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Abstract
We conducted a "common garden" experiment to compare aspects of thermoregulation and metabolism in wild and random-bred laboratory house mice (Mus
domesticus) and their reciprocal crosses. Analysis of covariance (ANCOVA) indicated that, after accounting for effects of body mass and other appropriate covariates (e.g., age), wild (N = 12) and hybrid (N = 25) mice together tended to
have higher (+9. 7%;P = .0904) maximal nonshivering thermogenesis (max-NST)
in response to norepinephrine injection than did lab mice (N = 18). Wild
(-17.2%; P = .0941) and hybrid (wild dam: -23.1%; P = .0001; lab dam:
- 11.2%; P = .0749) mice also tended to have lower basal metabolic rates (BMRs)
than did lab mice. As a consequence of these trends, wild and hybrid mice, analyzed together, had significantly higher (+ 18.2%; P = .0263) regulatory NST
(max-NST minus BMR) than did lab mice. Paralleling the differences in regulatory NST, wild and hybrid mice together had significantly more (+21.2%; P =
.0129) interscapular brown adipose tissue than did lab mice. However, plasma
thyroid hormone levels (triiodothyronine [T3]and thyroxine [T4])showed no significant differences among groups, and, even for the traits that exhibited significant
differences, the overlap of values for individual mice was substantial. Moreover,
mean values for max-NST and BMRfor all four groups fell well within the range
of values reported in the literature for small mammals. We therefore concluded
that random-bred laboratory mice are not necessarily "degenerate" with respect
to their metabolic and thermoregulatory capacities. Finally, the two reciprocal
cross groups differed in BMR (P = .0314), which thus indicated a maternal influence: wild-dam X lab-sire mice had significantly lower BMRs than did lab-dam
X wild-sire mice.
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Introduction
Laboratorystrains of house mice (Mus domesticus) often serve as model
systems in behavior, morphology, physiology, and quantitative genetics
(Festing 1979; Foster, Small,and Fox 1981; Falconer 1989; Lyonand Searle
1989; Plomin, DeFries, and McClearn1990; Gordon 1993). However, Mus
has been used less often in physiological ecology or in evolutionaryphysiology (Berry 1981; Jakobson 1981; Lynch 1986, 1992, 1994; Barnettand
Dickson 1989;Burggrenand Bemis 1990;Tomasiand Horton 1992;Garland
and Carter1994). Fromthe perspective of physiological ecology, questions
arise as to the suitability of using laboratoryMus as models for making
inferences aboutadaptationor other evolutionaryprocesses in nature.Many
researchersbelieve domestication results in "degeneracy,"and that laboratoryanimals may be maladaptiveforms unrepresentative of their wild
counterparts(Barnett 1975; Smith 1978; Festing 1979; references in Boice
1981;Price 1984;Marekand Szacki1988;Barnettand Dickson 1989;Bronson
1989; Geiser et al. 1990;Tomasi and Gleit 1992, p. 77). One way to address
such concerns is to compare the physiological capacities (e.g., maximal
nonshiveringthermogenesis [max-NST])of laboratoryanimalsand theirwild
counterparts.
Domestication is a process through which animals become adapted to a
captive environment by some combination of genetic changes occurring
over generations and of environmentally induced developmental events
reoccurring during each generation (Price 1984). The ancestors of most
currentlaboratoryMusstrainswere originallyremoved fromthe wild almost
100 yr ago (Festing 1979; Berry 1981; Plomin et al. 1990;Atchley and Fitch
1991). Thus, about 300-400 generations of mice (with the assumptionthat
there are three to four generations per year) have experienced the domestication process. Furthermore,much genetic variation (e.g., in allozymes
for protein-coding loci) exists among strainsof laboratoryMus and among
populations of wild Mus (Selander 1970; Festing 1979; Berry 1981; Sage
1981; Atchley and Fitch 1991). Laboratorystrainsof Musare also known to
differ in many aspects of the metabolic or thermoregulatoryphenotype,
such as in mass of brown adipose tissue (BAT;references in Jakobson 1981;
Thornhill and Halvorson 1992; references in Gordon 1993). Thus, genetically
based differences in physiological traits between laboratory and wild mice
are certainly possible.
A common garden design is necessary to determine if genetically based
differences exist between laboratory and wild Mus (Garland and Adolph
1991). Such a design involves making measurements on offspring of wild
and lab mice bred and raised under the same environmental conditions
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(e.g., in the laboratory).In addition, a comparisonof hybridmice with pure
wild and/or laboratorymice (all bred and raised in the same environment)
can elucidate the underlying nature of any genetic differences (e.g., the
presence of genetic dominance). Finally, a comparisonof the two types of
hybrid offspring (wild dam X lab sire vs. lab dam X wild sire) indicates
whether maternal (or possibly paternal) influences exist (Garland and
Adolph 1991).
A primaryfocus of physiological ecology has been the studyof energetics,
and small mammalshave been common subjects (Jansky1973; Grodzinski
andWunder1975;Lynch1986, 1992, 1994). In small mammals,the allocation
of energy among maintenance metabolism, growth and reproduction,and
thermoregulationhas been of particularinterest (Wunder1992). A mammal
must firstmeet the energetic demands and costs of thermoregulationbefore
energy can be expended on other functions (Wunder 1984; Tomasi and
Horton 1992). When at rest within their thermoneutralzone (the range of
ambient temperaturesover which an animal'sminimal energy expenditure
is sufficientfor maintainingnormothermic body temperatures), mammals
produce a minimal ("basal") amount of heat, but, when they are exposed
to lower temperatures,additional sources of heat production are used. Locomotor or other activities produce additional heat but may compromise
overallthermalconductanceand mayinterferewith shivering(anothermajor
source of heat production;Bartholomew 1982).
Another additional source of heat production is nonshivering thermogenesis (NST), a thermogenic mechanism that liberates chemical energy
through processes that do not involve muscularcontractions (Jansky1973;
fig. 1). Two types of NST have been defined, basal and regulatory.Basal
NST is the rate of metabolism of a resting, postabsorptivemammal in its
thermoneutralzone, whereas regulatoryNSTis the additionalheat production (not from muscle contractions) that occurs at ambient temperatures
below the thermoneutralzone (Jansky1973;Bartholomew1982). Consistent
with Jansky'sterminology,we will refer to regulatoryNSTas NST,and basal
NST as basal metabolic rate (BMR). A major source of regulatoryNST in
the mammalianbody is BAT.About 60%-70%of NST induced by norepinephrine (NE) is attributableto BAT(Foster and Frydman1978), although
NSTalso occurs in the muscles and in the liver (Jansky1973). Cold exposure
in the laboratory(at least 2.5 h/d) induces the growthof BATin house mice
(Heldmaier 1975; Wunder 1981). Furthermore,an enhanced capacity for
max-NST(basal + regulatoryNST) has been reported for several rodent
species afterlaboratorycold acclimation (Wunder1992;Gordon 1993). The
physiology and anatomy of BAT is discussed by Lindberg (1970) and by
Trayhurnand Nicholls (1986).
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Fig. 1. Scheme of thermogenic mechanisms of small mammals during
cold exposure (redrawn from Jansky 1973).

Only small eutherian (placental) mammals (<10 kg) and newborns of
some largereutherianspecies possess BAT-mediatedNST (Heldmaier 1971;
Trayhurnand Nicholls 1986; Haywardand Lisson 1992). As comparedwith
large mammals,small mammalsare particularlychallenged by cold exposure, because they have higher mass-specificthermalconductances and relatively small amounts of insulation and cannot greatly increase insulation
with fur or fat without impairing locomotion (Hart 1971; Webster 1974;
Bartholomew 1982). Nonshiveringthermogenesis enables small mammals
to increase heat production rapidly during cold exposure (Wunder 1984,
1992). The ability for NST is generally considered to be an evolutionary
adaptation,because it allows small mammalsto remainnormothermicwhile
active in the cold (Webster 1974; Bartholomew 1982).
A complex arrayof subcellular, cellular, neural, and hormonal factors
affect BMR(Denckla and Marcum1973; Hulbert 1978, 1987; Bartholomew
1982). The thyroid hormones triiodothyronine (T3) and thyroxine (T4) are
particularlyimportantand can elevate organismalmetabolic rate within 12
h (Hulbert 1978). In rodents,cold exposure may mildly increasethe thyroid
secretion rateof T3and T4(Withersand Hulbert1988), and cold acclimation
has often been reported to increase minimal metabolic rates (Mason 1974;
Lynchet al. 1976;Jakobson 1981;Wunder1992). Thyroidfunction mayalso
correlate with interspecific differences in the metabolic rate in rodents
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(Yousef and Johnson 1975; but see Hulbert, Hinds, and MacMillen 1985,
and Tomasi and Gleit 1992).
Laboratoryhouse mice typically experience relatively constant ambient
temperaturesof about 200-240C,which is somewhatbelow thermoneutrality
(-30'-32oC for house mice; Jakobson 1981). Wild house mice probably
experience temperatureswithin their thermoneutralzone while in nests,
but, during foraging bouts in winter, they can experience ambient temperatures well below thermoneutrality(Jakobson 1981). The grain bins at the
stables where the wild mice for the present study were caught are located
in an unheated, draftyloft exposed to wind and precipitation.The presence
of mouse droppings and the areas in the stables where mice were captured
indicate that they are frequently exposed to cold, drafty conditions. For
example, for Dane CountyAirport,about 17 km east of the study site, 10yr averages of minimum daily temperatures for December, January,and
Februaryare -10.3'C, -11.2'C, and -9.4oC, respectively, with at least 24
d in each month with temperaturesbelow 00C. Because wild mice experience periods of extreme cold exposure that laboratorymice do not, we
expected the former to have higher capacities for NST (and more BAT).A
clear prediction is possible for NST (and BATmass), because studies have
shown that the more severe the cold exposure (even if intermittent), the
greaterthe BATmass and the higher the NST (see, e.g., Mejsnarand Jansky
1971;Jansky1973;Heldmaier 1975;Gordon 1993). However,because many
factors (e.g., diet) in addition to cold exposure can influence BMR (and
plasma thyroid hormone levels), we do not see a clear prediction of the
BMRof wild mice relative to that of laboratorymice.

MaterialandMethods
Animal Husbandry and Breeding Design
We studied four lab-bred groups of house mice (Mus domesticus): wild
X wild, wild dam X lab sire, lab dam X wild sire, and lab X lab. The wild
parents were capturedin Shermanlive traps during March-July1992 from
a single population located at the University of Wisconsin-Madison's
Hoofer's Horse Stables,in Middleton, Dane County,Wisconsin.We did not
captureany lactatingor pregnantfemales (no litterswere born aftercapture).
Lymedisease, caused by the spirochete Borrelia burgdorferiwith the deer
tick (Ixodes dammini) as the majorvector, is prevalent in small mammals
such as Peromyscusleucopus in the northwesternand west-centralcounties
of Wisconsin, including Dane county. Although no I. dammini were found
on house mice in a recent survey of ectoparasites of small mammals of
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Wisconsin, house mice could, nonetheless, be infected (D. I. Kissel, unpublished data). Concern over human health and the health of our wild
breeder mice led us to check for B. burgdorferiinfection in the wild mice.
Seraof 10 males capturedat the stables, and laterpaired for breeding, tested
negative (E. C. Burgess, School of VeterinarianMedicine, University of
Wisconsin-Madison)for antibodies to B. burgdorferiby both the indirect
immunofluorescentantibody assay and by Western blot analysis (Burgess
et al. 1986; Burgess 1992).
The laboratoryparents were from the random-bredHSD/ICR strain of
mice (hereafterreferredto as ICR) obtained from HarlanSpragueDawley,
Indianapolis, Indiana, where they were maintained at approximately730
+ 20F (220-240C). Most lab sires and all lab dams arrivedon July 22, 1992;
some lab sires had arrivedon May 13, 1992. All lab parents were 40-45 d
old on arrival.The physiology, morphology, and life history of this strain
have been extensively studied (Robeson, Eisen, and Leatherwood 1981;
Riska,Atchley, and Rutledge 1984; Eisen 1986; Hayes, Garland,and Dohm
1992). The random-bredand inbred lines used to create the ICRstrainwere
all pure Mus domesticus, as are all wild Mus in NorthAmerica (Berry 1981;
Sage 1981; Ferriset al. 1983; Tucker et al. 1992).
All mice were housed in standardclear plastic cages (27 cm long, 17 cm
wide, 12.5 cm deep) with metal or wire tops and wood shavingsas bedding.
Room temperaturewas maintainedat approximately220Cand photoperiod
was 12L:12D,centered at 1300 hours (CST). Waterwas available ad lib.
Food (HarlanTeklad LaboratoryRodent Diet) was available ad lib., except
before measurementsof NSTand BMRwere taken.All lab males and females
were housed in same-sex groups of four to five. Wild males were housed
singly. All wild females were housed in groups of three in constantdarkness
fromJuly 9-30, 1992, and were disturbed as little as possible. The 3 wk of
darknesswas suggested by C. B. Lynch(personal communication) as a way
to enhance breeding success in wild mice.
Mice were paired on July 30, 1992. Wild and lab males were assigned
randomlyto each cross group;wild females were pairedrandomlywith wild
and lab males, and lab females were assigned arbitrarilyto wild and lab
males. All pairs were kept in the same room and in constant darknessand
were disturbed as little as possible. All cages had tin cans (12.6-cm long,
7.8-cm diameter) for nesting. We checked for litters once each day (18001900 hours) starting on August 16, 1992. When litters were found, the male
was removed. Only seven of 17 wild pairs and 13 of 17 wild-dam X lab-sire
pairs produced litters, as compared to 12 of 13 wild-sire X lab-dam pairs
and 19 of 20 lab pairs (x2 Pearson value = 17.22, df = 3, P = .00064). After
the litters were 1 wk old, which was just before the pups' eyes opened,
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photoperiod was changed back to 12D:12L,centered at 1300 hours (CST),
with relocation of the cages to an adjacentroom. When the litters were 21
d old, offspringwere weaned from the mother, weighed, toe-clipped, and
housed in groups of three to four by sex and cross type.
To ensure statisticalindependence of our data points, only one female
offspring per family was chosen (randomly) for measurement. However,
because of the relatively low number of litters produced by wild X wild
pairings,a second female offspringwas also chosen randomlyfrom five wild
X wild families, which thus yielded a total Nof 56. In a similar way, Lynch
(1986, 1992) and Plomin and Manosevitz (1974) used more than one offspring per familyfor their common garden comparisonsof wild house mice
populations, as did Scheck (1982a) for his common garden comparison of
two populations of cotton rats (Sigmodon hispidus). We also repeated all
statisticalanalyses, omitting the five extra individuals, and found that all P
values for dummyvariablesand covariateswere very similar to the Pvalues
from analyses in which all 12 wild individualswere used; conclusions as to
statisticalsignificancewere unchanged. We thereforereportonly the results
from analyses in which all 12 wild X wild mice were used.
We studied only one sex to eliminate possible sex-relatedvariation,which
could reduce our power to detect group differences. We studied females
because four of the litters contained no males. For logistical reasons, not
all individualscould be measuredat exactly the same age, but we attempted
to reduce age variationwithin and among groups, while making sure the
age spread overlapped in all four groups. Age at firstmeasurement ranged
from 33 d to 51 d, and age at testing was therefore used as a covariate in
statisticalanalyses for all traits(see below). Measurementswere taken September 20 through October 22, and all mice were killed by cervical dislocation and dissected by December 11, 1992.
Measurement ofNST
Mice were fasted at least 12 h before measurementof NST.Fastingreduces
or eliminates the effects of digestion and of metabolism of recently ingested
food on overall metabolic rate (Blaxter 1989). Metabolic measures were
assayed during the photophase between 0800 and 1900 hours. An index of
max-NST (basal + regulatory NST) is determined by measuring oxygen
consumption after an injection of NE (Bruck 1970). Because an injection
of NE may inhibit the release of endogenous NE, an optimal dosage is
requiredto compensate for the inhibitoryeffect (Bockler, Steinlechner,and
Heldmaier 1982). From measurements of the NE response in hybrid mice
that had been either sham-injectedor injected at one of three doses (.003
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mg NE/g body mass, .004 mg NE/g body mass, or .005 mg NE/g body
mass), we determined that a dose of .004 mg NE/g body mass in a volume
of .012 mL/g body mass elicited a maximal metabolic response. To avoid
contaminationand degradationof NE, a fresh NE solution (.33 mg NE/mL;
[-]-norepinephrinebitartratesalt [Sigma];lactated Ringer's injection, USP
[Baxter])was prepared no more than 2 d prior to injection.
To minimize handling, each mouse was quickly encouraged to enter,
head first, a clear acrylic tube with a rubber stopper at one end. A bottle
brush was used to push the mouse towardthe stoppered end. For the subcutaneousinjection,interscapularskin was pinched up througha rectangular
opening cut into the tube near the stoppered end. Immediately after injection, the mouse was pushed out of the tube into the metabolic chamber.
We observed each mouse throughout the trial, and its activity level was
recorded every 30 s as inactive (0), active (1), or grooming (2) (reversing
the scores for active and grooming resulted in lower explanatorypower by
the summed activitycovariate;see below). Individualmice were monitored
for 55 min after injection, with baseline (ambient) oxygen concentration
recorded 5 min before and 5 min after each trial.
Nonshiveringthermogenesis trials were conducted at 200C to minimize
the riskof hyperthermia;metabolic chambertemperaturewas recordedwith
a thermocouple every 5 min for all 55 trials and averaged 20.00 + .050C
(-+ SE). A negative pressure, open-circuit respirometrysystem was used. A
downstream pump drew room air through a Drierite column, through a
glass metabolic chamber (525 mL), into a Drierite/AscariteII/Drierite column (for the removal of water and CO2), and, finally, through a thermal
mass-flow controller (Sierra Instruments, Monterey, Calif., Side=Track
Model 844). Flow rateswere 450, 500, or 600 mLmin-' standardtemperature
and pressure, dry (STPD),depending on animal size. Air venting from the
with a second downpump was then subsampledat 150-200 mLmin-' STPD,
stream pump pulling the sample through a Drierite/Ascarite II/Drierite
column, a mass-flow controller, and an Applied ElectrochemistryS-3A/II
oxygen analyzer (Amtek, Pittsburgh,Pa.). The oxygen analyzerwas interfaced to an analog-to-digitalconverter and microcomputer. Oxygen concentrationwas measured(as millivolt readings) 20 times/s with a 1-s average
recorded. MaximalNST was estimated as the highest rate of oxygen consumption (Voz), averaged over a 2-min interval,with the first 10 min and
the last 10 min of the 55-min trial excluded. The firstand last 10 min were
excluded because the peak response to NEis known to occur approximately
10-20 min afterinjection and does not last more than 5-10 min (Heldmaier
1971; Feist and Rosenmann1976;personal observation).We calculatedVo2
by means of equation (4a) of Withers(1977). Because equation (4a) assumes
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steady state conditions (i.e., constantVo2throughoutthe measuringinterval,
or a change in Vo2 taking longer than the system washout time), or a respirometrysystem with little volume (e.g., open-circuitrespirometrysystem
with mask), instantaneousvalues for the highest Vo2were also determined
by adjusting for chamber washout (Bartholomew, Vleck, and Vleck 1981;
Frappell, Blevin, and Baudinette 1989). Our system's effective volume was
458 mL. The data analysis programcorrected for baseline drift (as did the
BMRanalysis program) using linear regression and then calculated both
steady state and instantaneousVo2 values.
Measurement of BMR
AfterNSTtrials,mice were given approximately24 h of rest (with food and
water) then were fasted again for at least 12 h before measurementof BMR
the following morning. For BMR,oxygen consumption was measured at
320C in a positive-pressure,open-circuit respirometrysystem, as described
previously (Hayes et al. 1992). Seven mice, each in a separate chamber,
plus an empty control chamber,were each monitored consecutively for 7.5
min of each hour for 7-8 h (ANCOVAindicated that BMRdid not differ
significantlyamong channels). Each metabolic chamber received dry air at
200 mLmin-1 STPD
from upstreamthermalmass-flowcontrollers.Waterand
CO2were removed from the chambers'excurrent air with Drierite and Ascarite II, respectively. Excurrentair from each chamberwas subsampled at
60 mL min-1 STPD for 7.5 min of each hour by an Applied Electrochemistry
S-3A/II oxygen analyzer interfaced to an analog-to-digital converter and
microcomputer;the dataacquisitionprogram(interpretedBASIC)measured
and recorded oxygen concentratioh (as millivolt readings) once per 5-s
sample interval.Excurrentairfrom each chamberwas divertedto the oxygen
analyzerby an automatedsystem with solenoid valves under programmed
control.We calculatedVo2for the last 5 min of the 7.5-minsampling interval
by means of equation (4) of Hill (1972). The flow rate and chambervolume
we used ensured that the previous chamber'sexcurrentair had cleared the
respirometry system downstream of the metabolism chamber before the
startof the 5-min measurementinterval.The dataanalysisprogramcorrected
for drift in the control channel (baseline) by means of linear regression to
calculate predicted baseline values throughoutthe course of the hour. The
analysis programcalculated the lowest and second lowest 5-min intervals
of oxygen consumption of the day for each mouse.
Other Measurements

Aftermeasurementof BMR,four other physiological and/or behavioralperformance measures were recorded for the mice: 2 consecutive days of the
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maximal rate of oxygen consumption (Vo2max),2 consecutive days of sprint

speed, 2 consecutive days of swimming endurance, and 1 wk of voluntary
wheel running (Dohm, Richardson,and Garland,in press). Mice were then
killed and dissected at 86-92 d of age. Immediately prior to sacrifice by
cervical dislocation, blood was taken with microhematocritcapillarytubes
from the suborbitalsinus and centrifuged for 6.5 min. Plasmasamples were
frozen on dry ice and then stored at -800C. Analyses of the plasma concentrationof the thyroid hormones T3and T4were later performed by the
Radionucleotide Laboratory,School of VeterinaryMedicine, Universityof
Wisconsin-Madison.
Immediately after sacrifice, tail length was measured with a ruler to the
nearest .5 mm. The tail may function as a thermoregulatoryorgan during
heat stress (Jakobson1981). The interscapularbrown adipose tissue (IBAT)
was then removed and frozen. The mass of IBATis often used as an indicator
of regulatory NST capacity (Lynch 1973; Heldmaier 1975; Wunder 1981;
Lynch 1986, 1992), because IBAT represents approximately 50% of total
BATand can be conveniently removed intact. Later,the two lobes of IBAT
were defrostedin deionized waterand were carefullycleaned of surrounding
white adipose tissue. The IBATwas then gently blotted dry, and wet mass
was recorded.
StatisticalAnalyses
All statisticalanalyses were performed by means of SPSS/PC+ version 5.0
(Norusis 1992). Multiple regression analysis, with appropriatecovariates
(e.g., body mass, age, time of day) and the cross group coded as 0-1 dummy
variables (equivalent to ANCOVA),was used for all group comparisons.
Some variableswere transformedto improve normality and/or homoscedasticity.Preliminaryanalyses indicated little or no significantamong-group
differences for the relationships between the dependent variablesand the
covariates (i.e., no heterogeneity of slopes was found). Furthermore,we
see no obvious reason to expect that the relationship between covariates,
such as body mass, and dependent variables, such as BMR,would differ
between wild and lab mice. Independent variableswere considered to be
significantat P < .05.
Several comparisons were performed for each trait. First, the two hybrid
groups were compared to test for maternal (or paternal) effects. If hybrids
showed no significant differences, which was the case for all traits except
BMR, they were then pooled for subsequent comparisons. Second, the wild,
pooled hybrid, and lab groups were compared in a three-group comparison.
This comparison was considered the most reliable test for possible wild-
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lab differences, because the body mass of the hybridsoverlapped the body
mass of both the wild and lab mice. The wild and lab groups were not
comparedalone, because the comparisonis problematic;body mass is highly
correlatedwith most of the.traitswe measured, and the two groups showed
little overlap in body mass (wild mice are smaller; see table 1 and figs. 25). Thus, the dummy variable for the lab versus wild comparison alone is
highly correlated with one of the covariates, body mass, which leads to
problems of multicollinearity(Slinkerand Glantz1985). Forall comparisons
involving the lab group, lab mice were coded 0 for all dummy variables.
Because the sample size of the pooled hybrid group was twice as large
as the sample size of the wild group, several tests showed significant differences between hybridand lab mice but not between wild and lab mice,
even though the magnitudeof the difference was similar.We therefore paid
close attentionto the magnitudeof the estimateddifference(afteraccounting
for all covariates)between each group and the lab group (as judged by the
partial regression coefficients for the dummy variables). When the pooled
hybrid and wild mice differed from the lab by a similar magnitude, we
compared them statistically. If the pooled hybrid and wild mice did not
differ significantly,they were then pooled together and compared with the
lab mice.
Body mass and age at measurementwere used as covariatesfor all traits.
In preliminaryanalyses, we also used litter size at weaning as a covariate,
but this was never statisticallysignificant, so we excluded litter size from
the final analyses. All P values for dummy variables and covariates from
analyses with litter size were qualitativelysimilar to the Pvalues from analyses without litter size. Forthe thyroidhormones and IBAT,the time of day
when sacrifice occurred and the z-transformedtime of day squared were
used as covariates (the z-transformationreduces the correlation between
time of day and time of day squared). Using both time of day and time of
day squared allows for any nonlinear association between time and the
dependent variable.For IBAT,preliminaryanalyses indicated that the number of days between the NST trial (and NE injection) and the removal of
IBAThad no significantrelationship with IBATmass, so this covariatewas
omitted from the final analyses. For BMR,the total time fasted (total time
from when food was removed to when the lowest Vo2 occurred) was also
used as a covariate (see Hayes et al. 1992).
For max-NST,the total time fasted (total time from when food was removed to when highest Vo2 occurred) was used as a covariate.The time of
day of the midinterval of highest Vo2 and the z-transformedtime of day
squared were also included as covariates. For each NST trial, a summed
activityscore was computed for intervalsranging from 1 to 10 min, at 30-s
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increments, preceding the midintervaltime of the max-NST(highest 7Vo2
averagedover 2 min). We performedanalyseswith all 19 differentsummed
activityscores, including all other necessarycovariates,and determined that
the 4-min activity score for instantaneous-correctedVo2 values and the 5min activityscore for steady state Vo2values explained the greatest amount
of the variance (highest partial r2) in max-NST.We therefore used the 4min or 5-min scores in all analyses. We also found no significantamonggroup differences for the 4-min or the 5-min activityscores. As in previous
studies, regulatoryNST was computed by subtractingBMRfrom max-NST
(see, e.g., Jansky 1973; Lacyand Lynch 1979; Haim et al. 1984; Wunder
1992). All comparisonswere then performedwith the same covariatesused
in the max-NSTcomparisons, except that an average of body mass from
both measurement days was used, and the total time fasted for BMRwas
also included.

Results
Descriptive statistics for all traitsmeasured (including the adjusted means
from the ANCOVA)in wild, hybrid,and laboratoryMus domesticusare pre-
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sented in table 1. Afterthe appropriatecovariateswere accounted for, the
only traitshowing a statisticallysignificantdifferencebetween the two hybrid
groups was BMR(table 1). Hybrid mice from wild dams had significantly
lower BMRsthan did hybrid mice from lab dams (F1,20= 5.36, P = .0314).
With the exception of BMR,wild mice did not differ significantly from
either group of hybrid mice, so the following presentation of results emphasizes comparisons of (1) lab mice with wild and with pooled hybrids
(i.e., a three-groupcomparison;see tables 2, 3, and 4) or (2) lab mice with
pooled wild plus hybridmice (i.e., a two-group comparison).
Figure 2 shows the expected positive relationship between maximal oxygen consumption afterNE injection (max-NST)and log10body mass. Both
wild (+19.1%;P= .1058) and hybrid (+11.2%;P= .0649) mice tended to
have higher max-NSTthan did lab mice (table 2). Pooled wild plus hybrid
mice also tended to have higher max-NSTthan did lab mice (+9.7%; F1,47
= 2.99, P = .0904). Figure 3 indicates the positive relationship between
BMRand body mass on a logio-logio scale. As compared with lab mice,
both wild (-17.2%; P = .0941) and hybrid mice (wild dam: -23.1%;
P = .0001; lab dam: -11.2%; P = .0749) tended to have lower BMRs
(table 5).
Wild (+20.5%;P= .2290) and hybrid(+18.7%;P= .0324) mice exhibited
higher regulatoryNST (max-NSTminus BMR)than did lab mice (table 3).
As shown in figure 4, the pooled wild plus hybrid mice had significantly
higherregulatoryNSTthandid the lab mice (+18.2%;F1,46= 5.27, P = .0263).
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Fig. 3. Log1oBMR versus loglo body mass. Symbols are as infigure 2.
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All comparisons of max-NSTor of regulatoryNST using steady state Vo2
values gave qualitativelysimilar results, and so they are not reported here.
The correlationof instantaneous-correctedand steady state values was .958
(N = 55), with the instantaneousvalue averaging 13.0%+ .73% (+ SE; N
= 54) higher (this mean difference excludes one outlier datum, in which
the instantaneousvalue was 53.2%higher).
Both wild (+28.1%;P= .1053) and hybrid (+23.7%;P = .0179) mice had
more IBAT than did lab mice (table 4). (One lab mouse was judged a
statisticaloutlier, because it had much more IBATthan the rest [.153 g IBAT
of 32.98 g body mass;cf. fig. 5]. This individualwas excluded from analyses
because its inclusion violated statistical assumptions even when various
transformationswere applied.) As shown in figure 5, the pooled wild plus
hybrid mice had significantlymore IBATthan did the lab mice (+21.2%;
F1,45 = 6.70, P = .0129). Tail length was highly correlated with body mass,
but showed no significantdifferences among groups (all P> .19; ANCOVA
table not shown). Plasma thyroid hormone levels showed no significant
differences among groups (all P> .27;ANCOVAtable is not shown; pooled
mean values are reported in table 1).
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Fig. 4. Regulatory NST (instantaneous-corrected max-NST minus BMR)
versus loglo body mass. Regression lines represent pooled within-groups
slope (b = 227. 0; P = . 0001) from ANCOVAwith body mass as the only
covariate: the solid line represents pooled wild plus hybrid mice and the
dashed line represents lab mice. Symbols are as in figure 2.
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Discussion
The domestication of house mice has involved both evolutionary(genetic)
and physiological adaptationto laboratoryconditions differentfrom those
experienced in nature (Berry 1981;Jakobson 1981; Price 1984; Barnettand
Dickson 1989; Bronson 1989). By using a common garden experimental
design (thus controlling for possible physiological adaptation [i.e., acclimation]) we found that, afteraccounting for effects of body mass and other
appropriatecovariates,the wild and hybrid mice together had significantly
higher (+18.2%) regulatoryNST (max-NSTminus BMR) and significantly
more (+21.2%) IBATthan did the random-bredlaboratorymice we had
studied (figs. 4, 5). However, we found no significantdifferences in plasma
thyroid hormone levels.
Although the wild and hybrid mice in our study differed from the lab
mice for regulatory NST and for IBAT mass by similar magnitudes, and
although the differences between hybrid and lab mice were statistically
significant (tables 3, 4), the differences between wild and lab mice were
not statisticallysignificant.This discrepancy is attributableto the approximately twofold higher sample size of the pooled hybridgroup as compared
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Fig. 5. Wet mass oflBAT versus body mass (minus one outlier; see Results). The regression lines represent pooled within-groups slope (b
= .0020; P = .0004) from ANCOVAwith body mass as the only covariate:
the solid line represents pooled wild plus hybrid mice and the dashed
line represents lab mice. Symbols are as in figure 2.
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to the wild group. (The number of individuals measured and the number
of breeding pairs in our study is typical of other small rodent studies [see,
e.g., Smith 1972; Plomin and Manosevitz 1974; Rosenmann and Morrison
1974; Connor 1975; Scheck 1982a, 1982b; Haim et al. 1984; Lynch 1986;
Millarand Threadgill1987;Geiser et al. 1990].) Because (1) wild and hybrid
mice show similar magnitudes of difference from the lab mice (and wild
and hybrid mice do not show significantdifferences, see figs. 4 and 5) and
(2) the difference between hybrid and lab mice is statisticallysignificant,
we conclude that the magnitude of the difference between wild mice and
their lab counterpartsis also significant.
The marginalstatisticalsignificance of the differences between wild and
lab mice (tables 2-5) and the extent of overlap between groups in the
distributionsof individualvalues (figs. 2-5) suggest that thermoregulatory
function has not "degenerated"greatlyin the random-bredICRstrain.Furthermore,a comparisonof our values for the ICRstrainwith values reported
in the literature(fig. 6; table 6) demonstratesthat both max-NSTand BMR
(and, hence, regulatoryNST) for the ICRstrain fall well within the range
exhibited by various wild small mammals. Thus, random-bredICR house
mice are not necessarily unrepresentativeof wild small mammalswith respect to their thermoregulatorycapacities.
Some otherstudies of small mammalshavealso reportedthermoregulatory
differencesrelatedto domestication.Forexample, Geiser et al. (1990) found
TABLE2
ANCOVAfor max-NST: lab versus wild and versus pooled hybrids

Source of Variation

df

F

P

Group (wild) ........
Group (hybrids) .....
body mass .....
Log,,10
Age ................
Fast length ..........
Time ...............
Time2..............
Activityscore ........
Model ..............
Residual ............

1
1
1
1
1
1
1
1
8
46

2.722
3.576
21.378
1.741
.049
.328
.012
11.051
7.886

.1058
.0649
<.0001
.1936
.8258
.5695
.9119
.0017
<.0001

Note. See figure 2.
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that,unlike field-freshmountainpygmy possums, lab-bredindividualsnever
fattened or entered torpor.Barnettet al. (1975) showed that 12 generations
of cold exposure had differenteffects on wild and lab mice with respect to
the amount of fat stored in adipose tissue. However, the 20%higher summit
metabolism of field-freshwild mice as compared with albino lab mice reported by Rosenmannand Morrison(1974) is reduced or disappearswhen
proper allowance is made for the negative allometry of mass-specific metabolic rate (see, e.g., fig. 6). None of the foregoing studies was of a true
common gardendesign. In a common gardenexperiment,Foley et al. (1971)
found that neonatal feral hogs were more cold resistant(because of greater
heat production and extra pelage) than were neonatal domestic hogs.
Population differences for such metabolic and thermoregulatorytraitsas
NST have also been reported previously in wild rodents, including Mus
(see, e.g., Haimet al. 1984;reviewsinJakobson1981, MacMillenand Garland
1989, and Garlandand Adolph 1991). These differences may reflect evolutionaryadaptationto different thermal environments. For example, with
field-fresh animals, differences in IBATmass among island populations of
wild house mice (reported and analyzed as mg/g body mass) showed a
negative correlationwith meteorologicaltemperature(mean annualor mean
monthly island temperature;Berryand Jakobson 1975; Berry,Bonner, and
TABLE 3

ANCOVA
for regulatoryNST:lab versus wild and versuspooled hybrids
Source of Variation
Group (wild) ....................
Group (hybrids) .................
Logo0body mass ..................
Age ............................
Basal metabolic rate fast length .....
Nonshivering thermogenesis fast
length ........................
Time .................
...........
Time2 ..........................
Activityscore ....................
Model ..........................
Residual ..................
.......45

F

P

1
1
1
1
1

1.487
4.875
9.690
.080
1.265

.2290
.0324
.0032
.7790
.2667

1
1
1
1
9

1.793
2.850
.002
7.276
4.244
...

.1873
.0983
.9674
.0098
.0005

df

Note. See figure 4. Regulatory NST is max-NST minus BMR.
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Peters 1979;Jakobson 1981). In a similar way, a 60' north latitude Russian
population of Mus showed higher cold-induced metabolic rates than did a
450 north latitude population (Ladygina1952, cited in Hart 1971). Finally,
a high-altitude Mus population exhibited a higher summit metabolism
(maximumcold-induced metabolic rate) thandid a low-altitudepopulation
(Rosenmannand Morrison1974;theiruse of per gramvalues is not a problem
in this comparison,because these mice were approximatelythe same size).
(In rodents, differences in summit metabolism primarilyreflect differences
in max-NST,because cold acclimationstimulatesNSTcapacity,not shivering
capacity[Jansky1973;Jakobson 1981;Wunder 1984].) Populationscan also
diverge because of genetic drift (see, e.g., Smith [1985] on lab mice), but
driftwill not tend to produce population differencesthatare correlatedwith
environmental (selective) variation.
The studies of population differences listed in the previous paragraph
were not of a common garden design. In such cases, observed differences
can be the result of environmentaleffects, not justgenetic differences (Garland and Adolph 1991). The high plasticityin response to seasonal changes
(Hart 1971; Jakobson 1981; Feist 1984; Merritt1984; Wunder 1992), the
effects of early cold exposure on development (Lynchet al. 1976), and the
possibility of maternaleffects for such traitsas NST,BAT,BMR,and thyroid
hormone levels, all suggest that much of the population variationfor these
traitsmay not be genetically based (see Burggrenand Bemis 1990, p. 203).
On the other hand, a number of studies indicate that genetically based
population differences in physiological traitscan evolve quite rapidly (refTABLE4

ANCOVA
for mass of IBAT:lab versus wild and versuspooled hybrids
Source of Variation

df

F

P

Group (wild) .......
Group (hybrids) .....
Body mass ..........
Age ...............
Time at sacrifice .....
Time2...............
Model .............
Residual
...........

1
1
1
1
1
1
6
44

2.735
6.053
4.030
3.300
3.454
.741
3.630

.1053
.0179
.0509
.0761
.0698
.3939
.0052

......

Note.See figure5.
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erences in Garlandand Adolph 1991). Forexample, a common gardenstudy
of five wild NorthAmericanMus domesticuspopulations from a north-south
cline along the eastern U.S. coast demonstratedsignificantpopulation differences in lipid-free IBATmass (Lynch 1986, 1992, 1994) and in max-NST
(B. Elder,W. Puchalski,and C. B. Lynch,personalcommunication),although
not in the expected (adaptive) clinal direction. In any case, whether physiological differences among wild populations generally reflect nongenetic,
physiological adaptationor genetic, evolutionaryadaptationis unclear.
In the present study, hybrids tended to resemble their wild parents for
BMR,regulatoryNST,and amount of IBAT.When hybridindividualsresemble one or the other parent's phenotype, directional dominance is interpreted to be present at some or all of the loci affectingthe trait (i.e., nonadditive genetic interactions within loci). In addition to reducing or
exhausting additive genetic variancefor a polygenic trait,directional selection should increase the number of dominant alleles in the direction of
increasing fitness (Fisher 1958; Bruell 1964; Falconer 1989). Therefore,the
presence of directional dominance can be interpreted as suggesting that
past selection has acted to favorextreme values of the phenotype in a particular direction. Accordingto this line of reasoning, our results would suggest that the wild mice we studied have experienced directional selection
for low BMR,high regulatoryNST, and large amounts of IBAT.This interpretation is consistent with the idea that they have faced selection for enhanced metabolic efficiency (e.g., low BMR)and/or high thermoregulatory
abilities. Indeed, Lynch (1994) suggests that strong prior selection has ocTABLE 5

ANCOVA
for BMR:lab versus wild and versus hybrid mice
Source of Variation

df

F

P

Group (wild) ................
Group (hybrid,wild dam) .....
Group (hybrid, lab dam) ......
Log10body mass .............
Age ........................
Fast length ..................
Model ......................
Residual ....................

1
1
1
1
1
1
6
49

2.914
17.490
3.312
14.612
1.600
12.657
29.420

.0941
.0001
.0749
.0004
.2119
.0008
<.0001

Note.See figure3.
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curred on metabolic traits in all small mammals. On the other hand, lab
strainsmayhaveexperienced relaxedselection for metabolicefficiency(food
is always available ad lib.) and for thermoregulatoryabilities (intense cold
never occurs; see Lacyand Lynch 1979, p. 750; Price 1984, p. 17). Also, as
noted below, the ICRstrainwas once selected for large litters, which may
have led to an elevation in BMR(but see Hayeset al. 1992 and the references
therein).
Lynch(1986, 1992, 1994) and colleagues havealso investigatedthe genetic
architectureof thermoregulatorytraitssuch as IBAT.In a diallel cross among
the five wild populations (Lynch 1994) and in two triple test-crossanalyses
of Lynch'sMaineand Floridapopulations (B. Elder, personal communication), only nonadditivegenetic effects were detected for IBATmass. In this
case, however, no clear directional dominance was found among the populations (Lynch 1994).
Maternaleffects would be indicated by differences between the two reciprocal hybridgroups (wild dam vs. lab dam). The maternalenvironment
is a potentially importantfactor in the development of physiological traits.
For example, Cowley (1991) used embryo transplantexperiments to demonstrate maternal influences on organ and fat pad masses in mice. In a
similarway, growth rate and reproductiveperformance (e.g., litter size) in
Mus are strongly affected by maternal influences, especially during cold
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exposure (Barnett and Dickson 1987, 1989). The only indication of a maternal effect in the traitsstudied herein was that hybridoffspringfrom wild
dams had lower BMRthan did hybrid offspringfrom lab dams.
In general, the lab mice we studied had higher BMRsthan did the wild
or hybrid mice (see table 5 and fig. 3). Reproductivevariables have been
hypothesized to correlate with BMR,and a recent comparative study of
mammals found a possibly significant positive correlation between litter
size and BMR,after effects of body mass and phylogeny were statistically
controlled for (Harvey,Pagel,and Rees 1991). On the other hand,a previous
study of individual variationin ICRmice (Hayes et al. 1992) found an insignificantpositive correlation of .134 (N = 78). The ICRstrainwas intentionally selected for large litters (>12 pups) and for 100%weaning record
from approximately1948 into the mid-1960s (Hauschkaand Mirand1973).
Therefore, ICRmice hold the record for litter size among domestic house
mice (N= 32, with 26 pups being successfullyweaned [Hauschkaand Mirand
1973]), and they routinely wean all of their pups and readily accept crossfostering of pups. In our study,mean littersizes at weaning were 5.29 (range
= 3-8) for wild pairs, 5.08 (3-7) for wild-dam X lab-sire pairs, 10.25 (812) for wild-sire X lab-dampairs, and 11.16 (8-14) for lab pairs (see also
Hayes et al. 1992). Thus, ICR dams clearly produce larger litters than do
wild dams, but it is unclear if this difference is related to BMRin any functional way, if it is a simple function of the difference in body size (see figs.
2-6 and Hayes et al. 1992), or if it is a function of some other difference
between wild and ICRmice.
An important concern for any common garden study is whether those
individuals that actuallyproduce offspringare representativeof their population. With respect to wild individuals brought into captivity, several
sources of bias are possible. First, age and social status may affect which
individualsare actuallytrappedand, therefore,which are sampled from the
wild (see, e.g., references in Connor 1975; Barnettand Dickson 1989). In
the present study, several trappingperiods occurred over approximately5
mo, so this potential bias should have been relatively small. Second, a relatively low success rate (50%or less) at producing litterswhen firstbrought
into the laboratoryis typicalof wild rodents (see, e.g., Plominand Manosevitz
1974; references in Connor 1975; Price 1984; Millarand Threadgill 1987;
references in Bronson 1989; C. B. Lynch,personal communication). In the
present study, for example, only seven of 17 wild X wild pairingsproduced
litters, as compared with 19 of 20 lab pairings. Thus, selection may have
occurred. In any case, Garlandand Adolph (1991, p. 198) concluded that,
"in many cases, studying lab-rearedoffspringof field-collected adults is the
best compromise," and we followed their advice.
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Connor (1975) evaluated the effect of "naturalselection in a laboratory
habitat"by comparing over several generations a population of randombred, wild house mice raised in laboratorycages with a population of random-bred,wild house mice raised in a "naturalistic"environment.The naturalistic environment allowed for social conditions typical of wild house
mice: opportunityto avoid aggressive conspecifics, space for territoriesand
home ranges, opportunityfor sexual interactionwith more than one mate,
and opportunityfor agonistic encounters with same-sex conspecifics. After
10 generations, Connor (1975) found no genetically based behavioraldifferences (e.g., resistance to capturewhen released ["escapability"],avoidance of novel foods in familiarenvironments, agonistic behaviors between
conspecifics [fighting,escaping, investigating])between the wild mice born
and reared in laboratorycages and the wild mice born and raised in the
naturalisticenvironment. Connor (1975) concluded thatno evidence exists
to "support. . . the notion that naturalselection in the laboratoryinduces
strikingand rapidbehavioralalterationsin newly domesticatedpopulations,"
which is a conclusion also supported by Smith (1985). Moreover,although
Millarand Threadgill (1987) found that some reproductive and developmental traits changed when they domesticated Peromyscus maniculatus
over 11 generations, they and others (references in Millarand Threadgill
1987) generallyfound no majorchanges in reproductiveand developmental
patterns between wild and either short- or long-term domesticated Peromyscusstocks.
In summary,we found that random-bredlaboratoryICRmice had significantlylower mass-correctedregulatoryNSTand mass of IBATthandid wild
house mice from a Wisconsin population. Moreover, the lab mice were
much larger in absolute body size (see figures and Dohm et al. [in press]).
At 21 d of age, for example, mean body masses (g) were 9.2 for wild mice,
10.4 for hybridsfrom wild dams, 10.3 for hybridsfrom lab dams, and 11.1
for lab mice. On the other hand, our lab and wild mice did not differ in
relativetail length or thyroidhormone levels, and the averagedifference in
regulatoryNSTand in IBAT(both about 20%)was not large. Whethersuch
differencesand/or similaritiesare a general featureof comparisonsbetween
laboratorystrains and wild Mus domesticus populations is unclear. Both
laboratory strains and wild populations of house mice show considerable
variation in body size and in a variety of physiological traits (Festing 1979;
Berry 1981; Jakobson 1981; Barnett and Dickson 1989; Gordon 1993). Because of such wide variation, no single strain or population may adequately
represent either lab or wild forms. Caution should therefore be used when
choosing lab strains as models for the study of wild populations or vice
versa (see also Price 1984).
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