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Deermice were exposed to photoperiods simulating either early
winter photoperiod (“winter replicates”) or early spring photoperiod
(“spring replicates’”) before experiencing 14-day treatment periods
designed to assess the effects of ambient temperature and photoperiod
on nonshivering thermogenesis (NST). These treatments consisted of
the four combinations of low (5°C) or high (25°C) temperatures and
short (8L :16D) or long (16L : 8D) photoperiod. In both winter and spring
replicates, only those mice exposed to both low temperature and short
photoperiod experienced significantly elevated levels of NST. In the
spring replicates, those mice exposed to both high temperature and
long photoperiod experienced significant loss of NST. These results
support the hypothesis that photoperiod and ambient temperature
interact to trigger changes in NST.

[Department of Biology, Millersville University, Millersville, PA 17551
USA (DAZ), Powdermill Biological Station, Carnegie Museum of Natural
History, Rector, PA 15677 USA (JFM)]

1. INTRODUCTION

For small mammals inhabiting seasonally cold environments, annual
cycles in nonshivering thermogenesis (NST) provide the means of rapid
heat production in response to cold (Jansky, 1973). Elevated levels of
NST in winter for species that do not undergo torpor (e.g., Microtus
ochrogaster, Wunder et al., 1977; Clethrionomys rutilus, Rosenmann
et al., 1975; and 3larina brevicauda, Merritt, 1986) increase the cold
tolerance of the individual. High capacity for NST in species that do
undergo torpor also functions as a source of heat during arousal from
torpor (Smith & Horwitz, 1969). In North America, both the deermouse
(Peromyscus maniculatus) and the white-footed mouse (Peromyscus
leucopus) experience wintertime torpor (Hill, 1983; Tannenbaum & Pi-
vorun, 1984) and have annual cycles in NST capacity (Lynch, 1973;
Zegers & Merritt, in press).

Knowledge of the environmental cues triggering changes in NST is
fundamental in understanding the winter survival of these small homeo-
therms. For Peromyscus, photoperiod and ambient temperature have been
studied extensively as possible cues for a variety of physiological
parameters (Hill, 1983). Winter molt, regression of gonads, adrenals and
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liver, increased occurrence of daily torpor, and hypertrophy of brown
adipose tissue (BAT) of P. leucopus were stimulated by short photoperiod
(Lynch, 1973; Lynch & Gendler, 1980; Lynch et al., 1980).

Both photoperiod and ambient temperature have been linked to
changes in NST. Thermogenic response of albino Mus musculus to
norepinephrine (NE) was dependent upon the extent of cold exposure
(Wunder, 1981); deposition of brown adipose tissue (BAT) in albino
M. musculus (Heldmeier, 1975) and in P. leucopus (Lynch & Folk, 1971)
was stimulated by cold exposure. Data for C. rutilus indicate that the
level of wintertime NST may vary between years, as does intensity of
cold, which suggests that temperature may be important in adjusting
level of NST (Feist & Morrison, 1981). Lynch (1973) found that NST
capacity of P. leucopus increased rapidly after the first cold period in
autumn. Likewise, NST increased significantly after the first cold of
autumn for both P. leucopus and P. maniculatus (Zegers & Merritt, in
press). However, because autumn is marked by both decreasing tem-
perature and photoperiod, the relative roles of ambient temperature
and photoperiod in triggering changes in NST are difficult to different-
iate in acclimatization studies. In controlled laboratory experiments,
NST of P. maniculatus was inversely correlated with ambient tempera-
ture independent of photoperiod and previous exposure to photoperiod
(Sheffield & Andrews, 1980). Likewise, P. leucopus exposed to 6°C for
eight days developed higher NST capacity than did individuals exposed
to 26°C, although short photoperiod also increased the level of NST
(Lynch, 1970).

Studies of other species support the hypothesis of photoperiod as a
primary cue of NST. Length of scotophase was significant in inducing
elevated NST for Rhabdomys pumilio and Lemniscomys griselda (Haim,
1982), Apodemus mystacinus (Haim & Yahav, 1982), Phodopus sungorus
(Heldmaier et al., 1982), Microtus ochrogaster (Wunder, 1984), and Dipo-
domys ordii (Gettinger & Ralph, 1985), although a circannual rhythm in
NST may be present in Microtus ochrogaster (Wunder, pers. comm.).

Wunder (1984) and Heldmaier et al. (1985) have proposed that photo-
period should be the more general cue because this would allow small
mammals both to anticipate the first cold of winter and to prevent loss
of NST capacity during periodic warm days in winter. Photoperiod may
trigger seasonal changes in NST while cold exposure may improve
further thermogenic capacity and, therefore, provide maximum cold
tolerance in mid-winter (Heldmaier et al., 1985). Thus, the objective of
this study was to assess the relative importance of photoperiod and
ambient temperature in triggering changes in NST maximum in P. ma-
niculatus.
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2. METHODS AND MATERIALS

All mice were live-trapped at the Biological Station of the Carnegie Museum
of Natural History (Powdermill Nature Reserve) in southeastern Westmoreland
County, Pennsylvania, USA. The station is located within the Allegheny Mountains
of the Appalachian Plateau of Pennsylvania (Grimm & Roberts, 1950). The study
site was a relatively mature, mesic forest with a canopy composed primarily of
beech (Fagus grandifolia), vellow poplar (Liriodendron tulipifera), sugar maple
(Acer saccharum), and red oak (Quercus borealis) (Merritt, 1984, 1986). Mice were
live-trapped in September and October, 1985, ear-tagged for identification, and
taken into the laboratory. Tag number, capture site, date and time of capture,
body mass, sex, and reproductive status were recorded.

Before and after the acclimation trials, the mice were housed individually at
laboratory temperatures ranging from 17 to 27°C and under an artificial light
regime which approximated the natural photoperiod (Zegers & Merritt, in press).

NST maximum was measured between 0700 and 1600 hrs using a positive
pressure “push-through” assembly with a Beckman 755 paramagnetic oxygen
analyzer (Merritt, 1986). The air flowed through columns of soda lime and drierite
to remove CO, and H,O before entering the oxygen analyzer (condition B of Hill,
1972); rate of air flow (1000 ml/min) through the 3800 ml glass animal chamber
was measured by calibrated flow meters. Before and after testing, each mouse
was weighed and its rectal temperature recorded.

Because norepinephrine-induced heat production is equivalent to cold-induced
NST (Bockler et al., 1982), NST maximum was defined as the total metabolic
response to a mass-dependent dose of NE and measured as the highest oxygen
consumption in unanesthetized, quiescent mice at 25°C following an IM injection
of a dose of NE (Levophed bitartrate injection, Winthrop-Breon, 1 ml=1 mg base).
This dose (mg/kg=[6.6BW—0.48]/2) was previously determined to elicit maximum
thermogenic response in P. maniculatus (Wunder, pers. comm.). Metabolic rate
was computed according to the method of Depocas and Hart (1957) and Hill (1972),
expressed in milliliters of oxygen consumed per gram per hour (ml O, g—1! hr—1).
Because RMR does not fluctuate in response to changes in either photoperiod or
ambient temperature (Zegers & Merritt, in press), we did not measure RMR and
thus could not calculate NST capacity. Rather, we used NST maximum as our
measure of the thermogenic abilities of the mice.

Before the experiments started, the deermice were exposed to photoperiod
which simulated the decreasing photoperiod of early winter (“winter replicates”).
In late January through March, additional replicates (“spring rveplicates”) were
conducted using the same individuals (as in the winter replicates). Before being
used again, all mice were allowed at least four weeks of recovery under a
photoperiod simulating the naturally increasing one and high temperatures
(16—27°C).

To assess the effects of photoperiod and ambient temperature on NST maximum,
groups of mice were tested for their thermogenic response to NE immediately
before and after a 14-day acclimation period. Other studies (Lynch, 1970; Wunder,
1981) indicate that 14 days of acclimtion is adequate to elicit changes in NST.
Our treatments consisted of one of the following sets of conditions: (a) cold
temperature (5°C) and short photoperiod (8L :16D), (b) cold (5°C) and long
photoperiod (16L : 8D), (¢) warm temperature (25°C) and short photoperiod (8L : 16D),
and (d) warm temperature (25°C) and long photoperiod (16L :8D). Light intensity
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varied from 0 to 6 lux during the dark phase and from 1400 to 3200 lux during
the light phase.

Four winter and four spring replicates were conducted; each replicate involved-
four mice in each of the four treatments. Among the acclimation groups, the
mice were matched as closely as possible for age, sex, and mass. Females obviously
pregnant or lactating were not used. Temperature and photoperiod conditions of
the individual chambers were switched between the replicates to reduce spurious
“chamber effects” (Hurlbert, 1984). Each mouse was retested during the same
hour of the day as it was originally tested in an attempt to reduce the effect
of any circadian rhythm in responsiveness to NE.

Levels of NST maximum before and after the treatments were used to assess
change in NST. Because some subsets of our data were not homogeneous in
distribution, nonparametric tests were employed. Significant changes in NST
maximum were assessed by Kruskal-Wallis one-way ANOVA and the Mann-
Whitney U test. The magnitude of change in NST maximum was measured as
the ratio of post-treatment to pre-treatment values (Didow, 1972).

3. RESULTS

Although starting values for NST maximum were not different in
the winter and spring trials (H=0.28, p=0.60), ending values and the
magnitude of change in NST were significantly different in the winter
replicates than in those conducted in the spring (for ending values,
H=574, p=0.02; for magnitude of change data, H=4.90, p=0.03).
Therefore, we did not pool the data for the winter and spring replicates.
In general, however, the trends are the same in those two data sets.
Only those mice exposed to both low temperature and short photoperiod
experienced significant increases in NST during the acclimation periods.
In the spring replicates, mice exposed to both high temperature and
long photoperiod experienced significant reduction in NST maximum;
mice subject to other treatments experienced no significant changes in
level of NST (Table 1).

For the winter replicates, starting values for the mice exposed to the
four treatment conditions were not significantly different (H=0.18,
p=0.98); however, ending values and the magnitude of change were
different among the treatments (respectively, H=19.54, p=0.0002;
H=18.56, p=0.0003). Mann-Whitney U test revealed that the mice in
both low temperature treatments had significantly higher levels of NST
at the end of the acclimation periods than did mice in the two high
temperature treatments, regardless of exposure to photoperiod (Table 1).

Likewise, for spring replicates, starting levels of NST for mice exposed
to the four treatments were not different (H=0.47, p=0.93). Ending
levels of NST and the magnitude of change did vary among the treatment
groups (respectively, H=20.45, p=0.0001; H=16.15, p=0.001). Mann-
Whitney U test revealed that ending NST levels of mice in the low
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temperature treatments were significantly higher thau those of mice
in the two high temperature treatment groups, regardless of type of
exposure to photoperiod during the acclimation periods (Table 1).

4, DISCUSSION

Our results may be construed as supporting the hypothesis of declining
temperature as the major cue for seasonal acclimatization in NST. How-
ever, an alternative explanation is that the decreasing photoperiod of
early autumn had triggered increased NST capacity before the experi-
ments were started, and thus our experiments tested wintertime sensi-
tivity of NST to fluctuations in photoperiod and ambient temperature
rather than seasonal adjustments. Indeed, the starting values for NST
in this experiment (mean="7.89 ml O,g™" hr™') were equivalent to those
of deermice caught and tested by Zegers and Merritt (in press) in De-
cember and January (winter mean=7.72 ml O,g~' hr™' U=400.5,
p=0.94) and higher than those of mice caught in summer (summer
mean=25.30 ml O,g~* hr™', U=76.0, p<<0.001). In addition, Lynch (1973)
found that NST capacity in P. leucopus increased to mid-winter levels
rapidly during mid-September. Thus, it seems more likely that our
experiments demonstrated the wintertime sensitivity of NST to fluctua-
ting photoperiod and ambient temperature than they demonstrated the
significance of these factors in triggering seasonal changes in NST.

In all treatments, the magnitude of change was greater in the winter
than in the spring replicates. This may be due to the four weeks of
increasing photoperiod before the spring tests, or it may be caused by
some metabolic interference due to the previous use of these individuals
in these experiments. Regardless, both data sets show that both photo-
period and temperature are involved in triggering changes in NST. Other
studies support this conclusion. A significant portion of the total ac-
climatization of M. ochrogaster, was not due to photoperiod alone, but
a response to both environmental cues (Wunder, 1984). Similarily, 45%
of the total improvement in NST of Phodopus sungorus was due to cold
stimulation and 55% due to photoperiod (Heldmaier et al., 1982). These
studies and those of Feist & Morrison (1981) for C. rutilus and Zegers
& Merritt (in press) for P. leucopus and P. maniculatus are consistent
with the hypothesis that photoperiod may function as the cue for seasonal
changes in NST while cold exposure may further improve thermogenic
capacity, thus providing maximum cold tolerance in mid-winter. Our
data for the acclimation of P. maniculatus are consistent with that hy-
pothesis. Moreover, our data and similar results for P. leucopus (Lynch,
1970) indicate that ambient temperature and photopoeriod may interact
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to trigger the thermogenic adjustments made by these mammals. The
concept of interacting cues is congruous with the hypothesis that photo-
period may act as seasonal cue while cold exposure may improve further
thermogenic capacity in winter.
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WPLYW FOTOPERIODU I TEMPERATURY OTOCZENIA NA NIEDRESZCZOWA
TERMOGENEZE U PEROMYSCUS MANICULATUS

Streszczenie

Osobniki Peromyscus maniculatus trzymano w warunkach fotoperiodu wezesnej
zimy (zimowe powtérzenia) lub wczesnej wiosny (wiosenne powtdrzenia). Nastepnie
przez 14 dni poddawano je wplywowi niskiej (5°C) lub wysokiej (25°C) tempera-
tury i réwnocze$nie krétkiego (8 godz.) lub dlugiego (16 godz.) dnia. Zaréwno w
zimowych jak i w wiosennych powtérzeniach jedynie osobniki poddawane réwno-
cze$nie dzialaniu niskiej temperatury i krétkiego dnia wykazywaly istotnie wyzszy
poziom niedreszczowej termogenezy. W powtérzeniach wiosennych u osobnikéw
trzymanych w wysokiej temperaturze i w warunkach dlugiego dnia poziom nie-
dreszczowej termogenezy spadal (Tabela 1). Wyniki te potwierdzaja hipoteze, ze
fotoperiod i temperatura wspdéldzialajg przy wyzwalaniu zmian niedreszczowej
termogenezy.



