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BERGE, 0.-G., I. GARCIA-CABRERA AND K. FURSET. Hyperbaric exposure and morphine alter the pattern of behavior in
the formalin test. PHARMACOL BIOCHEM BEHAV 40(2) 197-201, 1991.—This study investigates the behavioral effects of
morphine administration and exposure to high ambient pressure in the formalin test. Rats were simultaneously given formalin (0.1
ml, 5%) in a hind paw, and saline or morphine (2.5-10.0 mg/kg) subcutaneously. They were then exposed to ambient pressure of
either 1 or 48 bar (compression rate: 3 bar/min; 1 bar is approximately equal to the pressure of 1 atmosphere) in a helium-oxygen
atmosphere. The behavior of the animals was monitored for 35 min at stable pressure, starting 25 min after the injections. After
morphine, the groups tested at 1 bar showed a dose-dependent reduction in pain-related activities such as licking, biting, clutching
and protecting the injected paw but paw-elevation while resting was significantly increased after the highest dose. The 48-bar
groups spent almost no time in these behavioral categories but showed an increase in apparently normal motor activity. Paw-
jerking appeared to be a more robust response. The number of jerks was not altered by pressurization and was dose-dependently
reduced by morphine at both pressures. The results show that hyperbaric exposure alters the response pattern in the formalin test,
demonstrate the advantage of evaluating several behavioral criteria in this test and provide tentative evidence against pressure
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reversal of morphine analgesia.
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THE formalin test has gained considerable recognition as a use-
ful analgesimetric procedure. The test employs a continuous
stimulus which generates behavioral (10) and electrophysiologi-
cal (9) responses that persist from several minutes up to more
than an hour. In this regard, the test differs distinctly from the
more commonly used hot-plate and tail-flick tests which register
short-lasting behavioral and reflexive responses to noxious stim-
uli of brief duration. The formalin test is sensitive to a wider
range of analgesics than these tests (17, 19, 20) and has been
considered to be a more adequate model for clinical pain (3).

The implementation of the formalin test varies with regard to
site of injection, response criteria, data sampling and stimulus
intensity (concentration and volume of formalin). Selection of
response criteria may be particularly important for the validity
of the test, but this issue has not been extensively studied in the
rat. Usually, a single ‘‘pain’’ index is calculated for a defined
time period, based on the accumulated time of one or several
selected behavioral responses (3, 10, 12).

Another problem which has received little attention is the
possible interference of the treatments evaluated with the ability
of the subjects to perform the criterion responses. Motor impair-
ment may, for instance, be incorrectly interpreted as alterations
in nociception.

The present investigation was carried out in order to provide
a better understanding of the behavioral responses of rats in the
formalin test. A microcomputer was used for continuous scoring
of all observed behavior, and the effects of a pharmacological
treatment factor (morphine) and an environmental stress factor
(compression and exposure to elevated ambient pressure) were

investigated.

The stressor was chosen partly because it represents a stan-
dardized and highly reproducible procedure which has been
shown to induce changes in motor activity in rats (13,14) and
partly to obtain information which may contribute to the devel-
opment of a test suitable for investigating pain and analgesia at
high ambient pressure. Pressure interferes with the action of
some drugs. The pressurization procedure used in this study an-
tagonizes the behavioral effects of ethanol (13) and there is a
well-documented pressure reversal of the effect of several anes-
thetics (16, 21, 22, 26). However, in spite of important practi-
cal and theoretical implications, little is known about possible
interactions between pressure and commonly used analgesics.

METHOD
Subjects

Drug-naive male Sprague-Dawley rats (Mol:SPRD, Mglle-
gird, Denmark) weighing 250-300 g at the beginning of the ex-
periment were housed three to a cage. The light phase lasted
from 0800 to 2000 hours and ambient temperature was main-
tained at 22-23°C. All experiments took place during the light
period and animals belonging to the various treatment groups
(n=38 for each group) were tested in randomized order.

The Hyperbaric Chamber and the Compression Procedure

Experiments were carried out in a steel hyperbaric chamber
(approximately 24.5 1 internal volume) fitted with an acrylic
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window. Temperature was controlled by circulating water through
a copper coil around the outside of the chamber. The gas tem-
perature inside the chamber was registered by means of ther-
mistor probes. Temperature and pressure data were continuously
updated on a computer monitor and stored for later analysis. An
electric fan ensured proper mixing of the gases inside the cham-
ber and forced the gases through a cartridge containing soda lime
to prevent CO, accumulation.

The animals were habitvated to the chamber for 45 min im-
mediately before injection of formalin. From 2 min after injec-
tion, the chamber was flushed with a mixture of 80% helium
and 20% oxygen. Compression was started 4 min 20 s after in-
Jjection at a rate of 3 bar/min so that the animals reached stable
pressure 20 min after formalin injection. The period at pressure
lasted 40 min. The 1-bar groups received the same treatment as
the 48-bar groups except that compression was replaced by
flushing with heliox. Oxygen partial pressure was maintained
between 0.2 and 0.4 bar.

Analysis of the data recorded during compression and at 48
bar showed that the pressures were within 1% of the predefined
values in all experiments.

The temperature of the chamber was adjusted to offset heli-
um-induced hypothermia (7). The temperature settings were 30°C
for the 1-bar groups and 34°C for the 48-bar groups. During the
observation period, the recorded temperature deviated by less
than 0.5°C from the set values.

Handling and Testing Procedures

All animals were gently handled for 1 min on two consecu-
tive days and were tested on the third day.

In the chamber, each rat was free to move within an area of
210X 110 mm. Two rats were tested at the same time but in
individual enclosures. To facilitate observation, a mirror was
positioned at a 45° angle at the back of each enclosure. The rats
were allowed 45 min in the testing enclosure before injection of
dilute formalin (100 I, 5%) into the dorsal surface of the left
hind paw. Morphine (morphine-HCl, local supplier; 2.5, 5.0 or
10.0 mg/kg dissolved in a volume of 5 ml/kg 0.9% NaCl) or an
equivalent volume of vehicle was injected subcutaneously in the
neck, immediately before formalin administration.

For 60 min starting at the time of injection, continuous video
recordings were made through the window of the chamber. Sub-
sequently, analysis of the behavior was performed by means of
a computer program that allowed the observer to register catego-
ries of behavior in terms of accumulated time and number of
events. The observer did not know the group assignment of the
animals. Scoring started 25 min after injection of formalin and
morphine (5 min after reaching stable pressure in the 48-bar
groups) and scores were accumulated for 7 consecutive S-min
periods. All behavior was recorded as belonging to one of the
following categories:

1) Focused, pain-related activity: Motor activity directed to-
wards the injected paw, including licking, biting and shaking of
the paw as well as clutching the paw tightly against the flank.
2) Modified, pain-related activity: Motor activity not directed
towards the injected paw but modified as to protect it, e.g.,
limping during locomotion or partially elevating the injected paw
during rearing or grooming. 3) Not pain-related motor activity:
Motor activity not directed towards, or without protecting, the
injected paw. 4) Resting with the injected paw elevated or
clutched against the flank. 5) Resting without protecting the in-
jected paw. 6) Paw-jerks involving the injected paw.

The accumulated time of each of the first five categories and
the number of responses in category 6 were used to evaluate the
behavior.
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FIG. 1. Formalin test on rats at 1 or 48 bar ambient pressure: activity
focused on the injected paw, modified as to protect it or apparently un-
related to the formalin injection. Data given as mean and S.E.M, n=8
in each group. Formalin and morphine or saline were injected at time 0.
The time spent in each behavioral category was accumulated for 5 min
at a time, starting at 25 min. Compression of the 48-bar groups started
at 4 min 20 s and was completed at 20 min.

Statistical Analysis

The behavioral data were subjected to repeated measures
analysis of variance (ANOVA) as detailed in the results. Signif-
icance was accepted at the 5% level.

RESULTS
Focused, Pain-Related Activity

With the exception of paw-jerking, all active responses in-
volving the injected paw or directed towards it were completely
suppressed at 48 bar (Fig. 1, upper panel).

At 1 bar, the overall amount of activity as well as the dose-
related reduction in activity after morphine was particularly pro-
nounced during the first half of the session. Comparisons with
the saline group (2 doses X 7 periods ANOVA) revealed signif-
icant group effects starting with the 5 mg/kg dose, F(1,14)=
5.91, p<<0.05, and significant group X period interaction after
all doses, including the 2.5 mg/kg dose, F(6,84) =5.39, p<<0.0005.

Modified, Pain-Related Activity

At 48 bar, the amount of activity modified as if to protect
the injected paw was greatly reduced [Fig. 1, middle panel;
F(1,56)=52.96, p<<0.00001 for pressure effect, 2 pressures X
4 doses X 7 periods ANOVA]. Furthermore, a significant inter-
action between pressure and dose, F(3,56)=15.89, p<0.002, was
found. At 1 bar, the 10 mg/kg group [F(1,14)=331.43,
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p<0.00001; 2 doses x 7 periods ANOVA], but none of the
other groups had significantly lower scores than the saline group,
while at 48 bar, no statistical difference between groups was
present (no tendency to group effect, period effect or interac-
tion, 4 X7 ANOVA).

Not Pain-Related Motor Activity

The pressurized groups showed considerably more activity
scored as unaffected by pain than the 1 bar groups [Fig. 1, lower
panel; F(1,56)=280.53, p<<0.00001 for pressure effect, 2 pres-
sures X 4 doses X 7 periods ANOVA]. At 1 bar, only the
groups that had received 2.5 and 5.0 mgrkg of morphine showed
a measurable amount of such activity, with the level increasing
towards the end of the session. There was only a tendency to-
wards difference between groups, F(3,28)=2.87, 0.05<p<0.10,
and towards group X period interaction, F(18,168)=1.60,
0.05<p<0.10, at 1 bar (4 doses X 7 periods ANOVA).

The groups at 48 bar displayed a considerable amount of ap-
parently normal activity. Initially, morphine tended to reduce
the level of activity in a dose-related manner, but the group
difference was not statistically significant [F(3,28)=2.70,
0.10>p>0.05, 4 doses X 7 periods ANOVA]. While the sa-
line-treated animals gradually became less active with time, the
opposite tendency was evident after morphine, and comparisons
with the saline group demonstrated significant group X period
interactions after all doses [2.5 mg/kg: F(6,84)=5.37, p<<0.0005;
5 mg/kg: F(6,84)=5.02, p<0.0005; 10 mg/kg: F(6,84)=4.29,
p<0.002; 2 doses X 7 periods ANOVA for each comparison].

Time at Rest With the Injected Paw Elevated

This category was all but absent at pressure (Fig. 2, upper
panel). At 1 bar, there was only a nonsignificant ten-
dency to overall difference between the groups [F(3,28)=2.79,
0.05<p<0.10, 4 doses X 7 periods ANOVA], but both the 5
mg/kg group, F(6,84)=6.01, p<<0.00001, and the 10 mgkg
group, F(6,84) =9.48, p<<0.00001, differed from the saline group
in time course (group X period interaction, 2 groups X 7 peri-
ods interaction for both comparisons).

Time at Rest Without Elevating the Injected Paw

There was little overall difference between 1 and 48 bar in
the time spent at rest without elevating the injected paw (Fig. 2,
lower panel; no significant pressure effect or pressure X dose
interaction, 2 pressures X 4 doses X 7 periods ANOVA).

The overall effect of morphine was to increase the amount of
time in this category [F(3,56)=16.77, p<<0.0001 for dose ef-
fect, 2 pressures X 4 doses X 7 periods ANOVA], but at 1
bar, only the 10 mg/kg group had significantly higher values
than the saline group [F(1,14)=9.66, p<<0.01; 2 doses X 7 pe-
riods ANOVA]. At 48 bar there was a dose-related effect of
morphine with each of the drug-treated groups showing signifi-
cantly more time at rest than the saline group [2 doses X 7 pe-
riods ANOVA: F(1,14)=5.02, p<0.05 for 2.5 mg/kg, F(1,14)=
7.88, p<<0.02 for 5 mg/kg and F(1,14)=37,96, p<<0.00001 for
10 mg/kg].

Number of Paw-Jerks

The number of paw-jerks was dose-relatedly reduced by
morphine at both pressures but an interaction between pressure
and dose was evident [Fig. 3; F(3,56)=2.86, p<<0.05, 2 pres-
sures X 4 doses X 7 periods ANOVA]. The scores did not dif-
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FIG. 2. Formalin test on rats at 1 or 48 bar ambient pressure: accumu-
lated time at rest with or without the paw elevated. For further details,
see legend to Fig. 1.

fer between the two saline-treated groups (no significant group
effect or group X period interaction, 2 groups X 7 periods
ANOVA) but at 1 bar, significant effects of morphine started at
the 5 mg/kg dose level, F(1,14)=8.49, p<0.02, while at 48 bar,
the effects were significant aiso after the 2.5 mg/kg dose [F(1,14)=
7.86, p<0.02, 2 doses X 7 periods ANOVA].

DISCUSSION

This investigation of the behavior of rats in the formalin test
shows that pressurization and morphine administration changes
the amount of pain-related motor activity induced by formalin
and alters the pattern of exhibited behavior. The number of
paw-jerks was dose-dependently reduced by morphine both at 1
and 48 bar. While pressure per se did not significantly change
this response, morphine appeared to be slightly more potent at
48 bar. Pressurization completely suppressed all other pain-re-
lated behavior directed towards the injected paw (licking, biting
and shaking of the paw and clutching the paw tightly against the
flank during locomotion) as well as resting with the paw ele-
vated. The animals at pressure were also less inclined to protect
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FIG. 3. Formalin test on rats at 1 or 48 bar ambient pressure: number of
paw-jerks. The rats were given saline (filled circles) or morphine (open
symbols; circles: 2.5 mg/kg, triangles: 5.0 mg/kg, squares: 10.0 mg/kg).
Further details are given in legend to Fig. 1.
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the injected paw during motor activity. Pressurization increased
the amount of time spent in apparently normal motor activity.

Theoretically, freezing as a response to the stress of pressur-
ization might have interfered with the pain-related behavior. Rats
have previously been shown to freeze extensively in the forma-
lin test after exposure to electrical shock (11). However, freez-
ing was not observed in a pilot study under conditions identical
to those of the present study (Berge et al., unpublished observa-
tions) and although not specifically scored in these experiments,
would have been included in the normal resting category. Rest-
ing was increased by morphine but not by pressurization and was
not predominant in the saline-treated groups.

It seems more likely that the decrease in most categories of
pain-related behavior at pressure is related to an increase in
background motor activity. Separate experiments under identical
conditions have shown that without formalin injection, saline-
treated rats spend more of their time resting than in the present
experiments and the level of motor activity is significantly higher
at 48 bar than at 1 bar. When active, the behavior does not re-
semble the pain-related activity seen after formalin [(13), Berge
et al., unpublished observations]. The motor activity observed at
1 bar in the present study must, therefore, to a great extent have
been induced by the injection of formalin. Supporting this as-
sumption, nearly all the motor activity observed in saline-treated
animals at 1 bar was classified as being pain-related. In con-
trast, the rats at 48 bar spent most of the observation time at
activities not scored as pain-related. In these groups, the forma-
lin-induced responses would be performed against a background
of increased motor activity and possibly in competition with such
activity. On this basis, it seems likely that general motor excita-
tion, which is a well-documented effect of pressurization, may
reduce the time spent in specific pain-related activity after for-
malin administration.

Other factors including diffuse noxious inhibitory controls
(DNIC) (24,25) triggered by barotrauma to the ears, stress-in-
duced analgesia and suppression of behavioral responses to pain,
may also have affected the response pattern. Several studies have
previously demonstrated stress-induced reductions of responses
in the formalin test (2, 5, 11). We are at present investigating
the possible contribution of these factors to the altered behavior.
The observation that paw-jerking was not reduced at pressure,
however, suggests that the pain sensitivity of the animals was
unaltered.

In these experiments, the ambient temperature was adjusted
as previously described in order to sustain normal body temper-
ature in spite of the increased heat-loss caused by the thermal
properties of helium (7). Measurement of tail skin temperature
under identical ambient conditions has shown that at 48 bar,
the temperatures are 3-3.5°C higher than at 1 bar, reflecting the
difference in gas temperature (7). Studies in mice have shown
that the response in the late phase of the formalin test is affected
by environmental temperature and vasomotor tone of the paw
skin (28). The effect seems to occur within a narrow range of
temperatures near normal room temperature and it is doubtful
that such mechanisms were important in the present experiment.
The temperature difference would have tended to favor the in-
flammatory response in the 48-bar groups, and does not offer an
explanation for the observed reductions in most pain-related be-
haviors.

Most of the behavior assumed to be pain-related was reduced
in a dose-dependent manner after morphine. The notable excep-
tion was paw-elevation while resting, which was significantly
increased in the 1-bar group after 10 mg/kg and was in fact the
predominant category observed after this dose. In the saline
group, the amount of time scored in this category showed a sub-
stantial increase during the second half of the session, at a time
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when licking, biting, shaking and clutching the paw towards the
abdomen were greatly reduced. Thus, in the 1-bar condition,
paw-elevation while at rest was exhibited at times when active
responses indicative of pain were reduced or absent. At 48 bar,
only negligible amounts of time were spent in this category.
Since resting with the paw elevated only occurs in the absence
of overt motor activity, a number of factors, including drug-in-
duced sedation, habituation to the test situation or the absence
of pain of sufficient strength to induce active responses directed
towards the paw, favor its expression while the converse is the
case for factors that cause increased motor activity. A previous
study found that a low dose of morphine more than doubled the
duration of paw elevation of rats while higher doses caused a
dose-related reduction in the response (4). The study did not
distinguish paw elevation during resting from paw elevation dur-
ing activity, employed a weaker stimulus and differed from ours
in several other methodological aspects, preventing a direct
comparison of the results. However, it seems clear that inclu-
sion of paw-elevation during resting as an indicator of pain may
lead to paradoxical results.

In the literature, different criteria have been used in the for-
malin test, either singly or in combination. When rats are tested,
paw-elevation is usually employed, either as sole criterion as in
the study discussed above (4) or as one factor contributing to a
pain index (10). Given the results of the present study, caution
seems warranted when using this response, particularly if the
time when the animals are at rest is included.

In mice, licking and biting on the injected paw is the pre-
dominant response and is usually taken as a single indicator of
pain (17, 20, 27, 30). Licking and biting would be a component
of focused, pain-related activity in the present study and our data
are compatible with this category being sensitive to morphine.
The fact that the behavior is inhibited by pressurization may,
however, indicate susceptibility to nonanalgesic treatment ef-
fects.

In our experience, jerking movements of the injected paw are
a consistent and characteristic response to formalin in the rat.
The response may be observed during periods of inactivity as
well as when the animals are active. This study indicates that
the number of paw-jerks may be a robust and relatively sensi-
tive indicator of pain, in line with the conclusion of a recent
methodological study where the number of flinches, a response
category defined slightly more widely than the paw-jerk category
of the present study, appeared to be less variable than time spent
licking (31). The use of a single criterion may, therefore, be ad-
equate in the formalin test. The advantage of using a single,
easily defined and objective criterion is obvious. However, com-
prehensive scoring as in the present study provides a more com-
plete picture of the behavior of the animals and in our opinion,
more data, particularly from pharmacological studies, are needed
for a definite evaluation of the merits of different criteria and
rating scales.

Since pressure significantly altered the overall response to
formalin, any conclusions with regard to the interaction of pres-
sure and morphine will have to be tentative. In the categories
where comparable activity was observed at 1 and 48 bar, i.e.,
time in normal resting posture and the number of paw-jerks,
morphine appeared to be somewhat more potent at elevated
pressure. Previous studies have shown that the distribution and
elimination of morphine remain unaffected by pressures as high
as 71 bar (1). Pressure of similar magnitude to that used in the
present study has been found to increase the proportion of dor-
sal horn nociceptive neurons maximally inhibited by a low dose
of morphine (29), suggesting that pressure may interact directly
with the action of opiates. An alternative possibility is that the
pressurization procedure causes a stress-induced potentiation of
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morphine analgesia. Such interactions have been reported in
other paradigms (23).

Only a few other studies have addressed the possible interac-
tion between elevated pressure and morphine but the results are
inconclusive. One study reported unaltered analgesia in mice
tested with the hot-plate method at a pressure of approximately
18 bar (15). However, the response latencies of the control sub-
jects were significantly reduced at pressure, probably due to the
elevated ambient temperature. Furthermore, forepaw lick, which
is an unreliable indicator of pain in this test (6, 18, 32), was
employed. In another study, pressurization to approximately 7
bar did not alter the morphine dose-response of rats exposed to
electric shocks in an avoidance paradigm (8). It should be noted
that the pressures applied were relatively low in these studies.

In conclusion, the responses exhibited by rats in the formalin
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test show varying degrees of sensitivity to pharmacological treat-
ment and changes in the testing environment. While the paw-
jerk response seems to be particularly robust and reliable, the
analysis of several separate criteria may still be preferable, at
least until more data on the significance of the different re-
sponses are available. The results provide tentative evidence
against pressure-induced changes in pain sensitivity and pressure
reversal of morphine analgesia.
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