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WANG,L C H,T F LEE ANDM L JOURDAN Seasonal difference in thermoregulatory responses to opiates in a
mammalian lubernator PHARMACOL BIOCHEM BEHAYV 26(3) 565-571, 1987 —Accumulated evidence suggests that
ncreased endogenous opioid activities may facilitate the onset of hibernation The present study investigated the change in
thermoregulatory responses following ICV infusion of morphine or [D-Ala?]-Met enkephalinamide (EK) 1n unanesthetized,
unrestrained Columbian ground squirrels (Spermophilus columbianus) duning its annual hibernation cycle In the non-
hibernating phase, low doses of either morphine (<160 ug) or EK (<400 ug) ehcited a dose-related hyperthermia and an
increase n heat production, whereas a higher dose of opiates caused hypothermia and a decrease in metabohc rate

Naloxone (5 mg/kg, SC) pretreatment reduced or reversed both the hyper- and hypothermic responses to opiates Lower
ambtent temperature (5°C) enhanced the hypothermic response and attenuated the hyperthermic response. In the hibernat-
ing phase, euthermic ground squirrels exhibited a reduced responsiveness to exogenous opiates. the hyperthermic response
to low dose of morphine (10 ug) was significantly reduced and hyperthermia, rather than hypothermia was observed at the
highest dose of morphine (160 1g) The reduced responsiveness to opiates observed durmg the hibernating phase seems to
suggest a reduction mn opiate receptor efficacy which 1s 1n agreement with the contention that an increase in endogenous

opioid activities may be incumbent with the commencement of htbernation

Opioid systems Morphine
Oxygen consumption

Enkephalin

Hypertherma
Circannual rhythm of hibernation

Hypothermia Body temperature

SINCE the discovery of the wide distribution of endogenous
opioid-containing neurons within the central nervous sys-
tem, these opioid peptides have been suggested to have
multi-functional roles 1n various physiological and behav-
1oral responses (for review see [1, 12, 25]). Recent studies
have suggested that opioids may be involved in the process
of hibernation. Evidence to date has shown that (a) adminis-
tration of opioid antagomst to hibernating animals either re-
duces the duration of hibernation bout [4] or induces prema-
ture arousal from hibernation [17,20]; (b) an increase in brain
levels of Met- and Leu-enkephalins [16) and Met-enkephalin
immunoreactivity in specific hypothalamic areas {22] have
been reported mn hibernating ammals; (c) the hibernating
ground squirrel is resistant i developing physical depend-
ence to morphine [6]; and (d) the ‘‘hibernation trigger’’-
induced hypothermia, hypophagia and bradycardia in mon-
key can be reversed by opioid antagonists [23]. Taken to-
gether, these results lead to the suggestion that endogenous
op1oid 1s mnvolved in maintaimng the state of hibernation [30].

In experimental amimals, exogenous opiates induce dif-
ferent temperature responses which depend on the species
tested, the dose, route of administration, ambient tempera-
ture and the degree of restraint used during testing (for re-

view see [7,8]). These variations could be due to the pres-

ence of varyig endogenous opioid activities associated with
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the different physiological and behavioral states prior to the
test of opiates on thermoregulation. Since increase in endog-
enous opioid activity appears to be evident during hiberna-
tion (see above), it 1s possible that a differential thermoregu-
latory response to exogenous opiates may be predicted dur-
ing the annual hibernation cycle. To test this possibility, the
thermoreguiatory changes of a hibernator, the Columbian
ground squirrel (Spermophilus columbianus), to centrally
adminstered (ICV) opiates were measured during both the
active and hibernating phases of the annual hibernation cy-
cle The results from the present study may provide more
nformation on the possible role of central opioid systems 1n
therr participation of regulation of hibernation.

METHOD
Anmimals

Mature female Columbian ground squirrels were used 1n
this study. They were live-trapped in the foothills of the Rocky
mountains north of Hinton, Alberta, between May and
August, and kept individually at an ambient temperature of
22°C with 12 L:12 D photoperiod. Food and water were
available ad lib. Weekly measurements of weight were made
to aid determination of the endogenous phase of the annual
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hibernation cycle. The hibernation phase was characterized
by a rapid weight gain followed by a weight plateau and
anorexia. The completion of transition to the hibernation
phase from the non-hibernation phase was further venfied by
the exhibition of hibernation when the animal was placed in
cold (5°C) and dark without food in a walk-1n environmental
chamber. Animals were used after having completed at least
two hibernation bouts and then tested in euthermia following
spontaneous or disturbed arousal from hibernation (by trans-
ferring the animmal to 22°C room temperature and uncurling
the hibernating posture). The non-hibernating phase was
evident when the animals showed no weekly weight increase
and did not hibernate when placed in cold and dark without
food for up to 7 days

Stereotaxic Procedure

Prior to being transferred to the cold room, a guide can-
nula (23-gauge stamless steel tubing) was implanted unilat-
erally into each ground squirrel under halothane anesthesia,
and utihzing the following stereotaxic coordinates: AP=7.0
mm, L=2.0 mm, H=2 0 mm below the dura matter (using
earbars as zero point). The tip of each guirde tube was bev-
eled and positioned 1.0 mm above the lateral ventricle in
order to mimimize damage to the actual infusion site. A 27-
guage indwelling stylet was always kept in the cannula to
prevent its occluston. After completion of the experiments,
the precise anatomical location of the injector cannula (27
gauge) was subsequently verified histologically according to
standard histological procedures.

Body Temperature and Oxygen Consumption Measurements

On the day ot experiment, the animal was transferred to a
circular, Plexiglas water-jacketed metabolic chamber (20x20
cm, diameter X height) in which the ambient temperature
could be controlled accurately at either 5 or 22°C The core
temperature (Tb) of the ground squirrel was recorded con-
tinuously with a pre-calibrated temperature-sensitive radio-
transmitter (Model T-M, Mmi-Mitter Co. Inc., Sunriver,
OR), which was implanted in the peritoneal cavity under
halothane anesthesia at the same time as the ICV cannula
implantation. This transmitter has a squegging oscillator cir-
cuit such that the frequency of the oscillator 1s linear to 1ts
surrounding temperature. The transmitter’s signal was re-
ceived by the FM recerver and displayed on an oscilloscope
so that frequency of the signal could be verified accurately
Using a calibration curve for each transmitter prepared prior
to implantation, the frequency was converted into tempera-
ture (°C) and stored on-line by an IBM personal computer

Dried room air was drawn into the amimal chamber at a
flowrate of 1500 mi/min STP, which was regulated by a cali-
brated electronic mass flow controller (Matheson model 8240
controller + 8142 transducer) A fraction of the exhaust gas
from the animal chamber was passed through tubes contain-
ing Ascartte and Drierite for CO, and water removal before it
was measured by an oxygen analyzer (Apphed Elec-
trochemistry S-3A). The output from the analyzer was re-
corded by a chart recorder, and synchronously computed
and mtegrated at once per second by an IBM personal com-
puter

Once placed 1n the test chamber, the ammal was not han-
dled throughout the test session At least 1 5 hr elapsed be-
fore the drugs were injected 1n order to insure that Tb and O,
consumption attained stable basehne upon which the drug
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FIG 1 Tmme course of changes in (a) core temperature and (b)
oxygen consumption after ICV infusion of CSF (O), morphine 2 §
(+), 10 (<), 40 (A) or 160 ug (X) 1n non-hibernating Columbian
ground squurels tested at 22°C Each poimnt represents the mean
change from the number of squirrels shown beside each line The
s e 1s represented by vertical bars at 60, 120 and 180 min Arrow
indicates time of infusion

effects could be assessed accurately. Behavioral observa-
tions were also noted throughout the experimental period.

ICV Adnurustration of Opiates

One week after surgery, each squirrel was tested with a
standard dose of norepinephrine (20 ug/S ul) given ICV by grav-
1ty flow [21]. Only those animals which responded to NE witha
fall n Tb of more than 0 75°C were included for further
study.

The following compounds were used: [D-Ala%]-Met-
enkephalinamide (EK) acetate (Sigma), morphine sulphate
(BDH) and naloxone hydrochloride (Sigma) Each drug was
prepared immediately before an experniment began m a
pyrogen-free artificial CSF. Each test solution, except EK,
was always passed through a 022 um Swinnex Millipore
filter and then infused into the lateral ventricle 1n a volume of
5 ul by gravity flow The doses in the Results section are
expressed in terms of ug of the salt In order to minimize the
possibility of tolerance development, ammals were tested
with at least a 3-day rest between experiments.

Statistical Analysis

Comparisons between groups were made by two-tailled
Student’s z-test, and unless otherwise stated, a significant
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FIG 2 Mean maximum changes in (a) core temperature (Tb) and (b)
oxygen consumption (VO,) after ICV infusion of CSF or different
doses of morphine tn non-hibernating Columbian ground squirrels
maintained at either 22°C (open colums) or 5°C (striped columns)
Vertical bars indicate s e *Significantly different from the same
ambient temperature CSF control group, p<0.05 1Significantly dif-
ferent from 22°C-exposed animal group receiving the same dose,
p<005

difference between groups was taken as p<0.05 For each
comparison, the mean=+s e. was presented for the response.

RESULTS

Effects of Morphine on Thermoregulation in the Non-
Hibernating Phase

Control ground squirrels exposed to 22°C had an imtial
mean Tb of 37.2+0.22°C and basal oxygen consumption
(VO,) of 0.17+0 03 ml/g/10 min (n=9), these did not change
significantly after ICV nfusion of CSF (Fig. 1). Low doses of
morphine (2 5 to 40 ug) caused a rapid nse in Tb which
persisted for more than 2 hr after infusion. In all cases an
increase in VO, always preceded the nse i Tb (Fig. 1).
Increase in activity was also observed after morphine infu-
sion. A lower dose of morphine (2 5 ug) generally induced
grooming and exploratory behaviour whereas higher doses
(10 and 40 ug) ehcited a marked increase 1n locomotor activ-
1ity, and on some occasions continuous tail chasing. How-
ever, these behavioral changes occurred with varying laten-
cies and time courses and were not coincided with changes in
Tb and VO,. In contrast, the highest dose of morphine (160
ng) caused a decrease in VO, and hypothermia. In most
cases, the animal appeared to have been sedated and lay
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spread out on the floor of the metabolic chamber for about 30
to 45 min. Thereafter, the animal returned to normal posture
and alertness and showed a slight increase 1n locomotor ac-
tivity at the end of the test session.

Figure 2 summarizes the group results after ICV infusion
of morphine at both 5 and 22°C At 22°C, low doses of mor-
phine (up to 40 ug) significantly elicited an increase in VO,
and a rise in Tb. On the other hand, significant decreases 1n
both the mean maximum VO, and Tb were observed after a
high dose of morphine (160 ug). At 5°C, the VO, (0 31+0.09
ml/g/10 min, n=7) prior to ICV infusion was significantly
higher than that observed in animals exposed to 22°C, but the
Tb (37.5+0.32°C) was the same Infusion of low doses of
morphine (up to 40 ug) 1n animals kept at 5°C caused an
elevation of VO, and hyperthermia, both of which were sig-
nificantly greater than the CSF-infused controls. Comparing
the thermoregulatory change at 22 and 5°C, a significant re-
duction 1n mean maximum Tb was observed at 5°C, after 10
and 40 ug morphine However, the corresponding reductions
of VO, at these doses were not significant (Fig. 2). Although
the decreases 1n mean maximum VO, and Tb were greater at
5°C after 160 g morphine infusion, these changes were not
significantly different to those observed at 22°C (Fig 2) After
morphine, the behavioral changes of the 5°C-exposed ground
squirrels were more or less the same as those observed at
22°C
Effects of Met-Enkephalinanude (Met-EK) on
Thermoregulation in the Non-Hibernating Phase

Similar to that observed after morphine administrations,
ICV nfusion with low doses of Met-EK (25 and 100 ug)
caused a dose-related increase in Tb which was preceded by
an increase in VO, (Fig. 3). Also, a decrease in both VO, and
Tb was seen after a high dose of Met-EK (400 ug) In all cases,
the duration of the response to Met-EK was shorter than that
observed with morphine. The behavioral changes elicited by
Met-EK were about the same as those observed with mor-
phine

Figure 4 shows the effect of Met-EK on thermoregulatory
changes in ground squirrels exposed to both 22 and 5°C. The
thermoregulatory patterns of the 5°C-exposed ground squir-
rels were quite similar to that observed at 22°C Even though
the hyperthermic responses were slightly decreased and the
hypothermic responses shightly enhanced at 5°C, only the
mean maximum change in Tb after Met-EK at 100 ug was
significantly lower than that for 22°C

Effects of Subcutaneous Pretreatment of Naloxone on
Opiate-Induced Thermoregulatory Changes in the Non-
Hibernating Phase

At 22°C, subcutaneous injection of naloxone (5 mg/kg)
had no significant effect on changes n Tb (—0 12+0 1°C,
n=35) and VO, (—0.02+0.01 ml/g/10 min). Further, no notice-
able change in the behaviour of the amimal was observed.
However, pretreatment with the same dose of naloxone 5
min prior to ICV mfusion of opiates not only significantly
reduced the hyperthermic response after a moderate dose of
opiates (10 ug morphine or 100 ug Met-EK) but also re-
versed the hypothermic responses after a high dose of opiates
(160 g morphine or 400 ug Met-EK) (Fig. 5). After naloxone
pretreatment, the changes in behavioral activities typically
induced by a low dose of opiates were not seen and the typical
sedative effect of a high dose of opiates was also completely
abolished.
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FIG 3 Time course of changes in (a) core temperature and (b)
oxygen consumption after ICV infusion of CSF (0O), Met-
enkephalinamide 25 (+), 100 (<) or 400 pg (A) m non-hibernating
Columbian ground squirrels maintained at room temperature Each
pomnt represents the mean change from the number of squirrels
shown besides each ine The s e 1s represented by vertical bars at
60, 120 and 180 min Arrow indicates time of infuston

Effects of Morphine on Thermoregulation in the
Hibernating Phase

Compared with squirrels m the non-hibernating phase ex-
posed to 5°C, squirrels n the hibernating phase showed a
significantly lower mitial VO, (0 21+0.03 ml/g/10 min, n=5)
but not Tb (36 9+0.56°C) Figure 6 shows the thermoregula-
tory responses to ICV infusion of either 10 or 160 ug mor-
phine Low dose of morphine caused only a shght increase in
Tb (mean maximum change=0.59+0 21°C), which was sig-
nificantly (p<0.05) lower than that observed in the non-
hibernating animals (mean maximum change=1.63+0 33°C).
Even though the change in VO, (0.076+0.027 ml/g/10 min)
induced by low dose of morphine in the hibernating phase
amimal was less than that of the non-hibernating phase
ground squirrel (mean maximum change=0.103+0.024
ml/g/10 min), this difference was not statistically significant.
In contrast to the hypothermic responses observed in the
non-hibernating phase, a significant increase in both VO, and
Tb was seen 1n the hibernating phase after 160 ug morphine.
Further, rather than a sedative effect, an increase mn locomo-
tor activity was noted after this dose

DISCUSSION
Other than the difference in duration, ICV infusion with
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FIG 4 Mean maximum changes i (a) core temperature and (b)
oxygen consumption after ICV infusion of CSF or different doses of
Met-enkephalinamide 1n non-hibernating Columbian ground squir-
rels mamtained at erther 22°C (open columns) or 5°C (striped col-
umns) Vertical bars indicate s ¢ *Sigmficantly different from the
same ambient temperature CSF control group, p<0 05 +Signifi-
cantly different from 22°C-exposed animal group receiving the same
dose, p<0 05

morphine and Met-EK at 22°C caused a similar dual dose-
related changes in Tb mn squirrels n their non-hibernating
phase: lower doses elicited hypertherrma whereas higher
doses elicited hypothermia Subcutaneous pretreatment with
naloxone was able to reduce or reverse these changes
suggesting that the thermoregulatory effects of morphine and
Met-EK were by activating central mu-receptor This pat-
tern of thermoregulatory changes 1s similar to that observed
in other species after ICV infusion of morphine or EK [9, 11,
15]. The course of hyperthermta evoked by relatively low
doses of opiates was always preceded by an increase in VO,
The exact mechanisms for the increased VO, are not known
Even though increase in locomotor activity was generally
observed after opiate infusion, this may not be the man
reason for the increased VO, because the time course of VO,
change did not always parallel that of locomotor activity and
1n some cases, the increase 1n activity occurred only inter-
mittently Further, 1t has been shown recently that
morphine-induced hyperthermua 1n rats is not brought about
by an increased locomotor activity {29]. Whether the causes
of acute hyperthermia observed m ground squirrels after
opiates share a sumlar increase in vasomotor tone [3,10]
and/or skeletal muscie tonus [28] as have been shown for
other spectes also remains to be investigated In contrast to
that observed with lower doses, the highest dose of opiate
suppressed the VO, and resulted in a fall of Tb. Since a
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FIG 5 Effects of subcutaneous pretreatment with naloxone (5
mg/kg) on opiate-induced (a) core temperature and (b) oxygen con-
sumption responses in non-hibernating ground squirrels kept at
room temperature Vertical bars indicate s e *Significantly different
from appropriate agonist control, p<0 05

decrease 1n VO, and sedation of the amimal were typically
observed, it 1s quite possible that the hypothermic response
to the highest dose of opiate 1s consequent to a transient
depression of CNS function.

The biphasic nature of the dose-response relationship
indicates that opiates may have more than one action on
central thermoregulatory pathways. A most common
method to evaluate the drug effect on thermoregulatory
function 1s to determine drug-induced Tb changes over a
range of ambient termperatures. When ground squirrels were
exposed to cooler temperature, the magmtude of hyper-
thermia induced by lower doses of opiates was attenuated.
This finding agrees with previous reports that the degree of
hyperthermia 1s greater m warmer ambient temperature
[9,26]). The increase n neuronal activity of hypothalamic
cold-sensitive cells after iontophoretic application of mor-
phine [19] suggests that the hyperthermia induced by low
doses of opiate can be brought about by increasing the activ-
1ty of central cold-sensor pathways. Such an action would be
expected to depend on the imitial activity within the pathway
and should be more effective in the warmer environment
when the activity along the pathway was low to begin with.
This suggestion is supported by the fact that a smaller net
increase in VO,, even though not significantly different from
that recorded at 22°C, was consistently observed 1n animals
kept at 5°C after ICV opiates However, the possibility that a

569

20 T

15

T
_—
(]
~—

10 (6)

05 (4)
f (4)

-056

N
9

 (5)

-156

] 1 IS R WA RO L
20

Temperature Change (° C)
o
o

016

Morphine N-Hib Hib
10 ug a L]

012

008

Changes in VO,

004

A

000

{ml/g/10 min)

-0 04
-008

20 0 20 40 60 80 100 120 140 160 180
Time (min)

FIG 6 Comparison of mean changes 1n (a) core temperature and (b}
oxygen consumption after ICV infusion of morphine 10 ug (O) or
160 pg (A) into non-hibernating (open symbols) and hibernating
phase (closed symbols) ground squirrels kept at 5°C Each point
represents the mean change from the number of squiurrels shown
besides each line. The s.e 1s represented by vertical bars at 60, 120
and 180 min Arrow indicates time of infusion

greater rate of heat loss in the cold environment may have
caused the smaller hyperthermic response to the same dose
of opiate 1s also a tenable explanation. Similar to other pre-
vious studies [18,24], the hypothermic response to the high-
est dose of opiate was enhanced when the ground squirrel
was exposed to the cold. Thas 1s likely due to a suppression
of heat production as observed 1n the present study and an
increase 1n heat loss as observed previously in rabbits [18],
both of which would contribute to the greater decrease of Tb
in the cold than that at 22°C.

The most striking finding of the present study is the re-
duction of thermoregulatory responsiveness to exogenous
opiates m the ground squurels during their hibernating
phase Not only was significant reduction in hyperthermic
response to low dose of morphine (10 ug) observed but more
evidently, the highest dose of morphine (160 ug) caused
hypertherma rather than hypotherma. It is as if the opiate-
Tb dose response curve has been shifted to the nght when
the animal undergoes its physiological transition from the
non-hibernating to the hibernating phase. The reduced sen-
sitivity to opiates does not seem to be due to a general de-
pression of CNS thermoregulatory function since the animal
in the hibernating phase still responded to standard doses of
ICV NE with the same degree of fall in Tb. Further, 1t has
been shown previously that both an increase 1n thermoregu-
latory response to serotonin [13] and a constant responsive-
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ness to NE [13] and prostaglandins [14] are typical in ground
squurrels during their hibernating phase as compared to their
non-hibernating phase. The seasonal difference in thermo-
regulatory sensitivity to exogenous morphine 1s also unhkely
due to cold-acclimation in the hibernating animals since
either no change [27] or increased thermoregulatory re-
sponses [31] to exogenous opiates has been reported in
cold-acclimated rats

The differential thermoregulatory response to exogenous
opiate mn ground squurrels during different phases of the
hibernating cycle may indicate an endogenous change in the
central opioid pathways To date, there has been much evi-
dence indicating an increase 1n central opioid activity during
the hibernating phase (see the Introduction section) It 1s
quite possible that the reduced response to opiates observed
during the hibernating phase may be due to a reduction n
opiate receptor efficacy resulted by an increase in endoge-
nous opioid activity during this part of the annual cycle This
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suggestion 1s further supported by recent findings that the
overall brain opioid binding efficacy 1s decreased in the
hibernating ground squurrel [2,5] In view of the fact that
numerous bramn sites have been implicated in the thermo-
regulatory effect of opiates (for review see [7,8]) and the
multiplicity of areas affected after ICV infusion, the results
from the present study are corroborative in nature How-
ever, taking previous findings into consideration, our results
strongly suggest that an altered CNS opioid activity for
thermoregulation occurs 1n consonance with the annual
cycle for hibernation
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