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WANG, L C H , T F LEE AND M L JOURDAN Seasonal dtfference m thermoregulatory responses to oprates tn a 
mammahan htbernator PHARMACOL BIOCHEM BEHAV 26(3) 565-571, 1987 -Accumulated evtdence suggests that 
Increased endogenous oprord acttvtttes may facmtate the onset of htbematton The present study mvesttgated the change m 
thermoregulatory responses followmg ICV mfuston of morphme or [D-Alaz]-Met enkephahnamide (EK) m unanesthettzed, 
unrestrained Columbtan ground squurels (Spermophtlus columbtanus) durmg Its annual lubematton cycle In the non- 
htbematmg phase, low doses of etther morphme (cl60 pg) or EK (~400 pg) elicited a dose-related hyperthermta and an 
increase m heat production, whereas a higher dose of opiates caused hypothermia and a decrease m metabohc rate 
Naloxone (5 mg/kg, SC) pretreatment reduced or reversed both the hyper- and hypothermrc responses to optates Lower 
ambient temperature (5°C) enhanced the hypothermic response and attenuated the hyperthermtc response. In the htbemat- 
mg phase, euthermtc ground squu-rels exhtbtted a reduced responsiveness to exogenous opiates. the hyperthermtc response 
to low dose of morphme (10 pg) was stgmficantly reduced and hyperthermra, rather than hypothermia was observed at the 
highest dose of morphme (160 pg) The reduced responsiveness to opiates observed durmg the htbematmg phase seems to 
suggest a reduction m opiate receptor efficacy which IS m agreement with the contentron that an increase m endogenous 
oprotd actrvttres may be incumbent with the commencement of htbematron 

Optotd systems Morphine Enkephahn Hyperthermra 
Oxygen consumptton Ctrcannual rhythm of htbematron 

Hypothermta Body temperature 

SINCE the discovery of the wide dtstrtbutton of endogenous 
optotd-containmg neurons within the central nervous sys- 
tem, these optotd peptides have been suggested to have 
multi-functional roles m vanous phystologtcal and behav- 
toral responses (for revtew see [I, 12, 251). Recent studies 
have suggested that opioids may be mvolved in the process 
of hlbemation. Evidence to date has shown that (aj adminis- 
tratton of optold antagonist to hibematmg animals etther re- 
duces the duration of hibematton bout [41 or mduces prema- 
ture arousal from htbematton [17,20]; (b) an increase in brain 
levels of Met- and Leu-enkephalms [ 161 and Met-enkephalm 
tmmunoreactivtty m specific hypothalanuc areas [22] have 
been reported m hibernating animals; (c) the htbematmg 
ornund ~nlurrel is reststant m &V&ninc nhvwxl denen& r----- --I--- - -- =___ 5) r __,-__- __~-____ 

ence to morphine [6]; and (d) the “hibernation tngger”- 
induced hypothermia, hypophagta and bradycardta m mon- 
key can be reversed by opioid antagomsts [23]. Taken to- 
gether, these results lead to the suggestion that endogenous 
optoid 1s mvolved m mamtammg the state of htbematton [30]. 

In expenmental animals, exogenous opiates induce dtf- 
ferent temperature responses which depend on the species 
tested, the dose, route of admmistratton, ambient tempera- 
ture and the degree of restraint used during testing (for re- 
VIP\U .ZPP 17 Ill\ Thece vsrriatinnc rnnld he s-Ins= tn the= nr~r_ .a_ I. “1” 1, )“,,. &I.W”1 .UA.YC.“I.” VVUL.. “1 ..I” .” I.._ Y.-U 

ence of varying endogenous optoid activities associated with 

the different phystologtcal and behavioral states pnor to the 
test of opiates on thermoregulation. Since increase m endog- 
enous optoid acttvrty appears to be evident during htbema- 
tion (see above), it 1s possible that a differential therrnoregu- 
latory response to exogenous opiates may be predicted dur- 
mg the annual hibernation cycle. To test this possibility, the 
.,~ I Lo ” -1.. --L rnermoreguiatory changes of a hibernator, the ~ou.tmoian 
ground squurel (Spermophtlus columbranus), to centrally 
admmstered (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 
mformatton on the possible role of central opioid systems in 
their parttctpation of regulation of hibernation. 

METHOD 

Antmals 

Mature female Columbtan ground squurels were used m 
this study. They were live-trapped m the foothills of the Rocky 
mountains north of Hinton, Alberta, between May and 
August, and kept mdivtdually at an ambient temperature of 
22°C with 12 L:12 D photopenod. Food and water were 
available ad lib. Weekly measurements of wetght 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 
anorexra. The completion of transitton to the htbemation 
phase from the non-hibernation phase was further verified by 
the exhibition of hibernation when the animal was placed in 
cold (YC) and dark without food in a walk-m environmental 
chamber. Animals were used after having completed at least 
two hibernation bouts and then tested m euthermia followmg 
spontaneous or disturbed arousal from hibernation (by trans- 
femng the ammal to 22°C room temperature and uncurhng 
the hibernating posture). The non-hibematmg phase was 
evident when the animals showed no weekly wetght increase. 
and did not hibernate when placed in cold and dark without 
food for up to 7 days 

Stereotaxlc Procedure 

Prtor to bemg transferred to the cold room, a guide can- 
nula (23-gauge stainless steel tubmg) was implanted umlat- 
erally mto each ground sqmrrel under halothane anesthesia, 
and utihzmg 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 gurde tube was bev- 
eled and posttioned 1.0 mm above the lateral ventricle m 
order to minimize damage to the actual mfusion site. A 27- 
guage indwelling stylet was always kept in the cannula to 
prevent its occlusion. After completion of the expenments, 
the precise anatomical location of the injector cannula (27 
gauge) was subsequently vetied htstologically 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- 
tmuously with a pre-cahbrated temperature-sensitive radto- 
transmitter (Model T-M, Mint-Mitter Co. Inc., Sunrtver, 
OR), which was implanted m the pentoneal cavity under 
halothane anesthesia at the same ttme as the ICV cannula 
implantation. This transmitter has a squeggmg oscillator cir- 
cuit such that the frequency of the oscillator is linear to its 
surroundmg temperature. The transmitter’s signal was re- 
ceived by the FM receiver and displayed on an oscilloscope 
so that frequency of the signal could be verified accurately 
Usmg a calibration curve for each transmttter prepared pnor 
to implantatton, the frequency was converted into tempera- 
ture (“C) and stored on-line by an IBM personal computer 

Dned room air was drawn mto the ammal chamber at a 
flowrate of 1500 ml/mm STP, which was regulated by a cah- 
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 contam- 
mg Ascante and Drierite for CO, and water removal before it 
was measured by an oxygen analyzer (Applied Elec- 
trochemistry S-3A). The output from the analyzer was re- 
corded by a chart recorder, and synchronously computed 
and Integrated at once per second by an IBM personal com- 
puter 

Once placed m the test chamber, the animal was not han- 
dled throughout the test session At least 1 5 hr elapsed be- 
fore the drugs were inJected m order to msure that Tb and 0, 
consumption attained stable baseline upon which the drug 
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FIG 1 Ttme course of changes m (a) core temperature and (b) 
oxygen consumptton after ICV mfuston of CSF (O), morphme 2 5 
(+), 10 (0). 40 (A) or 160 wg (x) m non-htbematmg Columbtan 
ground sqmrrels tested at 22°C Each pomt represents the mean 
change from the number of squtrrels shown bestde each hne The 
s e IS represented by verttcal bars at 60, 120 and 180 mm Arrow 
mdtcates ttme of mfusron 

effects could be assessed accurately. Behavioral observa- 
ttons were also noted throughout the expenmental period. 

ICV Admrmstratlon of Opiates 

One week after surgery, each sqmrrel was tested wtth a 
standard dose of norepmephnne (20 &5 ~1) given ICV by grav- 
ity flow [21]. Only those ammals which responded to NE with a 
fall m Tb of more than 0 75°C were included for further 
study. 

The followmg compounds were used* [D-Ala2]-Met- 
enkephahnamide (EK) acetate (Sigma), morphme sulphate 
(BDH) and naloxone hydrochlonde (Sigma) Each drug was 
prepared immediately before an expenment began m a 
pyrogen-free artdictal CSF. Each test solution, except EK, 
was always passed through a 0 22 pm Swmnex Mdhpore 
filter and then infused into the lateral ventricle in a volume of 
5 ~1 by gravtty flow The doses m the Results section are 
expressed m terms of pg of the salt In order to minimize the 
possibility of tolerance development, ammals were tested 
with at least a 3-day rest between expertments. 

Statlstrcal Analysts 

Comparisons between groups were made by two-tailed 
Student’s t-test, and unless otherwise stated, a significant 
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FIG 2 Mean maxtmum changes m (a) core temperature (Tb) and (b) 
oxygen consumptton (VO,) after ICV mfuston of CSF or different 
doses of morphme m non-htbernatmg Columbtan ground squu-rels 
mamtamed at etther 22°C (open colums) or 5°C (stnped columns) 
Verttcal bars mdtcate s e *Stgmficantly different from the same 
ambtent temperature CSF control group, pcO.05 tStgmficantly dtf- 
ferent from 22”C-exposed ammal group recetvmg the same dose, 
p<o 05 

dtfference between groups was taken as ~~0.05 For each 
comparison, the meanfs e. was presented for the response. 

. 

RESULTS 

Effects of Morphrne on Thermoregulatlon m the Non- 
Hibernating Phase 

Control ground squirrels exposed to 22°C had an initial 
mean Tb of 37.2+0.22”C and basal oxygen consumptton 
(VO,) of 0.1720 03 ml/g/l0 mm (n=9), these did not change 
significantly after ICV infusion of CSF (Fig. 1). Low doses of 
morphine (2 5 to 40 pg) caused a rapid nse m Tb whtch 
persisted for more than 2 hr after infusion. In all cases an 
increase in VOZ always preceded the nse in Tb (Fig. 1). 
Increase in activity was also observed after morphine infu- 
sion. A lower dose of morphme (2 5 pg) generally mduced 
grooming and exploratory behavtour whereas higher doses 
(10 and 40 pg) elicited a marked increase in locomotor activ- 
ity, and on some occasions continuous tail chasing. How- 
ever, these behavioral changes occurred wtth varying laten- 
ties and time courses and were not coincided with changes m 
Tb and VOZ. In contrast, the highest dose of morphme (160 
pg) caused a decrease m VOZ and hypothermia. In most 
cases, the animal appeared to have been sedated and lay 

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 shght increase m 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- 
phme (up to 40 pg) sigmticantly elicited an increase in VOZ 
and a rise in Tb. On the other hand, significant decreases in 
both the mean maximum VO, and Tb were observed after a 
high dose of morphme (160 pg). At 5°C the VOZ (0 31kO.09 
ml/g/l0 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 
morphme (up to 40 pg) m animals kept at 5°C caused an 
elevation of VOZ and hyperthermia, both of which were sig- 
mflcantly greater than the CSF-infused controls. Comparmg 
the thermoregulatory change at 22 and 5”C, a significant re- 
duction m mean maximum Tb was observed at 5°C after 10 
and 40 pg morphme However, the corresponding reductions 
of VOZ at these doses were not stgniticant (Fig. 2). Although 
the decreases m mean maximum VO, and Tb were greater at 
5°C after 160 pg morphine mfusion, these changes were not 
signtflcantly different to those observed at 22°C (Fig 2) After 
morphine, the behavioral changes of the 5”Cexposed ground 
squurels were more or less the same as those observed at 
22°C 

Effects of Met-Enkephalvtamlde (Met-EK) on 
Thermoregulatlon m the Non-Hlbernatmg Phase 

Stmtlar to that observed after morphine administrations, 
ICV mfuston with low doses of Met-EK (25 and 100 pg) 
caused a dose-related increase m Tb which was preceded by 
an increase m VOZ (Fig. 3). Also, a decrease m both VO, and 
Tb was seen after a high dose of Met-EK (400 Fg) 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 squu-rels exposed to both 22 and 5°C. The 
thermoregulatory patterns of the 5”C-exposed ground sqtur- 
rels were quite similar to that observed at 22°C Even though 
the hyperthermic responses were slightly decreased and the 
hypothermtc responses slightly enhanced at 5°C only the 
mean maximum change m Tb after Met-EK at 100 pg was 
significantly lower than that for 22°C 

Effects of Subcutaneous Pretreatment of Naloxone on 
Oprate-induced Thermoregulatoty Changes m the Non- 
Hlbernatmg Phase 

At 22”C, subcutaneous mJection of naloxone (5 mg/kg) 
had no stgnlficant effect on changes m Tb (-0 12+0 1°C 
n=5) and VOZ (-0.02?0.01 ml/g/l0 mm). Further, no notice- 
able change in the behaviour of the animal was observed. 
However, pretreatment with the same dose of naloxone 5 
mm prior to ICV mfusion of opiates not only significantly 
reduced the hyperthenmc response after a moderate dose of 
opiates (10 /Lg morphme or 100 pg Met-EK) but also re- 
versed the hypothermic responses after a high dose of optates 
(160 pg morphme or 400 pg Met-EK) (Fig. 5). After naloxone 
pretreatment, the changes m 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 m (a) core temperature and (b) 
oxygen consumption after ICV mfuslon of CSF (U), Met- 
enkephahnamlde 25 (+), 100 (0) or 400 pg (A) m non-hlbematmg 
Columblan ground sqmrrels mamtamed at room temperature Each 
point represents the mean change from the number of squmels 
shown besides each hne The s e IS represented by vertical bars at 
60, 120 and 180 mm Arrow mdlcates time of mfuslon 

Effects of Morphme on Thermoregulatron UI the 
Hibernatmg Phase 

Compared with squirrels m the non-hibernating phase ex- 
posed to 5”C, squirrels m the hibernating phase showed a 
significantly lower mitial VOz (0 21kO.03 ml/g/l0 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 pg mor- 
phine Low dose of morphine caused only a slight increase m 
Tb (mean maxlmum change=0.59+0 21”C), which was sig- 
nificantly (pcO.05) lower than that observed in the non- 
hibernating animals (mean maximum change= 1.63?0 33°C). 
Even though the change in VOz (0.076a0.027 ml/g/l0 mm) 
induced by low dose of morphine m the hlbematmg phase 
animal was less than that of the non-hibernating phase 
ground squirrel (mean maximum change=0.103+0.024 
ml/g/l0 min), this difference was not statlstlcally significant. 
In contrast to the hypothermic responses observed m the 
non-hibernating phase, a significant mcrease m both VOz and 
Tb was seen m the hibernating phase after 160 pg morphine. 
Further, rather than a sedative effect, an mcrease m locomo- 
tor activity was noted after this dose 

DISCUSSION 

Other than the dflerence m duration, ICV mfuslon with 
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FIG 4 Mean maxlmum changes m (a) core temperature and (b) 
oxygen consumption after ICV mfuslon of CSF or different doses of 
Met-enkephahnamlde m non-hlbernatmg Columblan ground squlr- 
rels mamtamed at either 22°C (open columns) or 5°C (stnped col- 
umns) Vertical bars m&ate s e *Slgmticantly different from the 
same amblent temperature CSF control group, p<O 05 Wlgmfi- 
cantly different from 22”C-exposed animal group recewmg the same 
dose, p<O 05 

morphme and Met-EK at 22°C caused a slmllar dual dose- 
related changes m Tb m squu-rels m their non-hlbematmg 
phase* lower doses ehclted hyperthermla whereas higher 
doses elicited hypothermia Subcutaneous pretreatment with 
naloxone was able to reduce or reverse these changes 
suggestmg that the thermoregulatory effects of morphme and 
Met-EK were by activating central mu-receptor This pat- 
tern of thermoregulatory changes 1s similar to that observed 
m other species after ICV infusion of morphme or EK [9, 11, 
151. The course of hyperthermla evoked by relatively low 
doses of opiates was always preceded by an mcrease m VO, 
The exact mechamsms for the increased VOz are not known 
Even though Increase m locomotor activity was generally 
observed after opiate infusion, this may not be the mam 
reason for the Increased VOz because the time course of VO, 
change did not always parallel that of locomotor activity and 
m some cases, the Increase m actlvlty occurred only mter- 
mlttently Further, It has been shown recently that 
morphine-induced hyperthernua m rats is not brought about 
by an increased locomotor activity [29]. Whether the causes 
of acute hyperthermla observed m ground squirrels after 
opiates share a slmllar increase m vasomotor tone [3,10] 
and/or skeletal muscle tonus [28] as have been shown for 
other species also remains to be investigated In contrast to 
that observed with lower doses, the highest dose of opiate 
suppressed the VO, and resulted m a fall of Tb. Since a 
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FIG 5 Effects of subcutaneous pretreatment with naloxone (5 
mgikg) on opiate-induced (a) core temperature and (b) oxygen con- 
sumptlon responses m non-lnbematmg ground sqmrrels kept at 
room temperature Vertical bars m&ate s e *Slgmficantly different 
from appropnate agorust control, p<O 05 

decrease m VOp and sedation of the animal were typtcally 
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 blphaslc nature of the dose-response relationship 
indicates that opiates may have more than one actlon on 
central thermoregulatory pathways. A most common 
method to evaluate the drug effect on thermoregulatory 
function 1s to determme drug-induced Tb changes over a 
range of ambient termperatures. When ground squirrels were 
exposed to cooler temperature, the magmtude of hyper- 
thermla induced by lower doses of opiates was attenuated. 
This finding agrees with previous reports that the degree of 
hyperthermla is greater m warmer ambient temperature 
[9,26]. The increase m neuronal activity of hypothalamic 
cold-sensitive cells after iontophoretic apphcation of mor- 
phine 1193 suggests that the hyperthermla induced by low 
doses of opiate can be brought about by increasing the activ- 
ity of central cold-sensor pathways. Such an action would be 
expected to depend on the uutial activity within the pathway 
and should be more effective m the warmer environment 
when the actlvlty along the pathway was low to begin with. 
This suggestion is supported by the fact that a smaller net 
increase in VOI, even though not significantly different from 
that recorded at 22”C, was consistently observed m animals 
kept at 5°C after ICV opiates However, the posslbdity that a 
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FIG 6 Companson of mean changes m (a) core temperature and (b) 
oxygen consumption after ICV InfusIon of morphme 10 kg (Cl) or 
160 pg (A) mto non-lubernatmg (open symbols) and tnbematmg 
phase (closed symbols) ground squu-rels kept at 5°C Each pomt 
represents the mean change from the number of sqmrrels shown 
besIdes each hne. The s.e IS represented by vertical bars at 60, 120 
and 180 nun Arrow mchcates time of Infusion 

greater rate of heat loss m 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 [l&24], the hypothermic response to the high- 
est dose of opiate was enhanced when the ground squu-rel 
was exposed to the cold. This is likely due to a suppression 
of heat production as observed in the present study and an 
Increase m heat loss as observed previously in rabbits [18], 
both of which would contnbute to the greater decrease of Tb 
m 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 squirrels during their hibernating 
phase Not only was sigmficant reduction in hyperthennlc 
response to low dose of morphme (10 pg) observed but more 
evidently, the highest dose of morphine (160 r_Lg) caused 
hyperthennla rather than hypothermia. 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 hlbemating phase. The reduced sen- 
sltlvlty to opiates does not seem to be due to a general de- 
pression of CNS thermoregulatory function since the animal 
m the hibernating phase stall responded to standard doses of 
ICV NE with the same degree of fall 111 Tb. Further, it has 
been shown previously that both an increase m thermoregu- 
latory response to serotonin [ 131 and a constant responslve- 
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ness to NE [ 131 and prostaglandms [14] are typical m ground 
squn-rels durmg then hibernating phase as compared to then 
non-hrbematmg phase. The seasonal difference in thermo- 
regulatory sensttrvity to exogenous morphine is also unlikely 
due to cold-acclimation m the hibematmg animals since 
either no change [27] or increased thermoregulatory re- 
sponses [31] to exogenous opiates has been reported m 
cold-acclimated rats 

The differenttal thermoregulatory response to exogenous 
opiate m ground sqmrrels durmg different phases of the 
hibernating cycle may indicate an endogenous change m the 
central opioid pathways To date, there has been much evi- 
dence mdtcatmg an increase m central opiotd activtty dunng 
the hibernating phase (see the Introduction section) It is 
quite possible that the reduced response to opiates observed 
dunng the hibernating phase may be due to a reduction m 
opiate receptor efficacy resulted by an increase m endoge- 
nous optold activity dunng this part of the annual cycle Thts 
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suggestion is further supported by recent findmgs that the 
overall brain opiotd binding efficacy IS decreased m the 
hibernating ground squnrel [2,5] In vtew of the fact that 
numerous brain sites have been tmphcated in the thermo- 
regulatory effect of opiates (for review see [7,8]) and the 
multiphcrty of areas affected after ICV infusion, the results 
from the present study are corroborative in nature How- 
ever, taking previous findings into constderation, our results 
strongly suggest that an altered CNS optoid acttvtty for 
thermoregulation occurs in consonance with the annual 
cycle for hibernation 
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