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Abstract
The ventrolateral periaqueductal gray (vlPAG) contributes to morphine antinociception and
tolerance. Chronic inflammatory pain causes changes within the PAG that are expected to enhance
morphine tolerance. This hypothesis was tested by assessing antinociception and tolerance
following repeated microinjections of morphine into the vlPAG of rats with chronic inflammatory
pain. Microinjection of morphine into the vlPAG reversed the allodynia caused by intraplantar
administration of Complete Freund's Adjuvant (CFA), and produced antinociception on the hot
plate test. Although there was a gradual decrease in morphine antinociception with repeated
testing, there was no evidence of tolerance when morphine and saline treated rats with hind paw
inflammation were tested with cumulative doses of morphine. In contrast, repeated morphine
injections into the vlPAG caused a rightward shift in the morphine dose-response curve in rats
without hind paw inflammation, as would be expected with the development of tolerance. The
lack of tolerance in CFA treated rats was evident whether rats were exposed to repeated behavioral
testing or not (Experiment 2) and whether they were treated with 4 or 8 prior microinjections of
morphine into the vlPAG (Experiment 3). These data demonstrate that chronic inflammatory pain
does not disrupt the antinociceptive effect of microinjecting morphine into the vlPAG, but it does
disrupt the development of tolerance.
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Introduction
Opioids such as morphine are used clinically to manage chronic pain 8, 9. Unfortunately, the
therapeutic effects are limited by unpleasant side effects and by the development of
tolerance with repeated opioid administration 8. A number of studies report enhanced
tolerance to systemically administered morphine in rodents with chronic inflammatory
pain 10, 14, 26, 30, 31. This enhanced tolerance appears to be mediated by physiological
changes in the central nervous system because tolerance does not occur when opioids are
administered directly into inflamed tissue 51, 59.

The ventrolateral periaqueductal gray (vlPAG) is a midbrain structure known to contribute
to opioid antinociception and tolerance. Microinjection of morphine into the vlPAG
produces antinociception in both normal rats 4, 24, 42 and those with chronic inflammatory
pain 34. Repeated opioid administration induces tolerance when nociception is assessed with
acute pain tests such as the hot plate test in normal rats 3, 36, 39, 50, 52. Whether chronic
inflammatory pain alters the development of tolerance to vlPAG morphine administration is
not known. The induction of chronic inflammatory pain by intraplantar administration of
Complete Freund's Adjuvant (CFA) induces a wide range of neural changes and activates
neurons within the whole PAG, rather than only the vlPAG region 33. Some of the changes
reported in these neurons include an increase in glutamate release, a decrease in GABA
release, increased levels of neurotensin and brain-derived neurotrophic factor, and increased
expression of serotonin and glutamate receptors 13, 18, 45, 47, 57, 58.

These changes in the PAG could contribute to the enhanced morphine tolerance in rats with
chronic pain following systemic morphine administration 10, 14, 26, 30, 31. The objective of
the present study was to test the hypothesis that the vlPAG contributes to enhanced
morphine tolerance in rats with chronic inflammatory pain. This hypothesis was tested by
assessing antinociception to repeated microinjections of morphine into the vlPAG of rats
with chronic inflammatory pain induced by intraplantar administration of CFA.

Methods
Subjects

Adult (55-65 days old) male Sprague-Dawley rats (Harlan, Livermore, CA, USA) weighing
220-350 g were used. Rats were housed in a colony room on a reverse 12/12 hour light/dark
cycle maintained at a temperature of 22 °C. Rats were provided with food and water ad
libitum except during testing and surgery. Each rat was housed individually following
surgery. All experiments were carried out according to the guidelines of the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee at Washington State University.

Surgery
Rats were anesthetized with pentobarbital (60 mg/kg i.p.; Sigma-Aldrich, St. Louis, MO,
USA) and implanted with a 9 mm stainless steel guide cannula aimed 2 mm above the right
vlPAG (AP: +1.7 mm, ML: ± 0.6 mm, DV: −4.6 mm from lambda). The guide cannula was
attached to two screws in the skull with dental cement. A 9 mm stainless steel stylet was
inserted to plug the guide cannula and prevent it from becoming clogged. Rats were allowed
to recover under a heat lamp until awake and then moved to a clean home cage.

Behavioral Testing
Nociception was assessed using both thermal and mechanical tests. Thermal nociception
was assessed using the Hot Plate Analgesia Meter (Columbus Instruments, Columbus, OH)
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set at a temperature of 52.5° C. The hot plate test assesses nociception by measuring the
latency for the rat to lick a hind paw. The rat was removed from the hot plate if no response
occurred within 50 s. Although the hot plate test typically is not used to assess nociception
in rats with inflammatory pain, it was included so the present data could be compared to
previous studies examining tolerance to vlPAG morphine administration using the hot plate
test 3, 40.

Mechanical allodynia was assessed using the electronic von Frey test apparatus (IITC Life
Science Inc, Woodland Hills, CA). The rat was placed in a Plexiglas square chamber (22 cm
× 22 cm × 12.8 cm) on an elevated mesh surface to allow access to the plantar surface of the
hind paw with the filament. All rats were allowed to habituate to the chamber for
approximately 20 min prior to testing. A plastic semi-flexible von Frey filament was applied
to the plantar surface of the CFA treated hind paw, and the amount of pressure exerted by
the filament to induce paw withdrawal was recorded. The average of three measurements
was used as the nociception score for each rat. The von Frey test was used because it allows
assessment of allodynia resulting from chronic inflammatory pain 43. All behavioral testing
was conducted in a dimly lit room by an experimenter blind to the drug administered on the
preceding trials (i.e. saline or morphine).

Experiment 1: Four repeated morphine microinjections with repeated testing
Immediately following surgery to implant the guide cannula into the vlPAG, chronic
inflammatory pain was induced by injecting CFA (Sigma, St. Louis, MO, USA)
intradermally into the plantar surface of the right hind paw of half the rats 5. CFA (1.0 mg/
ml), an emulsion of oil and water containing strains of heat-killed Mycobacterium, was
injected in a volume of 0.1 ml using a 25-gauge needle. Control rats received a saline
injection in the right hind paw in a volume of 0.1 ml. Nociception was assessed daily
beginning 24 hrs after CFA or saline administration and continued for five consecutive days
(Experimental days 2-6). Intraplantar CFA administration is a well-documented method for
establishing long-term inflammation5, 27, 32. All of the rats injected with CFA, but not those
injected with saline developed a red and swollen hind paw that was evident throughout the
duration of the experiment.

Following testing on Experimental day 6, rats received a sham microinjection in which an
11 mm long stainless steel injector was inserted through the guide cannula into the vlPAG.
The purpose of this procedure was to habituate the rats to the microinjection procedure and
to reduce the possibility of confounds from mechanical activation of neurons on the test day.
Rats received morning and afternoon microinjections of either morphine sulfate (0.5 μg/0.4
μl; n = 8) or saline (0.4 μl; n = 8) at a rate of 0.1 μl/10 s into the vlPAG twice daily for two
consecutive days (Experimental days 7 and 8). The injections were administered 6 hours
apart and were given directly into the vlPAG via a 31-gauge injection cannula (0.25 mm OD
and 0.127 mm ID) that extended 2 mm beyond the tip of the guide cannula. The injector
remained in place for 20 s after the injection to reduce back flow of drug up the cannula
track. Antinociception was assessed 15 min after the injection using the von Frey and hot
plate tests, respectively. The morphine dose and injection regimen were chosen based on
previous experiments showing that microinjections of morphine given twice daily for two
consecutive days into the vlPAG produce tolerance in non-inflamed
rats3, 4, 6, 11, 20, 21, 32, 35, 36, 38, 39. Non-CFA treated rats were tested in the same manner as
the CFA treated rats (n = 7-9/group). Given the consistency of tolerance to vlPAG morphine
microinjections in non-CFA treated rats, additional non-CFA treated rats were not included
in Experiments 2 and 3.

On Experimental day 9, morphine potency was assessed in rats previously treated with
morphine or saline by microinjecting cumulative doses of morphine into the vlPAG
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resulting in third log steps (1.0, 2.2, 4.6, 10, and 22 μg/0.4 μl) 39. Microinjections were
administered every 20 min, and the von Frey test was conducted 15 min after each injection
followed by the hot plate test approximately 2 min later. Tolerance was defined as a
significant rightward shift in the morphine dose-response curve.

Experiment 2: Four repeated morphine microinjections without repeated testing
Given that behavioral tolerance is known to develop with repeated nociceptive
testing 15, 28, 37, a second experiment was conducted in which the same surgical and
microinjection procedures were performed as described above, except that no behavioral
testing was conducted until the dose response procedure on the final day of the experiment.
After surgery and administration of CFA into the right hind paw, rats were handled daily
until the tolerance induction procedure on Experimental days 7 and 8. Rats were injected
twice a day for two days with morphine (n = 11) or saline (n = 8) as described above.
Cumulative doses of morphine were microinjected into the vlPAG on Experimental day 9
and rats were tested on the von Frey and hot plate tests to assess tolerance.

Experiment 3: Eight repeated morphine microinjections without repeated testing
Although previous studies with normal, non-injured rats showed that four microinjections of
morphine was sufficient to produce tolerance 3, 39, morphine tolerance may take longer to
develop during chronic pain conditions. Therefore, a third experiment was conducted in
which rats underwent the same procedures as in Experiment 2 except that morphine (n = 8)
and saline (n = 8) were injected twice a day for four instead of two consecutive days. No
nociceptive testing was conducted except for assessment of tolerance on the final day.

Histology
Immediately following testing, each rat was given an overdose of Halothane (Sigma, St.
Louis, MO, USA) and decapitated. The brain was extracted and placed in a 10% formalin
solution. At least 48 hours later, the brain was sliced coronally (100 μm) with a vibratome
(Intracel Vibratome 1500 sectioning system), and the location of the injection site in the
vlPAG was determined 44. Only injections located in the vlPAG were included in data
analysis. Microinjections in the lateral and dorsal PAG (n = 14) were not included because
tolerance does not occur with repeated microinjections in these regions 3, 23, 39, 50, 53.
Cannulae terminating in the cerebral aqueduct (n = 11) or passing all the way through the
vlPAG (n = 8) were not included because the site of morphine action is not known.

Statistical Analysis
Dose response curves for morphine antinociception were plotted and the half maximal
antinociceptive effect (D50) was generated using non-linear regression (GraphPad Prism 5
Software, San Diego, CA, USA). The upper and lower limits for the dose response curves
were set at the mean response latency produced by the highest dose of morphine (22 μg/0.4
μl) and the mean baseline latency, respectively. Differences in D50 between the control and
experimental groups were analyzed using ANOVA. Baseline nociception was analyzed
using a one-way repeated-measures ANOVA, and the effects of morphine treatment were
analyzed using a twoway repeated-measures ANOVA.

Results
Microinjections were within the boundaries of the caudal vlPAG in 67 rats44. The locations
of the vlPAG microinjections were similar for both morphine and saline treated rats as well
as for CFA and non-CFA treated rats. The injection sites were in the same region of the
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vlPAG in all three experiments. The locations of these injections for Experiment 1 are
displayed in Figure 1.

Experiment 1: Four repeated morphine microinjections with repeated testing
Administration of CFA caused a significant decrease from baseline in the force needed to
evoke hind paw withdrawal on the von Frey test [Figure 2A; F (5, 75) = 26.05, p < 0.05].
Allodynia was evident 24 hrs after the CFA injection and persisted across the four
subsequent days of testing. In contrast, CFA induced inflammation had no effect on hot
plate latency or the choice of paw licked. Hot plate latency was consistent from the baseline
test to the 5 days following administration of CFA [Figure 2B; F (5, 75) = 22.03, p > 0.05].
Although only the right paw was inflamed, rats were just as likely to lick the inflamed paw
(47%) as the non-inflamed paw (53%) to terminate the test.

Microinjection of morphine into the vlPAG of CFA treated rats caused an increase in mean
von Frey threshold compared to rats microinjected with saline [Figure 3A; F (1, 14) = 32.0,
p < 0.05]. This antinociception was relatively stable across the four microinjections as
evident by a lack of group by trial interaction [F (3, 42) = 0.533, p > 0.05]. Microinjection of
cumulative doses of morphine one day after Trial 4 produced a dose dependent increase in
thresholds (Figure 3B). This antinociception was relatively mild and did not differ between
rats treated with morphine or saline on Trials 1 – 4. That is, there was no evidence of
tolerance in rats with inflammation as indicated by no significant difference in morphine
antinociceptive potency between morphine and saline treated rats [F (1, 76) = 0.00, p >
0.05]. This lack of tolerance to repeated morphine microinjections into the vlPAG could be
caused by chronic inflammatory pain or because nociception was assessed with the von Frey
test. Given that tolerance to morphine administered in the vlPAG has been shown using the
hot plate test in non-inflamed rats4, 39, rats with chronic inflammatory pain also were tested
on the hot plate.

For CFA treated rats, microinjection of morphine into the vlPAG caused a significant
increase in hot plate latency compared to control rats receiving microinjection of saline
[Figure 4A; F (1, 14) = 7.102, p < 0.05]. The magnitude of this antinociception decreased
with each subsequent morphine microinjection [F (3, 42) = 4.10, p < 0.05]. Despite this
decrease in antinociception across trials, cumulative microinjections of morphine into the
vlPAG on the day following the last morphine injection caused a similar dose dependent
increase in hot plate latency in CFA treated rats given morphine or saline on Trials 1 - 4
(Figure 4B). That is, there was no significant difference in morphine antinociceptive potency
between groups [F (1, 76) = 0.52, p > 0.05]. The difference between the decrease in
antinociception across trials and the lack of a difference in morphine potency following the
Trials 1 – 4 highlights the difference between behavioral and pharmacological tolerance.
Behavioral tolerance is a reduction in antinociception with repeated testing 12, 28, 37 whereas
pharmacological tolerance is caused by changes in morphine potency with repeated
exposure to morphine. The present data show that pharmacological tolerance to morphine
does not occur despite behavioral tolerance caused by repeated testing.

Non-CFA treated rats also were assessed for antinociception and tolerance using the hot
plate and von Frey tests. Morphine produced a mild increase in von Frey threshold in non-
CFA treated rats compared to rats injected with saline (86% increase vs. 154% increase in
CFA rats injected with morphine; Figure 3C). This change is not surprising given that the
von Frey test is used to assess allodynia and these rats did not have inflammation48, 56.
Likewise, there was no difference in morphine potency between groups on the test day
following the last morphine and saline treatment [F (1, 74) = 1.32, p > 0.05]. Von Frey
threshold increased from a baseline of 31.1 g to 60.8 g following the highest dose of

Mehalick et al. Page 5

J Pain. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



morphine (22 μg) in rats treated with saline on Trials 1 - 4 and from a baseline of 33.9 g to
77.4 g in morphine treated rats (Figure 3D).

When these non-inflamed rats were tested on the hot plate, microinjections of morphine into
the vlPAG caused a significant increase in antinociception [Figure 4C; F (1, 14) = 19.5, p <
0.05]. This increase gradually declined with each subsequent injection, although there was
no significant group by trial interaction [F (3, 42) = 1.52, p > 0.05]. Non-CFA treated rats
given morphine on Trials 1 – 4 displayed a significant decrease in morphine potency (15.7
μg) on Trial 5 on the hot plate test compared to saline treated controls (10.4 μg) [Figure 4D;
F (1, 60) = 7.56, p < 0.05]. These data demonstrate that morphine tolerance was evident in
normal, but not in CFA treated rats. D50 values for morphine antinociception on the von
Frey and hot plate tests in rats with hind paw inflammation are shown in Table 1.

Experiment 2: Four repeated morphine microinjections without repeated testing
The lack of tolerance found in CFA rats in Experiment 1 could be caused by a dampening of
antinociception in both groups as a result of repeated testing 9, 12, 28, 37. Thus, CFA treated
rats in the present experiment were subjected to the same procedures as in Experiment 1
except they were tested with the von Frey and hot plate tests only during the cumulative
dose response procedure on the last day of the experiment. Given that morphine tolerance
was evident in non-inflamed rats in Experiment 1, only CFA treated rats were used in this
experiment.

Cumulative microinjections of morphine on the last day caused a dose dependent increase in
von Frey thresholds for both morphine and saline treated rats. As in Experiment 1, there was
no difference in morphine potency between groups [Figure 5A; F (1, 91) = 0.83, p > 0.05].
The D50 values for the morphine (2.7 μg) and saline (3.4 μg) groups were 30 – 40% lower
than the values reported for rats tested repeatedly in Experiment 1 (Table 1) as would be
expected to occur with repeated testing.

Morphine and saline treated rats also showed a dose dependent increase in hot plate latency
when injected with cumulative doses of morphine into the vlPAG on Trial 5 (Figure 5B). No
significant difference in morphine potency measured with the hot plate test was evident
between groups [F (1, 91) = 0.75, p > 0.05]. Although these rats had much lower D50 values
than the rats undergoing repeated testing in Experiment 1 (Table 1), there was no evidence
of tolerance to morphine.

Experiment 3: Eight repeated morphine microinjections without repeated testing
The lack of tolerance in Experiments 1 and 2 could indicate that rats with CFA need greater
morphine exposure to induce tolerance. This hypothesis was tested by microinjecting
morphine or saline into the vlPAG eight times over 4 consecutive days as opposed to four
times over 2 days as in Experiments 1 and 2. Microinjection of morphine following 4 days
of treatment produced similar dose dependent antinociception on the von Frey test for rats
treated with morphine (D50 3.7 μg) and saline (D50 4.2 μg). There was no significant
difference in morphine potency between the groups [F (1, 84) = 0.017, p > 0.05]. Only the
highest doses of morphine (10 and 22 μg/0.4 μl) produced antinociception on the hot plate
test in the morphine and saline treated groups, and there was no significant difference in
morphine potency between these groups (D50 = 17.4 and 22.4 μg for morphine and saline
treated groups, respectively) [F (1, 86) = 2.18 p > 0.05]. These results indicate that morphine
tolerance does not occur in rats with chronic inflammation even after eight microinjections
of morphine into the vlPAG. However, the decrease in morphine potency in rats receiving
eight instead of four microinjections suggests that tissue damage from repeated
microinjections or repeated handling may reduce morphine potency.
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Discussion
The present data indicate that the antinociceptive effect of microinjecting morphine into the
vlPAG is maintained in rats with chronic inflammatory pain. Contrary to our hypothesis,
tolerance to repeated microinjections of morphine into the vlPAG was not evident in rats
with chronic inflammatory pain compared to normal rats without inflammation. This lack of
tolerance was consistent whether rats were treated with four or eight morphine
microinjections, exposed to repeated nociceptive testing, or tested with the von Frey or hot
plate test. These data differ from the rapid development of tolerance to morphine
microinjections into the vlPAG of rats without chronic pain 3, 23, 39, 50, 53.

Tolerance to the antinociceptive effect of morphine has been shown to occur with as little as
a single injection of morphine into the vlPAG 3 and to persist for over a week with repeated
administration 41. Both behavioral studies 28 and in vitro slice recordings 2, 20, 22 indicate
that changes in vlPAG neurons are sufficient to cause tolerance. The only difference
between vlPAG studies showing tolerance and the present study in which tolerance did not
occur is the presence of hind paw inflammation. The present study used the same strain of
rat, morphine dose, microinjection procedure, and nociceptive test (i.e., hot plate test) as
previous studies in non-inflamed rats 3, 39. Additionally, the non-inflamed rats in the current
study displayed morphine tolerance.

Studies examining unilateral hind paw inflammation have not used the hot plate test to
assess nociception because rats can terminate the test by licking either the inflamed or non-
inflamed paw. We used the hot plate test in the present study to link our data to previous
studies showing morphine tolerance on the hot plate test in rats without inflammation.
Surprisingly, we found no decrease in paw lick latency with the induction of inflammation.
This lack of thermal hyperalgesia may have been caused by the lack of specificity of the
stimulus to the inflamed paw. The hot plate test allows rats to compensate for pain in the
inflamed paw by distributing more weight among the other three paws, whereas the von
Frey test applies the stimulus directly to the inflamed paw. Thus, the von Frey test showed a
clear and consistent decrease in withdrawal threshold on all of the test days following CFA
administration, as has been reported in previous studies 43, 49. Despite this difference, no
tolerance to morphine antinociception was evident in CFA treated rats whether nociception
was assessed with the hot plate or von Frey test.

Morphine tolerance has been repeatedly reported in healthy rats without a chronic pain
condition. This tolerance is evident whether rats were given morphine via repeated
microinjections 3, 23, 39, 50, 53 or continuously into the vlPAG 29. The present study showed
that this tolerance was only evident using the hot plate test in non-inflamed rats, but that is
because morphine had minimal effect on the von Frey threshold in these rats. The von Frey
test measures allodynia, and thus, is a test of limited use in the absence of chronic pain.
Nonetheless, it was necessary to apply the von Frey test to non-CFA treated rats so that both
inflamed and non-inflamed rats underwent identical testing procedures. In contrast to the
von Frey test, the hot plate test assesses nociception whether rats are in chronic pain or not.
The present data show a clear rightward shift in the morphine dose response curve in non-
CFA rats treated with morphine compared to saline when assessed on the hot plate test. This
tolerance to repeated microinjections of morphine into the vlPAG is consistent with
numerous previous studies in normal rats 3, 6, 10, 19, 20, 23, 31, 32, 35, 37, 39, 50, 52, 53.

Similar to healthy rats, tolerance to morphine antinociception has been reported following
systemic administration in rats with chronic inflammatory pain, 10, 14, 26, 30, 31, 54 but these
reports are countered by other studies showing a lack of morphine tolerance in animals in
chronic pain 1, 7, 19, 25, 55. This discrepancy suggests that methodological differences may
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determine whether tolerance occurs or not. For example, many of the studies reporting a
lack of tolerance used intraplantar injections of formalin to induce chronic pain 1, 25, 55

whereas many of the studies reporting tolerance induced chronic pain with administration of
CFA into the hind paw, although tolerance does not always occur7. Additionally, many
studies reporting tolerance have administered morphine centrally, whereas studies showing a
lack of tolerance have administered morphine directly into the inflamed tissue. These studies
indicate that the mechanisms underlying morphine tolerance are mediated by the central
nervous system. The current data suggest that susceptibility to morphine tolerance also may
vary depending on the central site of action. For example, repeated morphine administration
causes activation of astrocytes and microglia in the PAG, and this activation and the
development of morphine tolerance is blocked in rats with CFA-induced inflammation7.

Tolerance is often defined as a decrease in morphine antinociception over time 14, 16, 17.
However, a decrease in antinociception with repeated testing is called behavioral tolerance
and has been reported following repeated morphine administration systemically 12, 37 or into
the vlPAG 28. Behavioral tolerance is distinct from pharmacological tolerance, which is
caused by neural adaptations as a result of drug exposure. The present data provide a good
example of this difference. A decrease in morphine antinociception was evident with each
subsequent microinjection of morphine on Trials 1 - 4 (Figure 4), but the dose response
analysis on Trial 5 revealed no difference in morphine potency between CFA rats treated
with morphine or saline. These results show that the decrease in morphine antinociception
with repeated hot plate testing was a result of behavioral tolerance rather than
pharmacological tolerance. Although repeated behavioral testing weakened the potency of
morphine antinociception, the dose response analysis revealed a further rightward shift in
the dose response curve in morphine compared to saline treated rats lacking inflammation.
This additional decrease in morphine potency is distinct from behavioral tolerance.
Additionally, microinjecting morphine in the absence of repeated hot plate testing, as was
done in Experiment 2, enhanced morphine potency compared to rats in Experiment 1 that
underwent repeated testing (see Table 1). However, there was no evidence of
pharmacological tolerance to morphine in either experiment as demonstrated by the lack of a
difference in morphine potency on the dose response analysis in CFA rats treated with
morphine or saline.

Likewise, there was no evidence of tolerance in CFA treated rats even when rats were
treated with eight morphine microinjections over 4 days. These rats also showed very little
antinociception. Whether this is caused by the magnitude of behavioral tolerance,
mechanical damage to PAG neurons from repeated microinjections, or some other cause is
not known. Whatever the cause, if tolerance to morphine were present, then a further
decrease in potency would have been evident in morphine treated rats, and yet this was not
the case. These data do not demonstrate that tolerance to vlPAG morphine does not occur,
just that tolerance to repeated morphine microinjections does not occur in rats with
inflammation of the hind paw.

The induction of chronic pain causes many changes in the nervous system. Within the PAG,
CFA administration into the hind paw has been shown to increase glutamate and decrease
GABA release, increase levels of neurotensin and brain-derived neurotrophic factor, and
increase expression of serotonin and glutamate receptors 13, 18, 46, 47, 57, 58. In addition, the
PAG projects to the RVM, and changes in the RVM or spinal cord caused by inflammation
could counteract tolerance produced by the PAG. Which of these, if any, contribute to the
loss of morphine tolerance to vlPAG morphine administration in CFA treated rats is
unknown, but recent evidence suggests that CFA-induced inhibition of PAG glia plays a
role7.
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In conclusion, the current study demonstrates that repeated microinjections of morphine into
the vlPAG produces antinociception against mechanical allodynia and thermal nociception
in rats with chronic inflammatory pain, but repeated morphine microinjections into the
vlPAG failed to produce tolerance. These results suggest that the presence of chronic
inflammatory pain may cause physiological changes within the vlPAG that counteract the
development of morphine tolerance. Therefore, the vlPAG may serve as a primary location
for further identification of tolerance mechanisms.
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Perspective

The present data show that induction of chronic inflammatory pain does not disrupt the
antinociceptive effect of microinjecting morphine into the vlPAG, but it does attenuate
the development of tolerance. This finding indicates that tolerance to opioids in rats with
inflammatory pain is mediated by structures other than the vlPAG.
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Figure 1.
Location of microinjection sites from Experiment 1. Only injection sites within the vlPAG
were included in data analysis. There was no difference in location between CFA treated rats
(triangles) and non-CFA rats (circles) nor in rats treated with saline (open shapes) and
morphine (closed shapes). The locations of the coronal section relative to the interaural line
are indicated at the bottom of each section [36]. Microinjection sites for Experiments 2 and
3 were similar.
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Figure 2.
Daily assessment of nociception using the von Frey and hot plate tests before and after
intraplantar administration of CFA. A) CFA administration caused a pronounced and
prolonged decrease in von Frey pressure thresholds. This decrease from baseline von Frey
threshold was significantly different from the threshold on the subsequent 5 days. B) There
was no significant difference in mean hot plate latency before and after CFA administration.
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Figure 3.
Assessment of morphine antinociception and tolerance in CFA-treated rats using the von
Frey test. A) Microinjection of morphine produced a significant increase in pressure
thresholds that was consistent across the four trials. B) Morphine produced a dose dependent
increase in von Frey threshold, but there was no difference in morphine potency on Trial 5
between rats treated with morphine or saline on Trials 1 - 4. The same result was evident in
non-inflamed rats except that the range of scores was different because of the lack of
allodynia (note the difference in range on the y-axis between Figures A & B vs. C & D). C)
Microinjection of morphine caused a significant increase in von Frey threshold that persisted
for all four days. D) There was no difference in morphine potency on Trial 5 in non-
inflamed rats treated with morphine or saline on Trials 1 – 4.
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Figure 4.
Comparison of morphine antinociception and tolerance in CFA and non-CFA treated rats on
the hot plate test. A) CFA treated rats showed a significant increase in hot plate latency
following microinjection of morphine that decreased with each subsequent injection [F (3,
42) = 4.10, p < 0.05]. B) Morphine produced a dose dependent increase in hot plate latency
for CFA-treated rats when tested 18 hours after the pretrial 4 treatment, but there was no
significant difference in morphine potency on Trial 5 between rats treated with morphine
and saline on Trials 1 - 4. C) Non-CFA treated rats showed a similar increase in hot plate
latency following microinjection of morphine F (1, 14) = 19.5, p < 0.05]. Although this
antinociception decreased with each subsequent injection, there was no significant group by
trial interaction [F (3, 42) = 1.52, p > 0.05]. D) Repeated morphine injections into the
vlPAG of control rats not treated with CFA caused a significant rightward shift in the
morphine dose response curve compared to saline treated rats [D50M = 15.7 vs. 10.4 μg,
respectively; F (1, 60) = 7.56, p < 0.05] as would be expected with the development of
tolerance.
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Figure 5.
Lack of morphine tolerance in CFA-treated rats not exposed to repeated behavioral testing.
A) Morphine produced a dose dependent increase in von Frey threshold with no difference
in potency between rats treated with morphine and saline on Trials 1 - 4. B) Hot plate
latency also increased in a dose dependent manner to morphine microinjections with no
difference in potency between morphine and saline treated groups.
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Table 1

Comparison of D50 values ± 95% confidence intervals (μg) for rats tested repeatedly or only on the final test
day.

Hot Plate D50 Von Frey D50

Repeat test Single test Repeat test Single test

Saline 8.9 ± 5.8 5.1 ± 2.8 4.9 ± 4.1 3.4 ± 4.2

Morphine 11.1 ± 9.9 6.1 ± 3.8 4.5 ± 5.6 2.7 ± 1.9

There are no significant differences in D50 values between morphine and saline treated rats when tested repeatedly or with a single test.
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