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Abstract
Stress is known to elicit pain relief, a phenomenon referred to as stress-induced analgesia. Based
on stress parameters, opioid and non-opioid intrinsic pain inhibitory systems can be activated. In
the present study, we assessed whether changing the duration of stress would affect the
involvement of endogenous opioids in antinociception elicited by swim in warm water (32°C),
known to be opioid-mediated. Using mice lacking beta-endorphin, enkephalins or dynorphins and
their respective wild-type littermates, we assessed the role of each opioid peptide in
antinociception induced by a short (3 min) vs. long (15 min) swim. Mice were tested for baseline
hot plate latency, exposed to swim (3 or 15 min) in warm water (32°C) and then tested for
antinociception at 5, 15 and 30 min. Our results revealed that both swim paradigms induced
significant antinociception in wild-type mice. However, the short swim failed to induce
antinociception in beta-endorphin-deficient mice, illustrating that beta-endorphin is important in
this form of stress-induced antinociception. On the other hand, antinociception elicited by the long
swim was only slightly reduced in beta-endorphin-deficient mice despite pretreatment with
naloxone, a non-selective opioid receptor antagonist, significantly attenuated the antinociception
elicited by the long swim. Nevertheless, a delayed hyperalgesic response developed in mice
lacking beta-endorphin following exposure to either swim paradigm. On the other hand, mice
lacking enkephalins or dynorphins and their respective wild-type littermates expressed a
comparable antinociceptive response and did not exhibit the delayed hyperalgesic response.
Together, our results suggest that the endogenous opioid peptide beta-endorphin not only mediates
antinociception induced by the short swim but also prevents the delayed hyperalgesic response
elicited by either swim paradigm.
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1. Introduction
The endogenous pain inhibitory systems can be activated by fear, anxiety, stress, etc. (Akil
et al., 1976; Bodnar et al., 1978a; Butler and Finn, 2009; Lewis et al., 1981; Mayer et al.,
1971; Terman et al., 1984). It is well documented that stress activates different intrinsic pain
inhibitory mechanisms, leading to analgesia in humans and antinociception in rodents, a
phenomenon referred to as stress-induced analgesia/antinociception (Butler and Finn, 2009).
Depending on the nature of stressors, different pain inhibitory mechanisms can be activated.
In general, less severe stressors are thought to activate the endogenous opioid system and
elicit the opioid-mediated form of stress-induced analgesia. On the other hand, more severe
stressors recruit pain inhibitory mechanisms that are independent of the endogenous opioid
system (Akil et al., 1986; Amit and Galina, 1986; Butler and Finn, 2009; Mogil et al., 1996).
For example, a 3-min swim in warm water (32°C) elicits antinociception that is mediated by
the endogenous opioid system because this form of antinociception is blocked by naloxone,
a non-selective opioid receptor antagonist (Butler and Finn, 2009; Madden et al., 1977;
Marek et al., 1992; Mogil et al., 1996). Furthermore, tolerance develops to this form of
stress-induced antinociception and animals tolerant to this form of stress-induced
antinociception display cross-tolerance to morphine (Christie et al., 1982; Girardot and
Holloway, 1984; Lewis et al., 1981; Maude-Griffin and Tiffany, 1989; Terman and
Liebeskind, 1986). On the other hand, swim in cold water (2°C for 3.5 min) elicits
antinociception that is not affected by low doses of naloxone that inhibit morphine-induced
antinociception (Bodnar et al., 1978a). Furthermore, this form of stress-induced
antinociception does not display cross-tolerance to morphine (Bodnar et al., 1978b).
However, it is sensitive to neuroendocrine manipulations, such as hypophysectomy (Bodnar
et al., 1979) and blockade by MK-801, a non-competitive NMDA receptor antagonist
(Marek et al., 1992) as well as agents affecting several other neurotransmitter systems, such
as endocannabinoids, GABA, etc. (Butler and Finn, 2009).

The duration of stress is also a determinant factor in eliciting opioid or non-opioid mediated
forms of stress-induced antinociception. For example, intermittent swimming in cold water
induces antinociception that is mediated by the endogenous opioid system. On the other
hand, longer swim in cold water elicits antinociception that is not mediated by the opioid
system (Girardot and Holloway, 1984). A similar phenomenon can be observed if foot shock
is used as the source of stress (Akil et al., 1985). Previous studies have shown that a short (3
min) swim in warm water (32°C) elicits antinociception that is mediated by the endogenous
opioid peptide (Marek et al., 1992) and beta-endorphin has been implicated in this response
(Rubinstein et al., 1996). However, the role of the endogenous opioid system in
antinociception induced by a longer swim in warm water is not fully characterized although
a long swim (7 min) in warm water has been shown to induce a naloxone-insensitive
antinociceptive effect (Mogil et al., 1996). Nevertheless, there is evidence implicating
dynorphins in antinociception elicited by a swim in warm water for 15 min (McLaughlin et
al., 2003). Accordingly, in the current study, we assessed whether antinociception induced
by the long swim (15 min) would be sensitive to blockade by naloxone and whether
endogenous beta-endorphin, enkephalins or dynorphins would play a functional role in this
form of stress-induced antinociception. For comparison, we also examined the role of opioid
peptides in antinociception elicited by the short (3 min) swim, known to be mediated via the
opioid system (Marek et al., 1992; Rubinstein et al., 1996).

2. Material and Methods
2.1.Subjects

We originally obtained the fully backcrossed breeding pairs of the beta-endorphin null
(Rubinstein et al., 1996) and proenkephalin null (Konig et al., 1996) mice from Jackson
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Laboratory (Bar Harbor, Main, USA). The prodynorphin null mice (Sharifi et al., 2001)
were generously supplied by Dr. Ute Hochgeschwender (Oklahoma Medical Research
Foundation, Oklahoma, USA). We have backcrossed these mice on C57BL/6J background
and bred them in house from the fully backcrossed heterozygous breeding pairs of each line.
Female mice (aged between 8–12 weeks) were used for all experiments. Mice were housed
2–4 per cage under a 12-h light/ 12-h dark cycle. The food and water were available ad
libitum. All experiments were conducted according to the National Institute of Health
guideline for the proper use of animals in research and approved by the Institutional Animal
Care and Use Committee at Western University of Health Sciences (Pomona, California,
USA).

2.2. Experimental procedures
The hot plate test was used to measure changes in nociceptive response prior to and at
different time points following a short (3 min) or long (15 min) swim exposure. We used the
hot plate test because it measures nociceptive responses at supra-spinal sites, where stress
could cause the release of opioid peptides (Akil et al., 1985; Madden et al., 1977). Mice
lacking beta-endorphin, enkephalins or dynorphins and their respective wild-type littermates
were first tested for baseline hot plate (52°C) latency, in which mice were placed in the
middle of a Plexiglas cylinder and the amount of time that elapsed for each mouse to lick or
vigorously shake, whichever response occurred first, one of the hindpaws was recorded. A
cut-off time of 40 sec was used to prevent tissue damage. Mice were then left undisturbed
for 60 min and then forced to swim in a beaker (1.8 L) containing 1.4 L lukewarm water
(32°C) for 3 or 15 min. Mice were then placed in a clean cage containing towel papers to dry
for 2 min, and then tested for changes in hot plate latency at 5, 15 and 30 min after the onset
of the swim.

2.3. Effects of naloxone on antinociception induced by the long swim in mice
Female C57BL/6J mice (Jackson Laboratories, inc.; Bar Harbor, Main, USA) were tested
for baseline hot plate latency and 1 h later injected with saline or naloxone (10 mg/kg, s.c.).
Fifteen min later, mice were exposed to swim in warm water for 15 min and tested for hot
plate latency at 5, 15 and 30 min post-swim.

2.4. Data Analysis
Data represent mean (±S.E.M.) hot plate latency (sec) before and at different time points
post-swim and were analyzed by a two-factor repeated-measure analysis of variance
(ANOVA). The post-hoc Newman-Keuls test was used to reveal significant differences
between the groups. P<0.05 was considered significant.

3. Results
3.1. Exposure to the long swim (15 min) compared to short swim (3 min) induced a greater
antinociceptive response

We assessed antinociception induced by the long versus short swim after combining the data
of wild-type mice of all three genotypes (Fig. 1). Two-way repeated measures ANOVA of
the data revealed a significant effect of hot plate latency before and after swim exposure
(F3,171 = 96.51; P<0.0001), a significant effect of swim duration (F1,171 = 9.53; P<0.005)
but no significant interaction between the two factors (F3,171 = 1.92; P>0.05), suggesting
that both stressors induced antinociception in a time-dependent manner. However, the
magnitude of this response was significantly greater at 5 min post swim in mice exposed to
the long as compared to short swim.
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3.2. Antinociception elicited by the short (3 min) swim was blunted in beta-endorphin null
mice

Figure 2 illustrates hot plate latency prior to and following the short (2A) or long (2B) swim
in mice lacking beta-endorphin and their wild-type littermates. Two-way repeated measures
ANOVA revealed no significant effect of genotype (F1,60 = 2.22; P>0.05), but there was a
significant effect of hot plate latency (F3,60 = 28.97; P<0.001) and a significant interaction
between the two factors (F3,60 = 7.24; P<0.001). Post-hoc analysis showed that there was no
difference in baseline hot plate latency between the two genotypes (P>0.05). The 3-min
swim paradigm prolonged hot plate latency in wild-type mice but not in beta-endorphin
deficient mice (P<0.05; compare hot plate latency at 5-min post-swim in both genotypes).
However, a hyperalgesic response was observed in beta-endorphin null mice at 30 min post-
swim (Fig. 2A; compare the latency at 30 min post-swim in null mice to their baseline
latency or the latency of wild-type mice at this time point).

Antinociception elicited by the long (15 min) swim was slightly reduced in beta-endorphin
null mice (Fig. 2B). Two-way repeated measures ANOVA revealed a significant effect of
hot plate latency (F3,36 = 41.92; P<0.001), but no significant effect of genotype (F1,36 =
2.39; P>0.05) and no significant interaction between hot plate latency and genotype (F3,36 =
2.22; P>0.05). Once again, there was no difference in baseline hot plate latency between the
two genotypes (P>0.05). The 15-min swimming paradigm increased hot plate latency in
both wild-type and beta-endorphin-deficient mice, but there was no significant difference
between the two genotypes at 5 min post-swim, when the response was maximal (P<0.05;
compare latency at 5 min versus all other time points for each genotype). However, a
delayed hyperalgesic response was observed in beta-endorphin null mice at 30 min time
point following the long swim exposure (P<0.05; compare the 30-min time point to its
baseline latency).

3.3. Mice lacking endogenous enkephalins and their wild-type littermates displayed
comparable antinociception after exposure to either swim paradigm

Figure 3 illustrates hot plate latency before and after the short (Fig. 3A) or long (Fig. 3B)
swim in wild-type and enkephalin null mice. Two-way repeated measures ANOVA revealed
a significant effect of hot plate latency (F3,42 = 36.07; P<0.001), a significant effect of
genotype (F1,42 = 4.91; P<0.05) but no significant interaction between the two factors (F3,42
= 1.05; P>0.05) for the short swim paradigm. Post-hoc analysis demonstrated that there was
no significant difference in hot plate latency before or at 5-min post swim between
enkephalin-deficient mice and their wild-type littermates (P>0.05).

Two-way repeated measures ANOVA resulted in a significant effect of hot plate latency
(F3,51 = 58.91; P<0.001), but no significant effect of genotype (F1,51 = 0.89; P>0.05) and no
significant interaction between the two factors (F3,51 = 0.65; P>0.05) for the 15-min swim.
Post-hoc analysis showed that swimming in warm water for 15 min induced antinociception
which was not different between enkephalin-deficient mice and their wild-type littermates at
5-min post swim, when the antinociception induced by the long swim was maximal.

3.4. Mice lacking dynorphins and their wild-type littermates expressed comparable
antinociception following either swim paradigm

Figure 4 depicts hot plate latency before and after the short (Fig. 4A) or long (Fig. 4B) swim
in mice lacking the prodynorphin gene and their wild-type littermates. Two-way repeated
measures ANOVA revealed a significant effect of hot plate latency (F3,54 = 13.34; P<0.001)
but no significant effect of genotype (F1,54 = 0.07; P>0.05) and no significant interaction
between the two factors (F3,54 = 0.29; P>0.05) for the short swim paradigm. Post-hoc
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analysis showed no significant difference in hot plate latency between the wild-type and
dynorphin null mice at any time point following swim exposure (P>0.05).

Two-factor repeated measures ANOVA revealed a significant effect of hot plate latency
(F3,39 = 14.74; P<0.001) but no significant effect of genotype (F1,39 = 0.01; P>0.05) and no
significant interaction between the two factors (F3,39 = 0.61; P>0.05) for the 15-min swim
paradigm. Posthoc analysis revealed no significant difference in antinociception elicited by
the 15- min swimming paradigm between mice lacking dynorphins and their wild-type
littermates (Fig. 4B).

3.5. Naloxone significantly reduced antinociception induced by the long swim in C57BL/6J
mice

Figure 5 illustrates hot plate latency prior to and after swim exposure in mice treated with
saline or naloxone (10 mg/kg). Two-way repeated measures ANOVA revealed a significant
effect of treatment (F1,39 = 8.44; P<0.05), a significant effect of hot plate latency (F3,39 =
21.18; P<0.001) and a significant interaction between the two factors (F3,39 = 2.80; P<0.05).
The poshoc analysis of the data illustrated that swim induced antinociception in both groups
but the magnitude of this response was significantly reduced in naloxone-treated mice
compared to their saline-treated at the time of its peak effect. This result suggests that
naloxone reduced the antinociceptive response elicited by this form of stress and implicates
the endogenous opioid system in this response.

4. Discussion
The results of the present study illustrate that antinociception elicited by the short, but not
long swim, was blunted in mice lacking beta-endorphin compared to their wild-type
littermates. However, a delayed hyperalgesic response was observed in null mice following
either swim paradigm. On the other hand, mice lacking enkephalins or dynorphins and their
respective wild-type littermates displayed comparable response following either swim
paradigm. Together, the current results suggest that beta-endorphin is important in mediating
antinociception elicited by the short swim as well as in preventing the delayed hyperalgesic
response. However, neither enkephalins nor dynorphins play a major role in antinociception
elicited by either swim paradigm.

Both swim paradigms induced a significant antinociceptive response which was maximal at
5 min post-swim and declined thereafter in a time-dependent manner. However, exposure to
the long swim compared to short swim induced a significantly greater response when wild-
type mice of all genotypes were combined (Fig. 1), suggesting that the duration of swim
affects the magnitude of stress-induced antinociception. Although at the present time the
underlying mechanisms of enhanced antinociception following the long swim compared to
short swim is not clear, one possibility could be the contribution of non-opioid mediated
mechanisms (see also below). The short swim has been reported to induce antinociception
via the endogenous opioid system (Marek et al., 1992) and beta-endorphin has been
implicated in this response (Rubinstein et al., 1996). However, the role of the endogenous
opioid system in antinociception induced by more severe stress is not well studied. While
Mogil and colleagues found that antinociception induced by swim in warm water for 7 min
was not blocked by naloxone, McLaughlin and colleagues (2003) have implicated
dynorphins in antinociception induced by swim in warm water for 15 min. Thus, using
naloxone, a non-opioid receptor antagonist, we determined the sensitivity of the
antinociception induced by the long swim (15 min) to naloxone. Our results revealed that
swim in warm water for 15 min induced antinociception which was blocked by naloxone
with a small naloxone-insensitive component, implicating both opioid and non-opioid
mechanisms in this response. Although the reason for the difference between our result and
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that of Mogil et al. (1996) is not clear, one possible explanation would be the use of different
experimental paradigms in the two studies. We used a longer (15 min vs. 7 min) swim
duration and a different nociceptive test (hot plate vs. tail withdrawal assay). The residual
antinociception observed in naloxone-treated mice most likely mediated by non-opioid
mechanisms and may explain the enhanced antinociception induced by the long swim as
compared to short swim in wild-type mice (Fig. 1). Overall, our results illustrate that a major
component of the antinociception induced by the long swim is opioid-mediated because
naloxone significantly reduced this form of swim-induced antinociception. Additionally, we
found that antinociception induced by the short swim was blunted in beta-endorphin
deficient mice (Fig. 2A), suggesting that beta-endorphin is the primary neural substrate
mediating this form of stress-induced antinociception. Surprisingly, despite antinociception
induced by the 15-min swimming paradigm was significantly reduced by naloxone, the
antinociceptive response induced by the long swim was only slightly reduced in mice
lacking beta-endorphin compared to their wild-type littermates (Fig. 2B). However,
antinociception elicited by swimming in warm water for 15 min may not require the opioid
peptide beta-endorphin or the response may be mediated by other endogenous opioid
peptides, such as enkephalins or dynorphins (see below). Interestingly, following either
swim paradigm, a delayed (30 min post-swim) hyperalgesic response was observed in beta-
endorphin null mice but not in their wild-type littermates. Although hyperalgesia following
either single or repeated stress has been reported previously and different neurotransmitter/
neuropeptide systems have been implicated in this response (Imbe et al., 2006;Khasar et al.,
2008;Quintero et al., 2000;Suarez-Roca et al., 2006;Vidal and Jacob, 1982), our result are
novel and showing that beta-endorphin is important not only in mediating antinociception
elicited by a short swim, but also in preventing the development of a delayed hyperalgesic
response. The hyperalgesic response could have been due an imbalance between the
nociceptive inhibitory and excitatory mechanisms following repeated hot plate
measurements. For example, this hyperalgesic response could have been due the release of
some facilitatory nociceptive neurochemical(s) in response to swim exposure and/ or
repeated exposure to the hot plate that would have remained unopposed in the absence of
beta-endorphin. We are hoping to elucidate the mechanisms of this hyperalgesic response in
future studies.

Previous studies have excluded endogenous enkephalins as mediators of antinociception
induced by the short swim in warm water as no difference in hot plate latency was observed
between mice lacking enkephalins and their wild-type littermates following exposure to
short swim (Konig et al., 1996). We assessed the role of enkephalins in antinociception
induced by the long swim paradigm and compared it to the response elicited by the short
swim. Although our data analysis revealed a significant effect of genotype, the post-hoc
analysis of the data yielded no significant difference between the wild-type and null mice at
each time point post swim exposure (p>0.05), confirming the results of Konig and
colleagues (1996) and illustrating that a comparable antinociceptive response was observed
in mice lacking enkephalins and their wild-type littermates following the short swim in the
hot plate test. Here, we also report that antinociception induced by the long swim was not
different between mice lacking enkephalins and their wild-type littermates, suggesting that
endogenous enkephalins play minimal functional role in analgesia elicited by the short or
long swim in mice.

Earlier reports have linked endogenous dynorphins to antinociception elicited by the long
swim in warm water (McLaughlin et al., 2003; Starec et al., 1996). However, our result
revealed no difference in stress-induced antinociception elicited by either swim paradigm
between mice lacking dynorphins and their wild-type littermates. Nevertheless, it needs to
be noted that we measured nociceptive responses immediately following a single swim
exposure, whereas McLaughlin and colleagues (2003) examined stress-induced
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antinociception after several swim exposures (one 15-min swim on day 1 followed by 4×6
min on day 2). Furthermore, the tail withdrawal assay as compared to the hot plate latency
was used to measure nociceptive response in the previous study (McLaughlin et al., 2003). It
is particularly important to note that the tail withdrawal assay is used to assess spinal
mechanisms of thermal nociceptive responses while the hot plate test is reported to study
supraspinally-mediated components of nociceptive processing. Thus, the inconsistency
between the current and previous study could have been due to differences in experimental
paradigms.

5. Conclusion
The current results suggest that beta-endorphin plays a functional role in antinociception
induced by the short, but not long, swim. The opioid peptide beta-endorphin also plays a
functional role in preventing the development of a delayed hyperalgesic response. The
endogenous opioid peptides enkephalins and dynorphins do not seem to contribute
significantly to either form of stress-induced antinociception under the current experimental
paradigm. Given that naloxone, a non-selective opioid receptor antagonist, reduced the
antinociceptive responses elicited by the long swim, it is tempting to hypothesize that the
antinociceptive response elicited by long swim may be mediated by more than one opioid
peptide. Thus, further studies using double and triple opioid peptide knockout mice are
needed to shed light on this issue. It is also possible that other endogenous opioid peptides,
such as endomorphins (Zadina et al., 1997) mediate this form of stress-induced
antinociception. However, at the present time, mice lacking endomorphins are not available
to test this possibility.
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Figure 1.
Hot plate latency before and at 5, 15 and 30 min following a 3-min (short) or 15-min (long)
swim in warm (32°C) water in wild-type mice of all three genotypes combined. Data
represent mean (±S.E.M.) of 29–30 mice per swim paradigm. ***significantly different
from its baseline value (P<0.001); #significantly different from mice exposed to swim for 3
min at the given time point (P<0.01)
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Figure 2.
Hot plate latency before and at 5, 15 and 30 min following a 3-min (A) or 15 min (B) swim
in warm (32°C) water in mice lacking beta-endorphin and their wild-type littermates. Data
represent mean (±S.E.M.) of 7–11 mice per genotype per swim paradigm. *significantly
different from its baseline value (P<0.05); #significantly different from beta-endorphin
deficient mice at the given time point (P<0.05)
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Figure 3.
Hot plate latency before and at 5, 15 and 30 min after a 3-min (A) or 15-min (B) swim in
warm (32°C) water in mice lacking enkephalins and their wild-type littermates. Data
represent mean (±S.E.M.) of 7–10 mice per genotype for each swim paradigm.
*significantly different from their baseline value (P<0.05)
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Figure 4.
Hot plate latency prior to and at 5, 15 and 30 min following a 3-min (A) or 15-min (B) swim
in warm (32°C) water in mice lacking dynorphin and their wild-type littermates. Data
represent mean (±S.E.M.) of 7–10 mice per genotype for each swim paradigm.
*significantly different from their baseline value (P<0.05)
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Fig. 5.
Hot plate latency prior to and at 5, 15 and 30 min following a 15-min swim in warm (32°C)
water in C57BL/6J mice treated with saline or naloxone (10 mg/kg, s.c.) 10 min prior to
swim. Data represent mean (±S.E.M.) of 7–8 mice per treatment. *significantly different
from its respective baseline value (P<0.05); ***significantly different from its respective
baseline value (P<0.001); #significantly different from saline-treated controls at the given
time point (P<0.05)
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