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ABSTRACT: Huddling is expressed by infant rats and continues to be an important behavior
throughout adulthood. As a form of behavioral thermoregulation, huddling is thought to play an
essential role in compensating for inadequate physiological thermoregulation early in development.
Infant rats, however, are capable of heat production shortly after birth using brown adipose tissue
(BAT) and exhibit thermogenesis in the huddle, suggesting that huddling does not obviate the need
for endothermy during cold exposure. In the present experiment, 4-pup huddles of infant rats (2- or 8-
day-olds) were exposed to two subthermoneutral temperatures, and BAT thermogenesis was
inhibited in 0, 2, or 4 of the rats in each huddle. Inhibition of BAT thermogenesis compromised the
pups' ability to maintain huddle temperature, but surprisingly did not result in enhanced huddling at
either age. These results suggest that effective huddling during cold exposure requires the thermal
resources provided by endothermy. Furthermore, the heat provided by BAT appears to shape
behavioral interactions in the huddle during development. ß 2001 John Wiley & Sons, Inc. Dev
Psychobiol 39: 65±75, 2001
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It has been shown recently that infant rats rely on both

physiology and behavior when huddling during cold

exposure (Sokoloff, Blumberg, & Adams, 2000).

Physiologically, huddling 8-day-old rats show increa-

ses in brown adipose tissue (BAT) thermogenesis, as

evidenced by increased rates of oxygen consumption

and the maintenance of high huddle temperatures.

Behaviorally, these infants exhibit increased contact

with multiple littermates and increased three-dimen-

sional buddling (i.e., piling), both of which act to

decrease rates of heat loss from the huddle by

improving surface-area-to-volume ratios. In contrast,

younger rats (i.e., 2-day-olds) show increased rates of

oxygen consumption, indicative of BAT thermogen-

esis, but do not show behavioral changes that would

aid in retaining the heat produced by each individual.

Furthermore, 8-day-old hamsters do not yet show

BAT thermogenesis (Blumberg, 1997; Hissa, 1968)

and also fail to demonstrate effective huddling behav-

iors during cold exposure. It appears, then, that the

heat produced by BAT plays an important role in

effective huddling.

Adult mammals are noted for their ability to main-

tain body temperature by recruiting a suite of physio-

logical and behavioral mechanisms (Adair, 1977;

Corbit, 1970). Moreover, compromising physiological

thermoregulation in adults results in the rapid recruit-

ment of behaviors that compensate for a physiological

de®cit (Carlisle, 1968; Richter, 1943; Satinoff &

Rutstein, 1970). The ®nding that younger infant rats

and hamsters show poorer behavioral responses to

cold exposure than the larger and more physiologic-

ally competent 8-day-old rats, however, poses a

problem for the idea that huddling compensates for

inadequate physiological thermoregulation (Leon,

1986; Satinoff, 1996). Therefore, one possible
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explanation for the difference in huddling behavior

between infants of different ages and species is that

huddling is not a typical thermoregulatory behavior

that compensates for a physiological de®cit, but rather

re¯ects a synergism between physiology and behavior

that results in effective thermoregulation.

If huddling during cold exposure is the product of

an interaction between physiology and behavior, how

might the heat produced by BAT ful®ll a role in

effective huddling? First, as evidenced by differences

between endothermic infant rats and non-endothermic

infant hamsters, the heat provided by BAT is clearly

an important resource for effective huddling (Sokoloff

et al., 2000). Second, the heat produced by BAT may

play a role in guiding the contact behavior of

individuals in the huddle; the importance of thermal

stimuli for guiding the behavior of infants has been

well documented (Alberts, 1978b; Alberts & Brunjes,

1979; Alberts & May, 1984). Contact behavior among

heat-producing littermates is advantageous as it

retards heat loss and thereby lowers the metabolic

demands of cold exposure (Alberts, 1978a; Schmidt,

Barone, & Carlisle, 1986; Stanier, 1975).

If the endothermic capabilities of each individual

infant rat play a role in establishing contact between

littermates within the huddle, then huddling behavior

should be disrupted when some infants in the huddle

are capable of heat production and some are not,

especially as cold exposure progresses. Speci®cally,

heat-producing pups should actively seek other heat-

producing pups and actively avoid non-heat-produ-

cing pups. Therefore, to assess the effect of unequal

endothermic capabilities on huddling, huddles of 2- or

8-day-old rats comprised of 4 littermates were sequ-

entially exposed to two subthermoneutral air tem-

peratures. Huddles were assigned to one of three

groups. In the ®rst group (balanced saline), all 4 pups

were treated with saline. In the second group (balan-

ced chlorisondamine), all 4 pups were treated with

chlorisondamine, a ganglionic blocker that inhibits

BAT thermogenesis (Blumberg, Sokoloff, & Kirby,

1997). In the third group (unbalanced), 2 pups were

treated with saline and 2 pups were treated with chlo-

risondamine. The behavior of representative focal

pups in each huddle was scored, and infrared ther-

mography was used to measure huddle temperature.

METHODS

Subjects

Ninety-six 2-day old (PD2) rats and ninety-six 8-day-

old (PD8) rats were used. Rat pups were from 43

litters born to Sprague-Dawley Norway rats housed in

standard laboratory cages (48� 20� 26 cm) in the

animal colony at the University of Iowa. Food and

water were available ad libitum. Body weights ranged

from 5.6 to 9.9 g for the PD2 rats and 13.0 to 22.4 g for

the PD8 rats. All litters were culled to 8 pups within 3

days after birth (day of birth�Day 0). The animal

colony was maintained on a 12:12 hr light; dark cycle

(lights on at 0600 hr).

Test environment

A detailed description of the test environment is

provided elsewhere (Blumberg & Stolba, 1996).

Brie¯y, huddles of pups were tested in a double-

walled, glass chamber. Air temperature inside the

chamber was controlled by circulating temperature-

controlled water through the chamber's walls. Access

holes in the side of the chamber allowed for the

connection of thermocouples and the passage of air

through the chamber at a rate of 1,200 ml minÿ1

(300 ml minÿ1 pupÿ1; Alberts, 1978a). A round poly-

ethylene mesh platform allowed the infants to move

freely within the chamber.

Temperature Measurements

The temperature of the chamber (Tchamber) was

measured using a calibrated chromel-constantan

thermocouple (Omega, Stamford, CT) accurate to

within 0.1�C. Outside the chamber the thermocouple

was connected to a handheld digital thermometer

(Omega). Tchamber was measured by attaching the

thermocouple to the glass wall on the inside of the

metabolic chamber.

Infrared Thermography

The infrared (IR) thermography system (FLIR

Systems, Portland, OR) consists of an IR camera,

computer, and monitor for viewing images. The

thermal images are acquired by a computer system

that controls the camera as well as image acquisition

(ThermaCAM Researcher 2000, FLIR Systems). The

system is capable of storing images to hard disk at

rates of up to 60 images/s. IR thermography allows for

accurate and noninvasive measurements of surface

skin temperature (Blumberg, E®mova, & Alberts,

1992).

To accurately measure absolute skin temperature

using IR thermography, determination of the skin's

emissivity was necessary. (Emissivity is the ratio of

the radiant energy emitted by a surface to the energy

emitted at the same temperature by a black body
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radiator.) To accomplish this, the skin of PD2 and

PD8 rats (n� 4 at each age) was heated to at least

40�C, and an emissivity value was obtained. Across a

range of skin temperatures, values acquired using IR

thermography were compared to those acquired using

a calibrated thermocouple attached to the skin.

Finally, for each age, average emissivity values were

obtained, and a regression equation was derived with

the thermocouple temperature as the independent

variable and the IR temperature as the dependent

variable. The equation then was used to adjust the

values obtained using IR thermography.

Data Acquisition

Thermal data (Tchamber and IR images) were acquired

by the experimenter once every 15 min throughout the

test. Tchamber was recorded by hand, and 3 to 5

successive IR images were saved on hard disk.

Continuous videorecording of behavior throughout

the test was accomplished using a minicamera

situated above the chamber lid.

Procedure

On the day of testing, 4 pups, all with visible milk

bands, were removed from their home cage and

weighed. Huddles were comprised equally of both

male and female infants. Each pup was marked for

identi®cation. Huddles were placed in the metabolic

chamber maintained at 35�C. The pups were allowed

to acclimate in the chamber for at least 45 min. After

approximately 30 min of acclimation, the pups

received a subcutaneous injection of either the

ganglionic blocker, chlorisondamine hydrochloride

(5 mg/kg; Ciba Geigy Corp., Summit, NJ) or saline at

an injection volume of 1 ml/g body weight. Two

huddle conditions (i.e., balanced and unbalanced) and

two treatment conditions (i.e., saline and chlorison-

damine) were tested. Speci®cally, the balanced saline

group consisted of 4-pup huddles in which all 4 infants

were treated with saline. The balanced chlorisonda-

mine group consisted of 4-pup huddles in which all 4

infants were treated with chlorisondamine. Finally,

the unbalanced group consisted of 4-pup huddles in

which 2 pups were treated with chlorisondamine and 2

pups were treated with saline.

At the end of the 45-min acclimation period,

videotaping began, and a 15-min period of behavioral

data was acquired at thermoneutrality (35�C). After

15 min, the lid of the chamber was removed, and the

®rst thermographic images were acquired. (The

experimenter was able to obtain images and replace

the chamber lid within 10 s.) The temperature of the

chamber then was decreased to 30�C for PD2 rats and

25�C for PD8 rats. Thermographic images were

acquired at 15, 30, 45, and 60 min after the

temperature decrease began. This procedure was

repeated for the ®nal change in temperature to 20�C
for PD2 rats and 15�C for PD8 rats. After the test, the

infants were removed from the chamber and returned

to their home cage.

Behavioral Data

For the analysis of behavioral data, the test was

divided into a 15-min baseline period at thermoneu-

trality (35�C) and successive 60-min periods at two

subthermoneutral air temperatures (i.e., 30�C and

20�C for PD2 rats or 25�C and 15�C for PD8 rats). For

each 60-min period, only the fourth 15-min period

was scored. Because 45 min are suf®cient for indi-

vidual pups to stabilize at new air temperatures

(Sokoloff & Blumberg, 1997), this period was

designated the `̀ stability'' period.

Behavioral data were analyzed as described by

Sokoloff et al. (2000). Brie¯y, for each huddle, data

were analyzed for 1 pup from each treatment condi-

tion (i.e., 1 chlorisondamine- and/or 1 saline-treated

pup). This pup was designated as a focal pup and was

chosen randomly by the experimenter when beha-

vioral scoring was conducted; focal pups were

represented equally by male and female infants. For

overall comparisons of huddle condition, a focal pup

was randomly selected from each huddle, except

for unbalanced huddles where 2 focal pups were

selectedÐ1 for each treatment condition (i.e., 1 chlori-

sondamine- and 1 saline-treated pup).

Two measures of huddling were scored: three-

dimensional huddling and contact. Three-dimensional

huddling was scored by determining when the focal

pup was situated on top, underneath, or between the

other littermates in the huddle. Contact behavior was

scored by determining the number of littermates with

which the focal pup was in contact at any given time

during the 15-min stability period. In addition, active

sleep (e.g., myoclonic twitching), stationary awake

(e.g., yawning and stretching), and translational

awake (e.g., forward locomotion and righting)

behaviors were scored. These behaviors provide a

useful index of the thermal success of the huddle

during cold exposure (Sokoloff & Blumberg, 1998;

Sokoloff et al., 2000).

Data Analysis

Videorecords were scored by experienced observers

blind to huddle condition and treatment condition. For
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each Tchamber two scoring passes were made through

each 15-min segment of data, one for the scoring of

active sleep and awake behaviors and the other for

scoring three-dimensional huddling and contact.

The behaviors of the focal pups were coded by key

presses made by the observer during video playback.

The key presses were recorded using an event recorder

program written in HyperCard for the Macintosh. The

raw data for active sleep, awake behaviors, three-

dimensional huddling, and contact behavior were

analyzed using programs written in HyperCard that

calculated the duration of each behavior for each

15-min period. Converted data then were imported

into StatView 4.5 for statistical analysis.

To assess inter- and intrarater reliability, simple

regression analyses were performed on randomly

chosen segments of behavioral data for Stability

periods at each of the values of Tchamber. These

comparisons were made for both ages of infants and

for all huddle and treatment conditions. On average,

interrater reliabilities yielded rs � :90. The average

intrarater reliabilities for the same measures yielded

rs � :96.

A mean value for Tchamber was calculated from two

data points acquired over the appropriate 15-min

period corresponding to the acquisition of behavioral

data. Huddle temperature (Thuddle) was analyzed by

exporting thermal data from the IR images. Speci®c-

ally, the temperature values (�C) of each pixel

comprising the exposed surface of the huddle could

be selected and imported into StatView 4.5 to obtain

the average Thuddle.

IR images also provided a means for assessing

the surface area of the platform covered by the

huddle. The exposed surface area of the huddle was

obtained by analyzing IR images with NIH Image

(v. 1.62; U.S. National Institutes of Health, Washing-

ton, DC). An outline of the huddle was created by

tracing around the exposed surface of the pups using a

drawing tablet (Wacom Technology Corporation,

Vancouver, WA). Percent changes in huddle surface

area (DHuddle Spread) were obtained by subtracting

the baseline (35�C) huddle surface area from its value

at each time point during the experiment and multi-

plying this value by 100.

The physiological and behavioral data were

analyzed using repeated measures analysis of variance

(ANOVA). Single factor ANOVAs and Fisher's PLSD

were used as post hoc tests when signi®cant main

effects and/or interactions were obtained. The a was

set at .05. For missing data, values either were inter-

polated from appropriate group means or from the

averages of individual values immediately preceding

and following the missing value. These instances of

interpolation were rare (behavioral data: 1.4% of cells

for PD8 huddles; Thuddle and surface area: <1% of all

cells), and the degrees of freedom were adjusted when

necessary to compensate for missing data.

RESULTS

Inhibition of BAT thermogenesis in unbalanced and

balanced chlorisondamine huddles resulted in a

signi®cant reduction in Thuddle during cold exposure.

The plots in the top row of Figure 1 present the data

for Thuddle for all huddles of infants. A single-factor

ANOVA indicated that there was no signi®cant differ-

ence in Thuddle at 35�C between any groups at either

age. As Tchamber decreased below 35�C, however,

Thuddle began to differ between the groups, PD2 rats:

F�2; 21� � 22:3; PD8 rats, F�2; 21� � 50:9,

ps < :0001. Speci®cally, for PD2 rats (top left-hand

plot), Thuddle for the balanced saline huddles was

signi®cantly higher than Thuddle for unbalanced and

balanced chlorisondamine huddles during the 60-min

period of exposure to 30�C (p < :001). At 20�C,

however, Thuddle did not differ between balanced

saline and mixed huddles, although the difference

approached signi®cance (p < :07). Similar differ-

ences were seen in Thuddle, for PD8 rats, with balanced

saline huddles exhibiting signi®cantly higher values

for Thuddle than both mixed and balanced chlorison-

damine huddles at both 25�C and 15�C (top right-hand

plot; ps < :005).

The plots in the bottom row of Figure 1 present the

data for the percent change in the exposed huddle

surface area (DHuddle Spread) for all huddles of

infants. A single-factor ANOVA indicated that there

was no signi®cant difference in the exposed huddle

surface area at 35�C between any of the groups at

either age. At both ages, all three huddle conditions

showed decreases in DHuddle Spread as Tchamber

decreased, PD2 rats, F�1; 21� � 24:3; PD8 rats,

F�1; 21� � 70:3, ps < :0001.

For PD2 rats (bottom left-hand plot), there were no

differences between groups in DHuddle Spread

despite the signi®cant differences in Thuddle. This also

was true for huddles of PD8 rats (bottom right-hand

plot) at 25�C. During exposure to 15�C, however,

balanced saline huddles exhibited a signi®cantly

larger DHuddle Spread than the other two groups

(ps < :05). These results for both groups of rats

suggest that huddles comprised of pups that lack BAT

thermogenesis do not compensate for the lack of heat

production by further decreasing DHuddle Spread.

Figure 2 presents IR images of the huddles of

PD2 and PD8 rats at the end of 60 min of exposure to
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20�C and 15�C, respectively. Pixels coded in white

represent temperatures �31�C, and pixels coded in

black represent temperatures � 15�C (for more

temperature values of pixel colors, refer to the ®gure

legend). Consistent with Figure 1, the IR images in

Figure 2 con®rm the thermal advantage of balanced

saline huddles. Interestingly, for PD8 rats, saline-

treated pups from unbalanced huddles appear cooler

than saline-treated pups in balanced saline huddles,

and chlorisondamine-treated pups from unbalanced

huddles appear warmer than chlorisondamine-treated

pups from balanced chlorisondamine huddles. This

suggests that the heat produced by the saline-treated

pups is a thermal resource for the chlorisondamine-

treated pups.

For all focal pups at both ages, active sleep (i.e.,

myoclonic twitching) decreased as Tchamber dec-

reased, F�2; 55� > 7:3, ps < :01. For PD8 rats,

regardless of huddle composition, saline-treated focal

pups slept more than chlorisondamine-treated pups,

F�1; 28� � 19:9, p � :0001. Conversely, stationary

awake behavior increased during cold exposure,

F�2; 55� > 32:3, ps < :01. For PD8 rats, saline-trea-

ted focal pups showed less stationary awake behavior

than chlorisondamine-treated pups, F�1; 28� � 20:1,

p � :0001. Finally, for both ages, although overall

levels of translational awake behavior were very low,

saline-treated focal pups showed more translational

awake behavior than chlorisondamine-treated focal

pups during exposure to the ®nal Tchamber (20�C for

PD2 rats and 15�C for PD8 rats; ps < :05).

The results presented in Figures 1 and 2, along with

the results from the analysis of sleep and awake

behaviors, suggest that BAT thermogenesis is a

necessary resource for effective huddling during cold

exposure. Balanced saline huddles not only showed

higher values of Thuddle but also showed larger

reductions in the exposed surface area of the huddle.

Furthermore, differences in the amount of sleep and

awake behaviors are consistent with previous results

in which the inhibition of BAT thermogenesis resulted

in less sleep and more awake behavior in individual

rats during cold exposure (Sokoloff & Blumberg,

1998).

FIGURE 1 Huddle temperature (Thuddle) and percent change in huddle surface area (DHuddle

Spread) for 4-pup huddles of PD2 and PD8 rats. When the temperature of the chamber decreased

below 35�C, balanced chlorisondamine and unbalanced huddles were colder than balanced saline

huddles at both ages. Similarly, the largest and most sustained DHuddle Spread was shown by

balanced saline huddles. Mean� SEM. *All three groups signi®cantly different from one another for

the 60-min period of cold exposure. **Balanced saline huddles signi®cantly different from the other

two groups for the 60-min period of cold exposure. ***Balanced saline and mixed huddles

signi®cantly different from balanced chlorisondamine huddles for the 60-min period of cold

exposure.
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PD2 and PD8 rats differed in their expression of

three-dimensional huddling. For PD2 focal pups, the

amount of three-dimensional huddling did not

increase signi®cantly until exposure to 20�C
(p < :0001; this also was true for 3-pup contact,

p < :005; data not shown). In contrast, as shown in

Figure 3, all PD8 focal pups showed signi®-

cant increases in three-dimensional huddling when

Tchamber decreased below 35�C (p < :0001).

The behavioral data presented thus far revealed

negligible differences between the balanced saline,

balanced chlorisondamine, and unbalanced groups.

For PD8 rats, however, an interesting difference in

contact behavior emerged. Figure 4 presents 3-pup

contact (recall that 3-pup contact is a measure of the

amount of time in which a focal pup is in contact with

the 3 other pups in the huddle) for balanced and

unbalanced huddles (the results are collapsed because

there was no signi®cant difference between treatment

conditions for this measure). Similar to the data for

three-dimensional huddling (see Figure 3), PD8 pups

progressively increased 3-pup contact as Tchamber

decreased, F�2; 41� � 10:2, p < :01. Repeated

measures ANOVA revealed a signi®cant inter-

action between huddle condition and Tchamber,

F�2; 41� � 6:7, p < :01. At 25�C, focal pups from

unbalanced huddles exhibited more 3-pup contact

than focal pups from balanced huddles (p < :05).

More importantly, this pattern was reversed at 15�C;

focal pups from balanced huddles exhibited more

3-pup contact than focal pups from unbalanced

huddles (p < :05), indicating that unbalanced huddles

were beginning to disintegrate as Tchamber decreased

from 25�C to 15�C.

Given that unbalanced PD8 huddles showed

decreased 3-pup contact at 15�C, we performed

further analyses to explore the basis of this decrease.

To do this, we examined contact behavior between a

focal pup and 2, rather than 3, pups in the huddle. For

all focal pups in the present experiment, 2-pup contact

was the predominant contact behavior during each

stability period (6.98� 0.93 min), regardless of

Tchamber.

As shown in Figure 5, for both a chlorisondamine-

(C) and saline-treated (S) focal pup, there were two

possible combinations by which it could establish

contact with 2 of the remaining 3 pups in the huddle.

Each focal pup could be in contact with a mixed pair

FIGURE 2 Representative infrared (IR) images of PD2 and PD8 huddles at 20�C and 15�C,

respectively. Balanced saline huddles (top row) show higher huddle temperatures than the other two

huddle conditions. In unbalanced huddles (middle row), saline-treated pups are easily distinguish-

able from chlorisondamine-treated pups. Finally, balanced chlorisondamine huddles (bottom row)

are barely warmer than the ambient environment.
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FIGURE 3 Duration of three-dimensional (3-D) huddling for PD8 focal pups. PD8 focal pups

showed increases in 3-D huddling when the temperature of the chamber was decreased. There were

no signi®cant differences between groups. Mean� SEM. *Signi®cantly different from 35�C.

FIGURE 4 Duration of 3-pup contact for PD8 focal pups from balanced (®lled bars) and

unbalanced (open bars) huddles. For both huddle conditions, 3-pup contact increased as the

temperature of the chamber was decreased below 35�C. At 25�C, focal pups from unbalanced

huddles exhibited more 3-pup contact than focal pups from balanced huddles. At 15�C, however,

focal pups from unbalanced huddles exhibited less 3-pup contact than focal pups from balanced

huddles. Mean� SEM. *Signi®cantly different from unbalanced huddles.
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of pups (i.e., sc) or a pair of pups from the opposite

treatment condition (i.e., ss or cc). Because the huddle

was comprised of 4 pups, each focal pup could be in

contact with 2 different mixed pairs of pups, but only

one pair comprised of pups from the opposite treat-

ment condition.

Figure 6 presents the duration of contact of PD8

focal pups with speci®c pairs of pups during cold

exposure for each 15-min stability period. There were

no signi®cant differences in the duration of contact

with a mixed pair of pups (i.e., sSc or sCc) between

25�C and 15�C. Similarly, for chlorisondamine-

treated focal pups, there was no difference in the

duration of contact with a pair of saline-treated pups at

either temperature. For saline-treated focal pups,

however, there was a signi®cant decrease in the

duration of contact with a pair of chlorisondamine-

treated pups at 15�C (i.e., cSc; F�1; 6� � 7:6,

p < :05). This change in focal pup behavior suggests

that saline-treated focal pups avoided the colder

chlorisondamine-treated pups as the magnitude of

cold exposure increased.

To expand our analysis beyond the focal pup, the

contact behavior of the unbalanced huddle as a whole

was assessed. Figure 7a shows the four possible

combinations of the pups that comprised an unba-

lanced huddle. This huddle composition was deter-

mined from the IR images taken before and after

the stability period (Mins 45 and 60). A Pearson

chi-square goodness-of-®t analysis was performed

to analyze the frequency of huddle composition.

Figure 7b shows the observed and expected frequen-

cies of combinations of all 4 pups in unbalanced

huddles of PD8 rats at 25�C and 15�C. At 25�C (left-

hand plot), the pups were found equally in each of the

four possible combinations. When the temperature

was decreased to 15�C (right-hand plot), however, the

frequency of observed huddle combinations differed

signi®cantly from expected frequencies (right-hand

plot; �2
3 � 16:5, p < :001). At 15�C, the predominant

huddle combination was CCSS. One conclusion that

could be drawn from the increase in this particular

huddle combination is that chlorisondamine-treated

pups are attracted to other chlorisondamine-treated

pups. This does not appear to be the case, however,

because the next most frequent huddle combination

was CSSC in which, once again, the 2 saline-treated

pups were directly in contact, but the 2 chlorisonda-

mine-treated pups were not. Furthermore, the combi-

nation of SCCS, in which 2 chlorisondamine-treated

pups are in contact but 2 saline-treated pups are not,

FIGURE 5 Illustration depicting the possible combina-

tions of pairs of pups with which PD8 focal pups from

unbalanced huddles could be in contact (c� chlorison-

damine, s� saline). Focal pups (C� chlorisondamine-

treated focal pup, S� saline-treated focal pup) could be in

contact with a mixed pair of pups (i.e., s and c) or a pair of

pups from the opposite treatment condition (i.e., s and s or c

and c).

FIGURE 6 Number of 1-s bins of contact with pairs of

pups for PD8 saline- and chlorisondamine-treated focal pups

within unbalanced huddles at 25�C (®lled bars) and 15�C
(open bars). The longer duration of contact for both the sSc

and the sCc combinations arise because they are twice as

likely to occur by chance than are the cSc and sCs

combinations. Mean� SEM. *Signi®cantly different from

15�C.
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was never observed. Therefore, it appears as though

saline-treated pups are preferentially aggregating with

one another.

The results presented in Figures 6 and 7 suggest

that, at 15�C, the inequity of the endothermic capa-

bilities of the pups that comprise unbalanced huddles

elicits competitive behaviors that are driven by each

pup's individual needs. In this competition, the saline-

treated pups appear to have an advantage in gaining

access to each other, perhaps due to their higher body

temperatures and, therefore, superior locomotor abili-

ties. This possibility is supported by the data pre-

sented earlier showing that saline-treated pups showed

more translational awake behavior (e.g., locomotion)

than chlorisondamine-treated pups at 15�C.

DISCUSSION

The present results support previous ®ndings in

showing that BAT thermogenesis is a necessary

thermal resource for huddling (Sokoloff et al.,

2000). Speci®cally, huddles comprised of infant rats

in which all or half of the pups were treated with

chlorisondamine, thereby inhibiting BAT thermogen-

esis, had signi®cantly lower huddle temperatures than

huddles comprised solely of saline-treated pups

(Figures 1 and 2). In other words, without heat produc-

tion, huddle temperature is compromised during cold

exposure.

While it is true that huddles of heat-producing pups

do supplement physiological heat production with

huddling to expand their thermal niche (Sokoloff et al.,

2000), it is not the case that huddles of pups that

cannot produce heat show enhanced huddling beha-

vior. At no time during cold exposure did huddles

comprised of 2 or more chlorisondamine-treated

pups compensate for a lack of heat production with

enhanced huddling. If huddling were simply a

compensatory mechanism for inadequate physiolog-

ical thermoregulation (Leon, 1986; Satinoff, 1996),

then balanced chlorisondamine and unbalanced

FIGURE 7 (A) The four possible combinations of contiguous pups in unbalanced huddles

(C� chlorisondamine-treated pup, S� saline-treated pup). (B) The observed and expected frequ-

encies of the four possible combinations of PD8 rats obtained from IR images taken at the beginning

and the end of the stability period (Mins 45 and 60, respectively). There was no difference in the

observed frequency of any combination at 25�C (left-hand plot). During exposure to 15�C (right-

hand plot), however, combinations in which both saline-treated pups were in contact with each other

occurred more frequently than expected, indicating that saline-treated pups were actively initiating

contact with one another.
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huddles should have shown greater reductions in

huddle surface area as well as enhanced huddling

behaviors (e.g., three-dimensional huddling and 3-pup

contact).

The present results replicate previous ®ndings

showing that 2-day-old rats do not form organized

huddles during cold exposure even though these

infants are capable of and show endogenous heat

production (Sokoloff et al., 2000). This suggests that

huddling is not utilized effectively to complement

physiological thermoregulation early in the postpar-

tum period. In the present experiment, huddles of

2-day-old rats, regardless of huddle condition, did not

increase contact behavior or three-dimensional hud-

dling until they were exposed to 20�C. In contrast, the

substantially larger 8-day-old rats began to huddle

effectively as soon as air temperature was lower than

thermoneutral by decreasing huddle surface area as

well as increasing contact behavior and three-dimen-

sional huddling during moderate levels of cold expo-

sure (30±24�C; Alberts, 1978a; Sokoloff et al., 2000).

The behavior of 8-day-old focal pups from

balanced chlorisondamine huddles (Figures 3 and 4)

is consistent with the notion stated earlier that huddl-

ing behavior matures over the 1st week postpartum. In

fact, focal pups from balanced chlorisondamine and

balanced saline huddles exhibited similar huddling

behaviors, suggesting that 8-day-olds do not depend

on endothermy for successful aggregation. These data

also suggest that chlorisondamine treatment did not

interfere with the expression of huddling behavior

through a nonselective action of the drug.

The change in huddling that appears to occur

between 2 and 8 days of age could be the result of

changes in the infants' behavior, changes in the dam's

behavior, or both. For example, it has been shown that

aggregation in thermoneutral environments increases

with age in infant rats (Schank & Alberts, 1997a,

1997b). At the same time, the dam is spending more

time away from the nest by the end of the 1st week

postpartum (Grota & Ader, 1969; Leon, Croskerry, &

Smith, 1978). These changes in infant and maternal

behavior could act independently or in concert to prod-

uce the changes in huddling behavior reported here.

Although balanced chlorisondamine huddles of

8-day-old rats showed similar huddling behaviors as

balanced saline huddles, a disintegration of huddling

behavior emerged in unbalanced huddles at 15�C. As

the magnitude of cold exposure increased, saline-

treated pups in unbalanced huddles changed their

behavior to maximize their individual thermoregula-

tory success; the result was preferential aggregation of

both saline-treated pups and the exclusion of 1 or both

of the chlorisondamine-treated pups (Figures 6 and 7).

In fact, the blockade of BAT thermogenesis in 2 of the

4 pups in the huddle resulted in an imbalance that

became problematic for the heat-producing pups

when they were challenged beyond their individual

capabilities. This emerging competition in unbalanced

huddles is consistent with the results of Alberts

(1978a), showing that an anesthetized rat pup in a

huddle is actively pushed to the outside of the huddle

by its unanesthetized littermates in a cold environ-

ment and allowed to sink to the bottom of the huddle

in a warm environment.

The importance of thermal stimuli for the initiation

of huddling behavior in infant rats has been well

documented (Alberts & Brunjes, 1978; Alberts &

May, 1984). Huddling, however, can be initiated by

other sensory stimuli (Sullivan, Brake, Hofer, &

Williams, 1986) and, as infant rats mature, these

nonthermal stimuli become increasingly important for

the expression of this behavior (Alberts & Brunjes,

1978; Brunjes & Alberts, 1979; Schank & Alberts,

1997a, 1997b). BAT thermogenesis may contribute to

the transition from thermally to nonthermally

mediated huddling through the formation of associa-

tions between the heat that is produced by a littermate

and nonthermal stimuli (e.g., olfactory and/or tactile;

Alberts & May, 1984).

While nonthermal stimuli increase in importance

over the ®rst 2 weeks postpartum, the preferential

aggregation of saline-treated pups from unbalanced

huddles suggests that the heat produced by BAT still

plays an important role in huddling at 8 days of age. In

contrast, as stated earlier, the behaviors exhibited by

balanced chlorisondamine huddles at 8 days of age

indicate that huddling can occur even in the absence

of heat production. This difference between unba-

lanced and balanced chlorisondamine huddles sug-

gests that at the end of the 1st week postpartum,

thermal stimuli maintain some control over the

expression of huddling behavior, but that they are no

longer necessary for huddling to occur.
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