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Summary. Cold exposed (13 ~ mice maintained on 
a short day photoperiod (9L: 15D) became torpid 9 
times more frequently than long day photoperiod 
(16L:8D) animals (Table 1). Mice on a short day 
photoperiod also exhibited a 26% increase in nesting 
behavior, a 9% decrease in food consumption and 
a 49% increase in norepinephrine induced thermogen- 
esis (Table 2). No change in resting metabolism was 
observed. Similarily, chronic melatonin administra- 
tion (subcutaneously implanted beeswax pellet con- 
taining 3.5 mg melatonin) elicited a 2.5 fold increase 
in spontaneous daily torpor relative to sham- 
implanted mice (Table 3). Mice treated with melato- 
nin exhibited a 33% increase in nesting behavior and 
a slight decrease in food consumption. Although thy- 
roid block (propyl-thiouracil) increased the incidence 
of daily torpor only slightly, it did effect an 11% de- 
crease in resting metabolism, a 42% decrease in nor- 
epinephrine induced thermogenesis and a 5% de- 
crease in food consumption. Thyroid block did not 
alter nesting behavior. 

Introduction 

Winter survival of small mammals requires physiolog- 
ical and behavioral adjustments which meet seasonal 
changes in the environment. These adjustments in- 
clude increased heat production by either shivering 
or nonshivering thermogenesis, increased heat conser- 
vation through behavioral modification or increased 
pelage insulation, and decreased heat loss by permit- 
ting a drop in body temperature (see review by Hart, 
1971). With respect to the third possibility, recent 
studies on cricetine rodents have established the im- 
portance of daily torpor as one potentially adaptive 
adjustment to winter survival (Morhardt and Hudson, 
1966; Gaertner et al., 1973; Hill, 1975). Daily torpor, 
as used here, is distinguished from hibernation in 

that it lasts for a period of hours during morning, 
rather than days or weeks as in hibernators, and in 
torpid small mammals minimum body temperature 
seldom drops below 15 ~ while body temperature 
in hibernating species often approaches 4 ~ (Hud- 
son, 1973). Furthermore, a recent study on mice main- 
tained in outdoor enclosures throughout the year indi- 
cates that the incidence of daily torpor increases dur- 
ing winter relative to summer animals (Gaertner et al., 
1973). However, little information is available on the 
environmental cues responsible for seasona ! changes 
in spontaneous daily torpor, and no data are available 
on the possible endocrine changes associated with 
this potentially adaptive adjustment. 

Multiple environmental cueing is often important 
in regulating adaptive responses. For example, in the 
white-footed mouse, Peromyscus leucopus, both tem- 
perature and photoperiod influence behavioral and 
physiological characters associated with thermoregu- 
iation (Lynch, 1970; Lynch et al., 1973; Barry, 1976). 
Mice exposed to a short day photoperiod build larger 
nests, are less active, hoard greater quantities of food 
and exhibit greater nonshivering thermogenesis when 
compared to mice on a long day photoperi0d. Cold 
exposure also increases nesting and nonshivering ther- 
mogenesis but has little effect on activity and hoard- 
ing behavior. These photoperiodically :induced 
changes, which result in increased food storage and 
greater heat conservation, are of particulag interest 
in that such responses could enhance the prgbability 
of winter survival by providing a predictiv!e cue of 
more critical changes in the environment,: such as 
ambient temperature and food availability. ,Although 
the physiological mechanism underlying the~e photo- 
periodic effects of thermoregulation is not under- 
stood, the integration of photoperiod and mammalian 
reproduction has been extensively studied (Wurtman 
etal., 1968; Ellis and Reiter, 1976). These studies 
conclude that the pineal gland is an important com- 
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ponent in the integrative scheme and that melatonin, 
one hormone of the pineal gland, mimics the effect 
of a short day photoperiod in that it can induce gona- 
dal regression in several mammalian species (Hoff- 
man and Reiter, 1965; Rust and Meyer, 1969; Held- 
maier and Hoffmann, 1974; Lynch and Epstein, 
I976). Similarily, melatonin could also influence ther- 
moregulatory characters where photoperiodically 
induced adjustments occur. In support of such a pos- 
sibility Heldmaier and Hoffmann (1974) have demon- 
strated with hamsters that chronic exposure to a short 
day photoperiod or chronic administration of melato- 
nin (under a long day photoperiod) induces hyper- 
trophy of brown fat, a thermogenic tissue. 

The thyroid gland also contributes to the process 
of cold acclimation in mammals. Sellers and You 
(1950) demonstrated that the thyroid is required for 
normal cold adaptation in that thyroidectomized lab- 
oratory rats died within a few days of cold exposure, 
whereas thyroidectomized animals provided with 
daily injections of thyroxine exhibited normal meta- 
bolic adjustments to the cold. Later, Hsieh and Carl- 
son (1957) presented evidence that thyroid function 
may be involved in the expression of nonshivering 
thermogenesis. They found that the pronounced ther- 
mogenic response observed following cold exposure 
ofcurarized rats diminished following thyroidectomy. 
However, the role that thyroxine plays in maintenance 
of nonshivering thermogenesis has been questioned 
by Heroux (1969), since mammals exposed to seasonal 
changes in the environment fail to exhibit hyperthy- 
roidism following cold exposure although substantial 
increases in nonshivering thermogenesis occur. It has 
been concluded that hyperthyroidism following cold 
exposure does occur in mammals under laboratory 
conditions and that increased thyroxine can potenti- 
ate the calorigenic effects of both adrenaline and nor- 
adrenaline, but the extent to which thyroxine ther- 
mogenesis is involved in mammalian thermoregula- 
tion is not presently known (Jansk~, 1973). 

The possible role of the thyroid gland in hiberna- 
tion has also been a focus of attention in recent years. 
Numerous studies have established that hypothyroid- 
ism follows onset of hibernation (Popovic, 1960; 
Hudson, 1973, for reviews), and decreased thyroid 
activity has been reported to occur during the prehi- 
bernation period (Hoffman and Zarrow, 1958). How- 
ever, other studies report either an increase or no 
change in thyroid activity preceding hibernation 
(Tashima, 1965; Hudson and Wang, 1969; Bauman 
and Anderson, 1970). Thus, the lack of consistent 
correspondence between hypothyroidism and onset 
of hibernation makes it difficult to conclude that the 
thyroid gland plays a critical role in initiation of hi- 
bernation (Hudson, 1973). 

This study is an initial investigation of the possible 
importance of photoperiod in determining seasonal 
change in spontaneous daily torpor in P. leucopus 
and the possible role of the pineal and thyroid glands 
in regulating this variable. Several other physiological 
and behavioral adjustments associated with tempera- 
ture regulation in this animal will also be examined. 

Materials and Methods 

All white-footed mice used in this study were lab-reared on a 
long day photoperiod (16 h light: 8 h dark) at 23 ~ and were 
offspring of a genetically heterogeneous stock derived from mice 
trapped in Central Connecticut. All measurements were made be- 
tween November and April. 

L Photoperiod and Thyroid 

Eighty-three P. leucopus were individually caged and divided into 
4 groups of approximately equal numbers. Two groups were placed 
on a short day photoperiod (9L: 15D, lights on 8 a.m.) for 6 weeks 
while the remaining two groups were maintained on a long day 
photoperiod (16L: 8D, lights on 8 a.m.). After 4x/2 weeks one group 
under each photoperiod was given 0.05% propylthiouracil in their 
drinking water in order to block thyroid function (Salter, 1950). 
Since thyroid blocked mice drank an average of 4.0 ml of water 
per day (following cold exposure), they consumed 2 mg of propyl- 
thiouracil per day. Mice treated with propylthiouracil exhibited hy- 
perplasia of the thyroid epithelium and a substantial loss of colloid, 
indicating an effective thyroid block (R. Lynch, unpublished data). 
All mice were also given low iodine test diet (U.S. Biochemical, 
Cleveland, Ohio) at this time in order to reduce the possible effect 
of exogeneous thyroxine which is present in some commercial diets 
(Chaffee and Roberts, 1971). After 6 weeks the mice were placed 
at 13 ~ under their respective photoperiods, and 3-4g of cotton 
batting were provided for nest construction. Four mice died during 
the course of this study due to water bottle failures. Following 
cold exposure, daily torpor, nesting, food consumption, resting 
metabolic rate (Prosser, 1973) and the extent of nonshivering ther- 
mogenesis were assessed using the following procedures. 

1. Daily Torpor. Starting on day 13 of cold exposure, each mouse 
was examined every other day through day 29 for occurrence of 
daily torpor. Since previous studies (Morhardt, 1970; Hill, 1975) 
have demonstrated that daily torpor in this species occurs during 
midmorning, all examinations were made between 9 11 a.m. We 
have also confirmed, through the use of implanted temperaturesen- 
sitive telemetry units, that spontaneous daily torpor occurs only 
during morning in mice maintained in the coldroom (R. Lynch, 
unpublished data) and in outdoor enclosures during winter (Lynch 
etal., 1978). However, in this study, behavioral criteria were 
used in assessing occurrence of daily torpor in that animals with 
body temperatures below 30 ~ are sluggish, uncoordinated and 
exhibit impaired reflexes (Morhardt, 1970; Gaertner et al., 1973). 
In addition, rectal body temperatures (rectal probe inserted 2 cm) 
were recorded and in all cases mice classified as torpid by using 
the behavioral criteria had body temperatures well below 30 ~ 
while nontorpid animals had temperatures above 30 ~ The 
number of animals used in this study obviated the use of more 
precise measures for determining daily torpor. 

2. Nesting. On day 29 all nesting material was removed from the 
cage and a preweighed roll of cotton batting (approximately 30 g) 
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placed on the cage lid. Daily nesting was assessed as the change 
in weight of the roll each day for the next four days. Newly 
constructed nests were removed each day. Because of the possible 
effect of a novel environment, first day scores were not included 
in the results. 

3. Food Consumption. On day 33 food consumption was assessed 
by providing 15 g of test diet in a small glass jar inside the cage 
and measuring change in the weight of the food each day for 
4 days. Spillage, which seldom occurred, was gathered and weighed 
with the remaining food. 

4. Metabolic Measurements. Metabolism was then assessed as the 
length of time required to consume 3 ml of oxygen injected into 
a closed 1.1 liter metabolic chamber. Each chamber was immersed 
in a water bath at 31 ~ which is thermoneutral for P. leucopus 
(Hart, 1971). Ascarite and Drierite were placed beneath a perfo- 
rated platform in each chamber in order to adsorb expired CO2 
and water vapor, respectively, and a manometer filled with Brodie's 
solution was connected to each chamber to determine when the 
oxygen sample had been consumed by the animal. Prior to measure- 
ment mice had been fasted for 4-6 h and were permitted to equili- 
brate in the metabolic chamber for at least 1 h. Resting metabolism 
was determined over the next 45-60 min. The 2 lowest contiguous 
metabolic rates were averaged as an estimate of resting metabolism. 
Following measurements of resting metabolic rate, the extent of 
nonshivering thermogenesis was assessed by using the "nor- 
epinephrine test" (Brfick, 1970). Mice were subcutaneously injected 
with 0.6 mg norepinephrine (Levophed, Winthrop Laboratories, 
New York)/kg body weight, returned to the metabolic chamber 
and the metabolic response monitored continuously over the next 
30 45 min. The extent ofnonshivering thermogenesis was estimated 
as the maximal metabolic response above the resting level following 
injection of norepinephrine. Sham injected mice also exhibited in- 
creased metabolism but this increase was brief (lasting 10 15 rain) 
and was not nearly as extensive as following norepinephrine injec- 
tion. Peak metabolism following norepinephrine injection occurred 
after 20 min and often lasted for 30-45 rain. Previous studies have 
determined that norepinephrine induced thermogenesis indexes the 
extent of nonshivering thermogenesis in mammals (Jansk~ and 
Hart, 1963; Brtick, 1970). All metabolic measurements were made 
between 10:30 a.m. and 6:00 p.m. 

H. Chronic Melatonin Administration and Thyroid 

Seventy-one P. leucopus were implanted subcutaneously (interscapu- 
lar region) with either a 12.5rag pellet of beeswax containing 
3.0 mg of melatonin (Sigma Chemical, St. Louis, MO) or a 15.5 mg 
pellet of beeswax (after Lynch and Epstein, 1976). Each group 
was then divided into approximately equal numbers and provided 
with either a 0.025% propylthiouracil solution or water. All mice 
were given low iodide test diet and were maintained under a long 
day photoperiod (16L: 8D), since pineal activity is reduced in long 
photoperiod animals when compared to short photoperiod sub- 
jects. Ten days after implantation, mice were given 3-4g of cotton 
batting and cold exposed at 13 ~ under a long day photoperiod. 
Starting on day 8 of cold exposure daily torpor was assessed every 
other day for 10 days, then daily nesting was measured for 4 
days, and food consumption determined for 3 days. The methods 
previously described were used in assessing these characters. 

III. Data Analysis 

Data were considered to represent a 2 x 2 factorial arrangement 
of treatments and subjected to least-squares analysis of variance 

(Harvey, 1960) to determine the significance of effects of differences 
in photoperiod (or melatonin vs. sham), thyroid function and inter- 
action of these treatments on body weight, nesting, food consump- 
tion, resting metabolic rate and nonshivering thermogenesis. The 
difference between treatments for a character are expressed as a 
t value in this procedure rather than an F value. 

Fisher's exact probability test (Siegel, 1956) wa s employed 
in analyzing the effects of these treatments on occurrence of daily 
torpor. 

Results 

1. E f f ec t  o f  Photoper iodic  Di f ferences  

C h r o n i c  e x p o s u r e  to a shor t  day  p h o t o p e r i o d  at  13 ~  

r e su l t ed  in a subs tan t i a l  inc rease  in the  i nc idence  o f  

dai ly  t o r p o r  r e l a t ive  to  a n i m a l s  m a i n t a i n e d  on  a long  

day  p h o t o p e r i o d ,  i r r e spec t ive  o f  t h y r o i d  f u n c t i o n  (Ta-  

ble 1). In  this  s tudy  15 ou t  o f  43 mice  w h i c h  were  

e x p o s e d  to a shor t  day  p h o t o p e r i o d  b e c a m e  t o r p i d  

on  at least  one  o c c a s i o n  whi le  3 ou t  o f  36 l o n g  day  

p h o t o p e r i o d  mice  were  o b s e r v e d  in t o r p o r  at  least  

once  (P  < 0.004). H o w e v e r ,  s ince 6 mice  were  o b s e r v e d  

in t o r p o r  on  m o r e  t h a n  o n e  occas ion ,  to ta l  i nc idence  

o f  da i ly  t o r p o r  in shor t  day  p h o t o p e r i o d  mice  was  

ove r  9 t imes  m o r e  f r e q u e n t  w h e n  c o m p a r e d  to long  

day  p h o t o p e r i o d  mice  (Tab le  1). C o n v e r s e l y ,  28 shor t  

day  p h o t o p e r i o d  mice  a n d  33 long  day  p h o t o p e r i o d  

a n i m a l s  were  n e v e r  o b s e r v e d  in t o r p o r  d u r i n g  this  

s tudy.  

C o m p a r i s o n  o f  t h y r o i d  b l o c k e d  mice  wi th  eu thy -  

ro id  ind iv idua l s ,  i r r e spec t ive  o f  p h o t o p e r i o d ,  ind ica tes  

t h a t  t h y r o i d  b lock  inc reases  i n c i d e n c e  o f  dai!y t o r p o r  

in P. leucopus ( T a b l e  1). T w e l v e  ou t  o f  40 t h y r o i d  

b l o c k e d  mice  b e c a m e  t o r p i d  at leas t  o n c e  whi le  6 

ou t  o f  39 e u t h y r o i d  a n i m a l s  e x h i b i t e d  t o r p o r  on  one  

o c c a s i o n  (P  < 0.05). T h y r o i d  b l o c k e d  mice  m a i n t a i n e d  

o n  a shor t  day  p h o t o p e r i o d  e x h i b i t e d  t h e  g rea tes t  

i n c i d e n c e  o f  s p o n t a n e o u s  dai ly  t o r p o r .  

C h r o n i c  e x p o s u r e  to  d i f fe rences  in p h o t o p e r i o d  

a lso  h a d  a subs t an t i a l  e f fec t  o n  o t h e r  va r i ab l e s  asso-  

c i a t ed  wi th  t e m p e r a t u r e  r e g u l a t i o n  w h e n  p o o l e d  

ac ross  t h y r o i d  effects  ( T a b l e  2). S h o r t  day  p h o t o p e -  

r iod  mice  e x h i b i t e d  a 2 6 %  inc rease  in m e a n  nes t ing  
(6.3 g vs. 5.0 g r e spec t ive ly ;  t = 2 . 4 8 ;  degrees  o f  free-  

d o m  = 73), a 4 9 %  increase  in the  ex t en t  o f  n o n s h i v e r -  

ing t h e r m o g e n e s i s  (6.1 ml  O 2 / g '  h vs. 4.1 ml  O 2 / g '  h ;  

t = 3 . 4 2 ;  d . f . = 6 0 ) ,  a 9 %  dec rease  in m e a n  f o o d  c o n -  

s u m p t i o n  (3.9 g / d a y  vs. 4.3 g / d a y ;  t = 2 . 4 8 ;  d . f . = 7 4 )  

a n d  a 5 %  dec rease  in m e a n  b o d y  we igh t  (17.7 g vs. 
18.7 g;  t =  1.99; d.f. = 7 4 )  r e l a t ive  to  l o n g  pho l t ope r iod  

an ima l s .  M i c e  w h i c h  e n t e r e d  t o r p o r  d id  n o t  d i f fer  
f r o m  n o n t o r p i d  i nd iv idua l s  w i th  respec t  t o  nes t ing ,  

n o n s h i v e r i n g  t h e r m o g e n e s i s ,  f o o d  c o n s u m p t i o n  o r  

b o d y  we igh t  w h e n  these  c h a r a c t e r s  were  assessed la te r  
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Table 1. Influence of differences in photoperiod and thyroid func- 
tion on daily torpor in the white-footed mouse, P. leucopus 

Long day Short day 
photoperiod photoperiod 
(16:8 LD) (9:15 LD) 

Enthy- Thyroid Euthy- Thyroid 
roid blocked roid blocked 

Number of 0 3 6 9 
individuals found (18) a (18) (21) (22) 
torpid on at 1east 
o n e  occasion 

Total number of 0 3 12 23 
bouts of torpor 
during the course 
of the study 

Number of animals measured 

Table 2. Influence of differences in photoperiod and thyroid func- 
tion on thermoregnlatory characters in P. leucopus. Values repre- 
sent the mean scores• one standard error of the mean 

Long day photoperiod Short day photoperiod 
(16:8 LD) (9:15 LD) 

Euthy- Thyroid Euthy- Thyroid 
roid blocked roid blocked 

Body weight 

Resting 
metabolic rate 

NST 

Nesting/day 
(3 day average) 

Food 
consumption 
(4 day average) 

17,7• 19.7• 17.3+0.5 18.0• 
(18; (18) (21) (21) 

3,0• 2.3• 2.6• 2.7• 
(18) (18) (15) (15) 

5.7• 2.5• 7.1• 5.0• 

4.9• 5.0• 6.0• 6,5+0.6 

4.5• 4.0 • 0.2 4.1• 3.620.1 

a Number of animals measured 

in the experiment. Treatment with different photope- 
riods had no effect on mean resting metabolic rate. 

Comparison of means between thyroid-blocked 
and euthyroid mice, pooled across photoperiod, indi- 
cates that thyroid block results in an 11% decrease 
in resting metabolic rate (2.5 ml O2/g'h vs. 2.8 ml 
O2/g'h, respectively; t=2.53; d.f.=62), a 42% de- 
crease in the extent of nonshivering thermogenesis 
(3.7 ml O2/g.h vs. 6.4 ml O2/g.h; t=4.67; d.f.=60), 
a 5% decrease in food consumption (4.1 g vs. 4.3 g; 
t=4.44; d.f.=74) and a 3% increase in body weight 
(18.8g vs. 17.0g; t=2.58; d.f.=62) relative to euthy- 
roid animals (Table 2). Nesting scores were not in- 
fluenced by differences in thyroid function. 

Table 3. Influence of melatonin administration and thyroid func- 
tion on thermoregulatory characters in P. leucopus. Values repre- 
sent the mean score +_ one standard error of the mean 

Sham implanted Melatonin implanted 

Euthy- Thyroid Euthy- Thyroid 
roid blocked roid blocked 

Number of indi- 
viduals found 
torpid on at least 
o n e  o c c a s ] o n  

Total number of 
bouts of torpor 
during the course 
of the study 

Body weight (g) 

Average nesting 
(g/day) 

Average food 
consumption 
(g/day) 

4 5 7 8 
(18) ~ (19) (18) (18) 

6 6 13 18 

16.5• 18.3• 16.9• 17.7• 
(18) (19) (18) (17) 

3,8• 5.0• 6.7+1.2 5.1• 
(18) (19) (18) (17) 

3.6• 3.2• 3.420.2 3,0• 
(17) (19) (17) (18) 

a Number of animals measured 

2. E f f ec t  o f  Chronic  Mela ton in  Admin i s t ra t ion  

Mice chronically implanted with 3 mg of melatonin 
in beeswax exhibited a pronounced increase in inci- 
dence of daily torpor relative to sham-implanted ani- 
mals, irrespective of thyroid function (Table 3). Fif- 
teen out of 36 mice, implanted with melatonin pellets, 
were found torpid on at least one occasion as com- 
pared to 9 out of 37 sham implanted animals 
(P<0.05). In all, mice treated with melatonin were 
found torpid on 31 occasions while sham implanted 
animals became torpid 12 times (Table 3). However, 
comparison of thyroid blocked and euthyroid mice, 
pooled across photoperiod, indicates only a slight ef- 
fect of thyroid block on incidence of torpor (13 out 
of 37 thyroid blocked became torpid at least once 
compared to 11 out of 36 euthryoid individuals; 
P < 0.18). In this study the greatest incidence of daily 
torpor occurred in thyroid blocked mice implanted 
with melatonin pellets. 

For other thermoregulatory characters melatonin 
administration resulted in a 34% increase in mean 
nesting score (5.9 g/day vs. 4.4 g/day; t=2.03; d.f. = 
70) relative to sham implanted animals when pooled 
across thyroid treatment. Melatonin administration, 
irrespective of thyroid function, also resulted in slight 
decreases in mean food consumption (3.2 g/day vs. 
3.4 g/day) and mean body weight (17.3 g vs. 17.4 g) 
relative to sham operated animals (Table 3); thus, 
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the extent of the melatonin effects on these characters 
is less than for mice exposed to a short day photope- 
riod. Comparison of mean food consumption and 
mean body weight between thyroid blocked and eu- 
thyroid mice, pooled across photoperiod effects, sug- 
gests that thyroid block resulted in an 11% decrease 
in food consumption (3.1 g/day vs. 3.5 g day; t =  2.06; 
d.f .=67) and a 7% increase in body weight (16.7 g 
vs. 18.0 g; t=2 .72 ;  d.f .=69).  Differences in thyroid 
function had little effect on nesting scores (Table 3). 

Discussion 

Cold exposed mice maintained on a short day photo- 
period become torpid more often than animals main- 
tained on a long day photoperiod (Table 1). These 
results suggest that seasonal change in natural photo- 
period may be an important environmental cue reg- 
ulating incidence of spontaneous daily torpor in P. 
leucopus. 

However, seasonal occurrence of daily torpor 
could also be regulated by an endogeneous annual 
rhythm, Such a possibility has been convincingly de- 
monstrated for certain seasonal hibernators such as 
ground squirrels which enter hibernation at regular 
annual intervals although maintained under different 
photoperiods (Pengelley and Asmundson, 1974). This 
does not appear to be the case for control of daily 
torpor in P. leucopus since mice maintained on a 
long day photoperiod during winter and early spring 
exhibit little daily torpor relative to animals on a 
short day photoperiod (Table 1). Furthermore,  in an- 
other study run during summer, a similar photoperiod 
effect was observed (R. Lynch, unpublished data). 
In P. [eucopus, photoperiod is a principle factor reg- 
ulating seasonal change in daily torpor and in this 
regard resembles the effect of photoperiod on hiber- 
nation in the edible door mouse (Morrison, 1964) 
and the jumping mouse (Neumann and Cade, 1964). 

Not  all cold exposed mice maintained under a 
short day photoperiod exhibited daily torpor. In the 
first experiment 35% of the mice were found torpid 
on at least one occasion (Table 1). This absence of 
daily torpor in certain mice has been reported previ- 
ously (Hill, 1975) and could result from 1) the absence 
of additional exogeneous cues critical for induction 
of daily torpor in certain individuals or from 2) ge- 
netic differences for daily torpor within the laboratory 
population. With regard to the first possibility, other 
environmental factors, such as seasonal change in 
photoperiod or daily fluctuations in ambient tempera- 
ture, might also provide critical exogeneous cues trig- 
gering daily torpor which are often absent in the labo- 
ratory. It is clear that mice housed outdoors during 

winter exhibit greater incidence of spontaneous daily 
torpor (Lynch et al., 1978) when compared to cold 
exposed animals maintained in the laboratory on a 
short day photoperiod. In addition, Hill (1975) has 
suggested that genetic differences exist for expression 
of daily torpor in P. leucopus. He bases this conclu- 
sion on the observation that expression of this trait 
tends to run in families with closely related individuals 
(e.g., father-son) exhibiting a high concordance for 
daily torpor relative to individuals taken at random 
from the population. In the present study, we did 
observe that sibs in certain families consistently be- 
came torpid while in other families no torpor 
occurred. Furthermore, animals which exhibited deep 
torpor repeatedly were all closely related. The basis 
for these individual differences in P. leucopus should 
provide a stimulus for future investigations of daily 
torpor. 

Chronic administration with melatonin substan- 
tially increases incidence of daily torpor relative to 
sham operated mice (Table 3), although the effect 
is not as pronounced as following exposure to a short 
day photoperiod (Table 1). These results are consis- 
tent with a recent report that melatonin also in- 
fluences hibernation. Palmer and Riedesel (1976) 
found that daily injection of 0.1 or 0.5 mg of melato- 
nin increased incidence and duration of hibernation 
in the golden-mantled groundsquirrel, Spermophilus 
lateralis, when compared with saline injected animals. 
However, although melatonin has been implicated in 
both daily torpor and hibernation, there is no present 
evidence which indicates that seasonal changes in me- 
latonin influences seasonal differences in either daily 
torpor or hibernation. 

A short day photoperiod also resulted in increases 
in daily nesting and nonshivering thermogenesis while 
decreasing food consumption (Table 2). Furthermore, 
chronic melatonin administration resulted in a sub- 
stantial increase in nesting and a slight decrease in 
food consumption. These results are consistent with 
the position that melatonin could mediate Short day 
photoperiodic responses in this species and adjust 
thermoregulatory capacity for winter survival. How- 
ever, it is important to stress that chronic implant 
studies have inherent limitations. For  example, char- 
acters which exhibit a daily periodicity, such as occur- 
rence of daily torpor, may depend more on daily 
fluctuations in hormone titer rather than a relatively 
constant supply of hormone as occurs following chro- 
nic implantation of hormone contained in beeswax 
pellets or silastic capsules. Such a possibilky could 
be particularily relevant for melatonin action since 
pronounced circadian rhythms for this hormone 
have been reported in mammals (Quay, 1974). 

There is also an indication that thyroid function 
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influences daily torpor in P. leucopus. In the first 
experiment total incidence of daily torpor in thyroid 
blocked mice increased 116% when compared to 
unblocked animals (Table 1) while in the second study 
a 21% increase occurred (Table 3). In both studies 
the greatest incidence of daily torpor occurred in thy- 
roid blocked animals which were either maintained 
under a short day photoperiod or had received pellets 
containing melatonin. These results suggest that sea- 
sonal change in both thyroid and pineal activity could 
regulate expression of this character in P. leucopus. 
SeasonM change in thyroid function in cricetine ro- 
dents has received little study. Eleftheriou and Zarrow 
(1962) employed a number of histological and phys- 
iological indexes of thyroid function in examining 
seasonal changes in two subspecies of Peromyscus 
maniculatus," however, due to a lack of agreement 
between individual parameters and the absence of 
information on the environmental conditions under 
which the mice were maintained, the relevance of 
their results to the present study is difficult to assess. 
Additional seasonal data on thyroid function in these 
species are needed. 

tn hibernating species it has been established that 
thyroid activity decreases during fall and winter and 
increases during spring (Popovic, 1960; Mrovosky, 
1971). In order to determine the possible role of thy- 
roid gland in hibernation, Hudson and Wang (1969) 
followed annual changes in both thyroid function 
(radioiodine release from the thyroid) and the hiber- 
nation cycle in the ground squirrel, Sperrnophilus tere- 
ticaudus. Their results indicate that a decrease in thy- 
roid function does not precede hibernation in a con- 
sistent manner. Furthermore, they report that daily 
injection of 24 gg of 1-thyroxine failed to prevent 
seasonal hibernation during fall in ground squirrels. 
Since experimental evidence has failed to link seasonal 
hypothyroidism with hibernation, it is possible that 
seasonal change in thyroid function in these species 
is associated with other seasonally related cycles, such 
as annual reproductive and molt cycles (Popovic, 
1960; Mrovosky, 1971; Hudson and Deavers, 1976). 

Although the role of thyroid function in sponta- 
neous daily torpor remains unclear, thyroid block 
does have a pronounced effect on other aspects of 
temperature regulation in P. leucopus. In this study, 
thyroid block resulted in a substantial decrease in 
both resting metabolic rate and norepinephrine 
induced thermogenesis (Table 2). Similar decreases 
in both traits have been observed in cold acclimated 
laboratory rats following thyroidectomy (Hsieh and 
Carlson, 1957). Thus, thyroid block induces both a 
decrease in nonshivering thermogenesis (and resting 
metabolism) and an increase in incidence of daily 
torpor;  however, no consistent relationship was 

observed within individuals between these characters. 
This does not imply that nonshivering thermogenesis 
plays no role in daily torpor in P. leucopus. Since 
nonshivering thermogenesis contributes substantial 
heat during arousal from a torpid state in hibernating 
species (Hayward and Lyman, 1967; Heldmaier, 
1969; Mejsmar and Jansk), 1970), the effects of thy- 
roid block on thermogenesis may only be evidenced 
during arousal from daily torpor. 

Thyroid block also reduces daily food consump- 
tion in P. leucopus (Tables 2 and 3), and similar results 
have been reported for the laboratory rat following 
thyroidectomy (Hsieh and Carlson, 1957). Although 
the reduced metabolism associated with thyroid block 
could account for this decrease in food consumption, 
thyroid blocked mice are also less active than 
unblocked animals. In the first experiment we 
assessed cage activity by scoring the number of active 
periods per day at hourly intervals with an infrared 
television camera and a videotape recorder. Thyroid 
blocked mice were 61% less active than control ani- 
mals. Thus, reduced food consumption in the thyroid 
blocked mice could be a reflection of decreases in 
both metabolism and activity. 

King etal. (1964) propose that thyroid function 
might also regulate nesting behavior in Peromyscus spp. 
in that reduced thyroid activity and the associated 
decrease in metabolism could result in increased nest 
building as a method for greater heat conservation. 
In this study, we did not observe an increase in nesting 
behavior in the thyroid blocked mice, although de- 
creases in resting metabolism and the extent of non- 
shivering thermogenesis were observed (Table 2). 

In conclusion, photoperiod is one environmental 
cue regulating daily torpor in P. leucopus, and melato- 
nin may mediate this photoperiod effect. However, 
due to possible limitations associated with chronic 
implantation of melatonin, additional investigation 
on the role of melatonin in thermoregulation seems 
warranted. Similarily, thyroid block influences ther- 
moregulation in P. leucopus, and although nonhiber- 
nating mammals exhibit hypothyroidism during win- 
ter (Rigaudiere, 1969; Aleksiuk and Frohlinger, 
1971), the specific role of seasonal hypothyroidism 
in physiological and behavioral adaptation to winter 
survival has not been determined. 

References 

Aleksiuk, M., Frohlinger, A. : Seasonal metabolic organization in 
the muskrat (Ondatra zibethica). I. Changes in growth, thyroid 
activity, brown adipose tissue, and organ weight in nature. 
Canad. J. Zool. 49, 1143-1155 (197l) 

Barry, W.: Environmental effects on food hoarding in deermice 
(Peromyscus). J. Mammal. 57, 731 745 (1976) 



G.R. Lynch et al.: Daily Torpor in Mice 163 

Bauman, T.R., Anderson, R.R.: Thyroid activity of the ground 
squirrel (Citellus tridecemlineatus) using a cannula technique. 
Gen. Comp. Endocrinol. 15, 369-373 (1970) 

Brfick, K. : Nonshivering thermogenesis and brown adipose tissue 
in relation to age and their integration in the thermoregulatory 
system. In: Brown adipose tissue (ed. O. Lindberg), pp. 
117-153. New York: Elsevier Press I970 

Chaffee, R., Roberts, J.: Temperature acclimation in birds and 
mammals. Ann. Rev. Physiol. 33, 155-197 (1971) 

Eleftheriou, B.E., Zarrow, M.X.: Seasonal variation in thyroid 
gland activity in deer mice. Proc. Soc. exp. Biol. Med. 110, 
128-131 (1962) 

Ellis, L., Reiter, R.: Endocrine role of the pineal gland, Amer. 
Zool. 16, 1-101 (1976) 

Gaertner, R.A., Hart, J.S., Roy, O.Z. : Seasonal spontaneous tor- 
por in the white-footed mouse, Peromyscus leucopus. Comp. 
Biochem. Physiol. 4gA, 169-181 (1973) 

Hart, J.S. : Rodents. In: Comparative physiology of thermoregula- 
tion, Vol. II (ed. G. Causey Whittow), pp. 1-149. New York: 
Academic Press 1971 

Harvey, W.R. : Least squares analysis of data with unequal subclass 
numbers. Publ. No. ARS-20-8. United States Dept. of Agricul- 
ture, Washington, D.C. (1960) 

Hayward, J., Lyman, C.P. : Nonshiveriug heat production during 
arousal from hibernation and evidence for the contribution 
of brown fat. In: Proc. III international symposium on natural 
mammalian hibernation (ed. K.C. Fisher), pp. 346 355. Edin- 
burgh: Oliver and Boyd Press 1967 

Heldmaier, G.: Thermogenese der Mausohrfledermaus (Myotis 
myotis) beim Erwachen aus dem Winterschlaf. Z. vergl. Physiol. 
63, 59 84 (1969) 

Heldmaier, G., Hoff~lann, K.: Melatonin stimulates growth of 
brown adipose tissue. Nature 247, 224-225 (1974) 

Heroux, O.: Catecholamines, corticosterioids and thyroid hor- 
mones in nonshivering thermogenesis under different environ- 
mental conditions. In: Physiology and pathology of adaption 
mechanisms (ed. E. Bajusz), pp. 347-365. New York : Pergamon 
Press 1969 

Hill, R.W. : Daily torpor in Peromyscus leucopus on an adequate 
diet. Comp. Biochem. Physiol. 51A, 413-423 (1975) 

Hoffman, R., Reiter, R.: Pineal gland: influence on gonads of 
male hamsters. Science 148, 1609-1611 (1965) 

Hoffman, R., Zarrow, M.: Seasonal changes in the basophilic 
ceils of the pituitary gland of the ground squirrel (Citellus tride- 
cemlineatus). Anat. Rec. 13l, 727-734 (1958) 

Hsieh, A., Carlson, L. : Role of the thyroid in metabolic response 
to low temperature. Amer. J. Physiol. 188, 40-44 (1957) 

Hudson, J.W. : Torpidity in mammals, In: Comparative physiology 
of thermoregulation, Vol. II (ed. G. Causey Whittow), pp. 
98 158. New York: Academic Press 1973 

Hudson, J.W., Deavers, D.: Thyroid function and basal metabo- 
lism in the ground squirrels Ammospermophilus [eucurus and 
Spermophilus spp. Physiol. Zool. 49, 425-444 (1976) 

Hudson, J.W., Wang, L. : Thyroid function in desert ground squir- 
rels. In: Physiological systems in semiarid environments (ed. 
C. Hoff, M. Riedesel), pp. 17 35. Univ. New Mexico Press 
1969 

Jansk), L.: Nonshivering thermogenesis and its thermoregulatory 
significance. Biol. Rev. 48, 85 132 (1973) 

Jansk~r L., Hart, J.S. : Participation of skeletal muscle and kidney 

during nonshivering thermogenesis in cold acclimated rats. Ca- 
nad. J. Biochem. Physiol. 41,953 964 (1963) 

King, J., Maas, D., Weisman, R.: Geographic variation in nest 
size among species of Peromyscus. Evolution 18, 230-234 (I 964) 

Lynch, G.R. : Effect of photoperiod and cold acclimation on non- 
shivering thermogenesis in Peromyscus leucopus. Amer. Zool. 
10, 308 (1970) 

Lynch, G.R., Epstein, A.L. : Melatonin induced changes in gonads, 
pelage, and thermogenic characters in the white footed mouse. 
Peromyscus leucopus. Comp. Biochem. Physiol. 53 C, 67-69 (1976) 

Lynch, G.R., Lynch, C.B., Dingle, H. : Photoperiodism and adap- 
tive behavior in mice. Nature 244, 46-47 (1973) 

Lynch, G.R., Vogt, F.D., Smith, H.R.: Seasonal study of' spon- 
taneous daily torpor in the white-footed mouse, Peromyscus 
leucopus. Physiol. Zool. (in press) (1978) 

Mejsmar, J., Jansk2), L. : Shivering and nonshivering thermogenesis 
in the bat (Myotis myotis) during arousal from hibernation. 
Canad. J. Physiol. Pharmacol. 48, 102 106 (1970) 

Morhardt, J. : Body temperatures of white-footed mice (Peromyscus 
spp.) during daily torpor. Comp. Biochem. Physiol. 33, 423-440 
(1970) 

Morhardt, J.E., Hudson, J.W.: Daily torpor induced in white- 
footed mice (Peromyscus sp.) by starvation. Nature 212, 
1046-1047 (1966) 

Morrison, P.: Adaptation of small mammals to the arctic. Fed. 
Proc. 23, 1202-1206 (1964) 

Mrovosky, N.: Hibernation and the hypothalamus. New York: 
Appleton Press 197I 

Neumann, R., Cade, T.J. : Photoperiodic influence on the hiberna- 
tion of jumping mice. Ecology 45, 38~384 (1964) 

Palmer, D., Riedesel, M. : Responses of whole-animal and isolated 
hearts of ground squirrels, Citellus lateralis, to melatonin. 
Comp. Biochem. Physiol. 53C, 69-72 (1976) 

Pengelley, E., Asmundson, S. : Circannual rhythmicity in hibernat- 
ing mammals. In: Circannual clocks (ed. E.T. Pengelley), pp. 
95-161. New York: Academic Press 1974 

Popovic, V.: Endocrines in hibernation. Bull. Museum Comp. 
Zool. 124, 105-129 (1960) 

Prosser, C.L. : Comparative animal physiology, p. 966. New York: 
Saunders 1973 

Quay, W.B. : Pineal chemistry in cellular and physiological mecha- 
nism, p. 430. Springfield, Illinois: Thomas Press 1974 

Rigaudiere, N. : Les variations saisonni&es de metabolisme de base 
et de la thyroide chez les microtines. Arch. Sci. Physiol. 23, 
215-244 (1969) 

Rust, C.C., Meyer, R.K. : Hair color, molt and testes size in male, 
short-tailed weasels treated with melatonin. Science 165, 
921-922 (1969) 

Salter, W.T.: The control of thyroid activity. In : The Hormones 
Vol. lI (eds. G. Pincus, K.V. Thimann). pp. 301,349. New 
York: Academic Press 1950 

Sellers, E., You, S.: Role of thyroid in metabolic responses to 
a cold environment. Amer. J. Physiol. 163, 80-91 (1950) 

Siegel, S.: Nonparametric statistics for the behavioral sciences. 
New York: McGraw-Hill 1956 

Tashima, L.S.: The effects of cold exposure and hibernation on 
thyroidal activity of Mesoericetus auratus. Gen. Comp. Endocri- 
nol. 5, 267-277 (1965) 

Wurtman, R.0 Axelrod, J., Kelly, D.: The pineal. New York: 
Academic Press 1968 


