulatory effects including anti-
inflammatory action. Melatonin protects tissue during inflammatory processes by its ability
to 1) directly scavenge toxic free radicals [72]; 2) prevent translocation of nuclear factor-
kappa B (NF-κB) to the nucleus and its binding to DNA thereby reducing the upregulation
of pro-inflammatory cytokines such as IL-1 and TNF-α [27, 71]; and/or 3) inhibit the
production of adhesion molecules that promote the attachment of leukocytes to endothelial
cells, deterring transendothelial cell migration and edema [48–50]. Recently, melatonin
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analogs have been shown to have the antidepressant property [21]. 6-choloromelatonin is a
melatonin analog, which has a higher affinity than melatonin at melatonin receptors [92].
Moreover, melatonin receptors are located in various brain regions [57, 77, 86, 96].
Preclinical studies have shown that knockout of MT1 receptors increased [91], whereas a
melatonin analog decreased, the immobility time in the forced swimming test [63]. In the
present study, we found that the expression of MT1 receptors in the ipsilateral Sp5C was
downregulated both at the baseline and after TMJ inflammation in WKY rats, in addition to
a lower melatonin lever in these same WKY rats. Consistently, 6-chloromelatonin was
effective in improving both mechanical hyperalgesia and depressive behavior in WKY rats.

The present data also suggest that the behavioral effect of melatonin is likely to be mediated
through its regulatory mechanism on NMDA receptors. Our previous study showed that 1)
upregulation of the NR1 subunit plays a role in the mechanisms of inflammatory and
neuropathic pain [88, 89]; 2) intraperitoneal co-administration of melatonin (30mg/kg) and
dextromethorphan (15mg/kg) effectively reversed both thermal hyperalgesia and mechanical
allodynia in WKY rats with chronic constriction sciatic nerve injury, although each
individual dose alone had no effect on nociceptive behaviors [90]; and 3) administration of
melatonin into the anterior cingulate cortex contralateral to peripheral nerve injury prevented
the exacerbation of mechanical allodynia with a concurrent improvement of depressive
behavior in WKY rats [97]. In this study, expression of the NR1 subunit in Sp5C was
downregulated following intracisternal administration of 6-chloromelatonin, an intervention
that also improved nociceptive and depressive behavior. Patch-clamp recordings further
demonstrate that melatonin dose- dependently inhibited NMDA-induced current in spinal
cord dorsal horn substantia gelatinosa neurons. Of interest, blockade of three known
melatonin receptor subtypes (MT1, MT2, and/or MT3), alone or in combination, under our
experimental conditions did not prevent the effects of melatonin on NMDA-induced current.
Since melatonin produces an inhibitory effect on neuronal excitability, whereas activation of
NMDA receptors requires partial depolarization of neuronal cells, a possible mechanism of
the observed melatonin effect may be related to its overall inhibitory effect on neuronal cell
membrane. However, the exact mechanism of these findings remains to be investigated in
future studies, including the use of a broader dose range to rule out the non-specific effect of
MT receptor antagonists.

In summary, the current data indicate a correlative and reciprocal relationship between
depression and pain in a rat model of combined TMJ inflammation and genetically
predisposed depressive behavior. The improvement by melatonin of both mechanical
hyperalgesia and depressive behavior lends support to a functional role for the central
melatoninergic system in this process. Future studies should elucidate the cellular
mechanism of melatonin actions, including its regulation of NMDA receptors, and explore
the relationship between a melatonin deficiency state and chronic pain in the clinical setting.
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Summary

The melatonin system dysfunction and the up regulated NMDA receptors in trigeminal
nuclei might be involved in trigeminal pain and depression comorbidity.
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Fig. 1. Exacerbated mechanical hyperalgesia and depressive behavior in WKY rats
A. WKY rats showed a prolonged immobility time in a 5-min forced swimming test on day
0 (baseline) and day 7 after CFA or IFA injection into the right TMJ. *, p<0.05 as compared
to Wistar rats on the same day (n=5 for each group); #, p<0.05 as compared with WKY rats
with inflammation on day 0; +, p<0.05 as compared with WKY rats with TMJ
inflammation. B. Exacerbated mechanical hyperalgesia at the ipsilateral TMJ site in WKY
rats when tested on day 7 and 14 after CFA injection. *, p<0.05 as compared with day 0; +,
p<0.05 as compared with Wistar-CFA rats tested on the same day. C. The immobility time
was inversely related to nociceptive threshold after the CFA injection in WKY rats, as
compared with Wistar rats.
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Fig. 2. Plasma melatonin level before and after TMJ inflammation
A. The plasma melatonin level as detected by ELISA in Wistar and WKY rats before TMJ
inflammation. *, p<0.05 as compared with Wistar rats. B. The Plasma melatonin level after
TMJ inflammation. In both A&B, plasma was collected at 5 days after CFA or IFA
injection. *, p<0.05 as compared with Wistar rats; +, p<0.05 as compared with the WKY-
IFA group.
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Fig. 3. Effect of 6-chloromelatonin
A. 6-Chloromelatonin (C-Mel; 250μg) or vehicle (Vel) was injected intracisternally (twice
daily × 6 days) in Wistar and WKY rats (n=5/group) beginning immediately after CFA
injection into unilateral TMJ. 6-chloromelatonin prevented exacerbation of mechanical
hyperalgesia in WKY rats. * p<0.01, as compared with baseline; +, p<0.001, as compared
with WKY rats treated with vehicle and tested at the same time point. B. The same 6-
Chloromelatonin treatment also improved depressive behavior (forced swimming test) in
WKY rats with TMJ inflammation on day 7. * p<0.05, as compared with WKY-Vehicle
group. C. The 6-Chloromelatonin treatment reversed the relationship between mechanical
hyperalgesia and depressive behavior as demonstrated in WKY rats treated with vehicle (see
Fig. 1C).
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Fig. 4. Expression of MT1 and NR1 in SP5C
A. Expression of MT1 and NR1 in the ipsilateral trigeminal Sp5C, as detected by Western
blot before and after TMJ inflammation. W: Wistar rats; Y: WKY rats. D0, D5: before or 5
days after the CFA injection into the right TMJ. * p<0.05 as compared with D0 of Wistar
rats, + p<0.05 as compared with D0 of WKY rats. B. Immunostaining results showing co-
localization of MT1 and NR1 in Sp5C after TMJ inflammation. Bar, 100μm. C.
Intracisternal administration of 6-Chloromelatonin (CMel; 250μg) but not vehicle (Vel),
twice daily × 6 days, in WKY rats downregualted the expression of NR1 in the ipsilateral
Sp5C.

Wang et al. Page 20

Pain. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 5. Inhibition of NMDA-induced current by melatonin
A. Representative current traces showing NMDA-induced current in a cervical spinal cord
dorsal horn substantia gelatinosa neuron of a WKY rat. NMDA-induced current was
decreased by melatonin (5mM in the recording chamber for 5min) and recovered 8min after
the melatonin washout. NMDA-induced current was completely blocked by 0.1mM d-AP5.
B. The inhibitory effect of melatonin on NMDA-induced current was concentration-
dependent. MT, melatonin. *p<0.05, **p<0.01 versus vehicle (DMSO). C. At a
concentration of 5mM, melatonin significantly inhibited NMDA-induced current recorded
from WKY rats received the CFA or IFA injection. Data are shown as mean ± s.e.m.
Numbers in the column bars represent cells recorded in each group.
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Fig. 6. Melatonin receptor antagonists and the melatonin effect on NMDA-induced current
A. 0.1mM and 0.5mM luzindole did not affect the inhibitory effect of melatonin (5mM) on
NMDA-induced current. B. Neither 0.1 mM prazosin nor 0.1 mM prazosin plus 0.1 mM
luzindole blocked the inhibitory effect of melatonin (5mM) on NMDA-induced current.
Data are shown as mean±S.E. Numbers in the column bars represent cells recorded in each
group. M or MT: melatonin; L: luzindole; P or Pra-.03, .1, and .5: prazosin concentrations at
0.03, 0.1, and 0.5mM. *p < 0.05, **p < 0.01 as compared to vehicle.
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