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GORDON, C. J. AND L. FOGELSON. Metabolic and thermoregulatory responses of the rat maintained in acrylic or wire-screen
cages: Implications for pharmacological studies. PHYSIOL BEHAV 56(1) 73-79, 1994.—Because of differences in thermal
conductivity, it is likely that a rodent’s thermoregulatory requirements and their response to drugs and other stimuli will vary in
metal and acrylic cages. To address these issues, thermoregulatory responses wWere measured in rats housed in an environmental
chamber with a floor made of either solid metal (aluminum) or acrylic materials (Plexiglas). Metabolic rate (M), evaporative water
loss (E), thermal conductance (C), and tail skin (Tw) and core temperature (T,) were measured at ambient temperatures (7,) of 10,
20, 28, 30, 32, and 34°C. These ‘thermoregulatory variables were essentially unaffected by floor type at T,s of 20 and 28°C. The
acrylic floor showed greater increases in M, E, T., and Ty, but a smaller elevation in C as T, increased from 28 to 34°C. Ata T,
of 10°C, rats on the acrylic floor had a smaller M compared to that measured on the metal floor. Rats were then injected with
saline or 30 mg/kg (SC) of 3,4—methylenedioxymethamphetamine (MDMA) and placed in an acrylic cage with wood chip bedding
or a wire-screen cage at a T, of 20°C. The MDMA caused 7. to increase > 2.0°C in rats in the acrylic cage but had no effect on
T, of rats in the wire-screen cage. The marked effect of cage type on basal thermoregulatory processes and thermogenic response
to MDMA should be useful in the design and interpretation of many pharmacological studies.
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THE type of cage used to house and study laboratory rodents in Most researchers studying metabolism and other thermoreg- ;

pharmacological and toxicological studies is usually dictated by a ulatory patterns have been aware that the type of cage can be a !
variety of requirements, such as species, sanitation, breeding re- crucial dependent parameter. Metal cages conduct heat more ef-
quirements, and other experimental factors. One finds that unre- ficiently, have a better convective heat exchange, and the internal
strained rodents are housed and studied in one of two cage types: cage temperature is close to that of environmental temperature.
Acrylic cages, especially those with filter tops, have poorer air

1. metal—these cages consist of walls and floor made with circulation and heat exchange. The air inside these cages can be

{
1
wire-screen or related materials, have no bedding material, warmer than the surrounding environment and the bedding ma- i
and provide excellent air circulation terial affects thermoregulation differently than that of animals :
2. acrylic (i.e., plastic) shoe-box type—these cages consist of housed in wire-screen cages (3,18). For example, the presence of
solid walls and floor made of a synthetic polymers (e.g., wood chips or other nesting material can be shown to reduce the
polycarbonate, Plexiglas) with low thermal conductivity and metabolic energy demands of rodents subjected to cold environ-
usually have a layer of bedding material to absorb urine and ments (10). The type of cage is considered to be an important
odors. variable when studying the function of brown adipose tissue (12).
Maintaining individual rats on a wire-screen cage at an ambient
Although acrylic cages are preferred for many rodent studies, temperature of 21°C is considered to represent a mild cold stress
metal cages are critical in studies where thorough ventilation is because metabolic rate is 25% higher than that of animals kept
required, such as for gaseous or volatile chemical agent exposure at a thermoneutral ambient temperature (T.) (2). Clearly, at T.s
[for review, see (3)]. approximating standard room temperature (€.g., ~22°C), the

! This paper has been reviewed by the Health Effects Research Laboratory, U.S. Environmental Protection Agency, and approved for publication.
Mention of trade names or commercial products does not constitute endorsement or recommendation for use.
2T whom requests for reprints should be addressed.
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metabolic requircments of the rat and other rodents are reduced
if housed in an acrylic cage with bedding material.

Given that the thermoregulatory responses of rodents will
vary depending on the type of cage used for housing, then it is
also likely that an animal’s metabolic response to pharmacolog-
ical and other chemical agents will be markedly affected by cage
type. Exposure to neuropharmacological and neurotoxic chemi-
cals will often lead to marked changes in metabolic rate and body
temperature in laboratory rodents (9,14). Because the type of
cage used for housing can impact on the metabolic rate and body
temperature of the rodent, it is thus likely that a species’ response
to a chemical agent would be affected by the type of cage. These
factors are obviously crucial to both basic and applied studies of
pharmacology and toxicology in laboratory rodents and should
be explored in more detail. The major variable in these cage
designs centers on the contact between the animal and the floor
of the cage. Conductive heat exchange is likely to be much lower
when the animal is placed on a wood chip bedding/acrylic floor
compared a solid metal or wire-screen floor.

Accurate measurements of oxygen consumption and evapo-
rative water loss from animals maintained on wood chip bedding
material are difficult using conventional methods. The wood chip
bedding interferes with gas equilibration and absorbs moisture.
Therefore, to estimate the thermoregulatory responses in these
cage types, an alternative approach is to measure these parame-
ters on solid surfaces of either metal or acrylic materials that
simulate the thermal environments of wire-screen and wood chip
bedding cages, respectively. The present study had two major
goals:

1. compare the thermoregulatory patterns of the rat when placed
on an acrylic surface with relatively low thermal conductivity
to that when placed on a metal surface with a high thermal
conductivity, and

2. assess how cage type affects the rodent’s thermoregulatory
response to the psychoactive drug, 3,4-methylenedioxy-
methamphetamine (MDMA), which has been shown to have
marked effects on thermoregulation in the rat (8,16).

METHOD

Animals used in this study were male rats of the Long—Evans
(LE) strain obtained at 60 days of age (Charles River Laborato-
ries). The rats were caged in groups of two in standard polycar-
bonate cages (length, 47 cm; width, 24 cm; depth, 20 cm) lined
with wood shavings. Housing conditions were: 22°C, 50% rela-
tive humidity, and a 12:12 L:D photoperiod with lights on at 0600
h. The rats were maintained under these conditions for several
weeks before being tested.

Apparatus

An environmental chamber made of stainless steel walls and
a solid aluminum lid, used in earlier studies from this laboratory
(8). was modified to accommodate a floor made of either Plexi-
glas or aluminum (Fig. 1). The floor was made of two rectangular
sections (12.7 mm thick; 327 mm long: 121 mm wide). They
were held together by metal brackets with a 3.2-mm gap running
along the center between the two plates. The plates were angled
inward to allow urine to fall through the gap and into a tray filled
with mineral oil. The mineral oil prevented moisture from inter-
fering with the measurement of evaporative water loss. Grooves
(3.2 mm wide) were cut into the floor at 12.7-mm intervals to
channel urine away from the rat and help keep its fur dry.

Metabolic rate and evaporative water loss were measured us-
ing methods similar to those of previous studies (8). The chamber
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FIG. 1. Cross-sectional view of the environmental chamber and specially
designed floor made of acrylic (Plexiglas) or metal (aluminum). Not
drawn to scale (see the Method section for additional details).

with the metal and Plexiglas floor allowed for the measurement
of these parameters that otherwise would be difficult in standard
acrylic cages with wood chip bedding. We have found the wood
chip bedding has marked effects on the chamber’s moisture con-
tent and gas exchange characteristics, making determinations of
metabolic rate and evaporative water loss difficult. Briefly, dry
air was pushed into the chamber at a flow rate of 3.0 I/min (STP).
A fraction of the air stream from the chamber was withdrawn
into a dew point hygrometer to measure the rat’s evaporative
water loss (EWL) and relative humidity of the chamber air. An-
other fraction was pulled into an oxygen analyzer to measure the
change in percent oxygen. The change in oxygen consumption
waos used to calculate metabolic rate in dimensions of ml O,/(min
kg .75).

The environmental system was also fitted with a Doppler-type
system to measure motor activity (8). Although motor activity
was monitored during all experiments, it should be noted that the
system’s performance was affected by the type of cage. The
Doppler system generated a larger signal for a given movement
on the aluminum floor compared to the Plexiglas floor. It was
decided not to use the motor activity data for any quantitative
analysis. However, the Doppler output was used in the MDMA
studies (discussed below) to provide a qualitative measure of
MDMA's effect on motor activity.

Whole-body, dry thermal conductance (C) in dimensions of
ml O,/(min kg °C) was calculated based on the measurement of
metabolic rate (M), the oxygen consumption attributed to evap-
orative water loss (E), colonic temperature (7,), and T, (9,15):

C=WM—-EYT.-T). [1]

The calculation of £ was made assuming a latent heat of vapor-
ization of 2.404 J per mg H,O evaporated and a respiratory quo-
tient of 0.81 (i.e., 20.1 J of heat per ml O,)

Procedure

The T, of the environmental chamber was regulated at 10, 20,
28, 30, 32, and 34°C. Individual rats (mean body weight = 441
*+ 5.6 g) were placed in the chamber for 60 min while dew point
temperature and percent oxygen data were printed at 2-min in-
tervals on a digital-analog recorder (Dianachart). Colonic tem-
perature was measured at the end of each experiment by inserting
a thermocouple probe (Physitemp, RET-2) 5-6 ¢cm beyond the
anal sphincter. Tail skin temperature was also measured at the
same time using a noncontact, infrared thermometer (Biotherm,
model C600-M). This was positioned approximately 2 cm from
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the pase of the tail and gave an instantaneous reading of tail skin
temperature. After testing, the rat was returned to its home cage
and was not used again for at least 24 h. All rats were given one
habituation session in one of the cage types prior to testing and
were studied at a single T, in both cage types before being tested
at another T

Drug Experiment

To evaluate the potential effect of cage type on thermoregu-
latory response to pharmaco\ogical intervention, a series
of experiments was designed using the chemical agent 3,4-
methy1enedioxymethamphetamine (MDMA) as a prototypical
compound. The MDMA was selected for several reasons: @) it
has been shown to induce marked hyperthermia in the rat, an
effect that 1s dependent on T, (8,16); and (i1) itis purported to be
a neurotoxicant and has been shown to cause long-term changes
to serotonergic pathways (4,13). It is thought that many of
MDMA's neurotoxic effects are related to its effects on body and
brain temperature (11). Two experiments were performed with
MDMA.

1. New sets of naive LE rats were used for the MDMA studies.
In the first study (mean body weight = 388 + 5.5 g) an environ-
mental chamber (described above) was modified to hold either
an acrylic cage with wood chips or a metal wire-screen cage. The
inner dimensions of both cages were nearly identical (17 cm wide
by 32 c¢m long by 19 cm high). The wire screen cage was made
from stainless steel wire screen (8 cm mesh) and the edges of the
cage were reinforced with metal rods. This cage was positioned
over a pan containing mineral oil to collect urine and fecal ma-
terial. The acrylic cage was modelled to conform to the dimen-
sions of typical cages used in rodent husbandry and to fit inside
the environmental chamber. It was made of 0.6-cm thick Plexi-
glas and had an open top. To facilitate the circulation of air
through the cage, 70 1.0-cm holes were evenly spaced on the
upper portion of the four sides. The lower 7 cm of the walls and
bottom of the cage were solid. The bottom was lined with a 2.5-
cm thick layer of clean wood shavings, identical to that used in
the animal colony. A thermocouple in a protective metal tube
was positioned at the level of the rat and was used to monitor air
temperature.

The rats were injected with saline or MDMA at a dose of 30
mg/kg (8C) and immediately placed in the chamber that was set
at 18—20°C (mean air temperature = 21.2-22.5°C). This cooler
temperature was selected because we have previously found that
this dose of MDMA has no effect on core temperature of LE rats
in a wire-mesh cage at 20°C. Tt was thought that the acrylic cage
would exacerbate the thermal effects of MDMA under these am-
bient conditions. One hour after injection, core and tail skin tem-
perature were measured as described above.

2. Additional MDMA studies were performed on naive rats
using the metal and Plexiglas floors as described. This permitted
the measurement of additional thermoregulatory parameters as
previously described. In one study the environmental chamber
was maintained at 20°C and the thermoregulatory résponses to
saline or 30 mg/kg MDMA were determined. Rats (imean body
weight = 385 = 5 g) were injected on 1 day with saline while
the aforementioned metabolic parameters were determined. The
following day the same animals were injected with MDMA and
the same parameters were determined. In another study, the en-
vironmental chamber was set at 30°C and the rats (mean body
weight = 385 = 6 g) were given saline on 1 day followed the
next day by 10 mg/kg MDMA. The smaller dose of MDMA was
used at the warmer T, because the ral’s sensitivity to MDMA is
accentuated at warmer temperatures (8).
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Data Analysis

Metabolic rate, evaporative water loss, and thermal conduc-
tance were calculated by averaging the percent oxygen and dew
point temperature data over the last 10 min of the 60-min testing
period in the environmental chamber. The effect of T, and cage
type on these data were assessed using a repeated-measures two-
way analysis of variance (ANOVA) (GB-STAT, Bethesda, MD).
If the factors T,, cage type, Of T,—cage type interaction were
significant (p < 0.05), then the data at each T, were further eval-
uated for statistical significance using a Tukey’s protected f-test.
The MDMA core and skin temperature data collected in the wire-
screen and acrylic cages were analyzed using a (wo-way
ANOVA followed with a Tukey’s protected z-test if significant
effects of drug or cage treatment were detected. The MDMA data
collected from animals exposed on acrylic and metal floors at T8
of 20 and 30°C were analyzed using a three-way repeated-mea-
sures ANOVA with the saline and MDMA treatments designated
as the repeated measure.

RESULTS

Effect of Acrylic and Metal Floor on Thermoregulatory
Responses

The type of floor had marked effects on the rat’s thermoreg-
ulatory responses as a function of T, (Fig. 2). In most cases, the
two-way ANOVA revealed significant effects of floor type, Ts,
and their interaction on each thermoregulatory variable. Meta-
bolic rate was not significantly affected by floor type, but there
was a significant T, effect (p < 0.0001) and a T, X floor type
interaction (p = 0.005). Metabolic rate was quite stable for both
floor types over a T, range of 28—32°C (Fig. 1). AtaT, of 34°C
there was a significant elevation in metabolic rate of rats kept on
the acrylic floor, whereas rats on the metal floor were unaffected.
Metabolic rate was elevated at T,s of 20 and 10°C. Rats on the
metal floor at a T, of 10°C had a significantly higher metabolic
rate over that of animals housed on the acrylic floor.

Evaporative water loss was significantly affected by the floor
type (p = 0.005), T. (p —0.0002), and by a floor type X T.
interaction (p < 0.0001). Evaporative water loss was stable and
minimal in both groups over a T, range of 20-30°C. As with
metabolic rate, increasing T, t0 34°C led to 2 marked elevation
in evaporative water loss in animals maintained on the acrylic
floor. Ata T, of 10°C there was a notable increase in EWL in
rats kept on the metal floor, but the difference was not statistically
significant.

Colonic temperature was significantly affected by floor type
(p = 0.0006), T, (p < 0.0001), and by a floor type % T, inter-
action (p < 0.0001). Colonic temperature on both floor types
was relatively stable between T.s of 20-32°C. Rats on the acrylic
floor showed a marked elevation in core temperature when ex-
posed to a T, of 34°C. Tt is of interest to note that both groups
showed an elevation in core temperature as T, was reduced to
10°C. Tail skin temperature was significantly affected by floor
type (p = 0.002)and T, (p < 0.0001), but there was no floor
type X T interaction. There was a near linear relationship be-
tween T, and tail skin temperature on both the metal and acrylic
floors. Tail skin temperature was significantly warmer in rats kept
on the acrylic floor at T.s of 30 and 32°C.

Thermal conductance was significantly affected by floor type
(p =0.006), T, (p < 0.0001), and by a floor type X 7, interaction
(p < 0.0001). This variable was minimal in both groups at a T.
of 10°C. Thermal conductance increased gradually with rising T,
and then rose more sharply as T, increased from 28 to 34°C.
Thermal conductance of rats on the metal floor increased sharply
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FIG. 2. Effect of maintaining a rat on acrylic or metal floor on the thermoregulatory response to changes in ambient temperature. Thermoregulatory
responses include metabolic rate (M), evaporative water loss (EWL), whole-body thermal conductance (C), and colonic and tail skin temperature,
= 5-6 at each 7, and floor type. Data plotted as mean + SE. Asterisks indicate significant difference in floor type at a given T,.

at the warmest 7, of 34°C, whereas thermal conductance on the interaction between T, and MDMA treatment (p = 0.004) and a

acrylic floor peaked at 32°C and then decreased. marginal interaction between floor type and MDMA treatment
(p = 0.06).
Interaction Berween Cage Type and Response to MDMA Colonic temperature. The MDMA elicited a precipitous ele-

) vation in core temperature. There were highly significant effects
Housing rats in the acrylic or wire-screen cage had a marked of T, (p = 0.001 ) and MDMA treatment

effect on the thermoregulatory response to MDMA (Fig. 3). The
MDMA had no effect on core lemperature in rats placed in the
wire-screen cage, whereas rats in the acrylic cage underwent a Tail skin temperature. MDMA
>2.0°C increase in core temperature in 60 min. The two-way
ANOVA indicated significant effects of MDMA (F = 17.4,p = exposed in the acrylic and wire-screen cages (see above). This
0.0005), cage type (F = 9.5, p = 0.0047), and a MDMA X cage variable was significantly affected by floor type (p = 0.003), T,
type interaction (F = 12.8, p = 0.0016). Tail skin lemperature (5, < 0.0001), and MDMA treatment (p < 0.0001). There were
was also significantly affected by the cage type (F = 312, p < also significant interactions between floor type and MDMA treat-
0.0001), but there were no MDMA or MDMA X cage type in- ment (p = 0.01) and between T, and MDMA treatment (p =

teractions. Tail skin temperature was significantly higher in ani- 0.0008).

mals kept in the acrylic cages. In spite of the insignificant MDMA Evaporative water loss. This variable was also increased by
response determined by the two-way ANOVA, it should be noted MDMA treatment. There was no significant effect of fioor type,
that tail skin temperature of MDMA-treated rats in the wire- but there were highly significant effects of T, (p < 0.0001) and

screen cage was 1.3°C below that of the saline-treated animals MDMA treatment (p < 0.0001). There was also a significant
and was found to be statistically significant using a two-tailed interaction between floor type and MDMA treatment (p =0.038)
Student’s r-test (1 = 2.36, p < 0.025). and 7, and MDMA treatment (p < 0.000D),

The thermoregulatory response to MDMA was also affected Thermal conductance. This variable was unaffected by floor
by housing the animals on either an acrylic or metal floor at Ts type, but there was a highly significant effect of 7, and a marginal
of 20 and 30°C (Table 1). The three-way ANOVA revealed a effect of MDMA treatment (p = 0.06). There was also a signif-

variety of signiticant effects of floor type, T, and MDMA treat- icant interaction between T, and MDMA treatment (p = 0.002).
ment, as well as their interactions, A summary of the statistical Motor activity. Motor activity was not analyzed because of
analysis of each thermoregulatory variable is given, problems with the acrylic and metal floors on the monitoring

Metabolic rare. This variable was significantly increased by device (see the Method section). However, it can be seen that

MDMA at 7,5 of 20 and 30°C (p < 0.0001). Floor type and T, MDMA led to marked clevations in this variable at both T,s of
did not have a significant effect: however, there was a significant 20 and 30°C (Table I).
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FIG. 3. Effect of housing in acrylic or wire-screen cage on the colonic
and tail skin temperature measured 60 min after treatment with 30 mg/
kg MDMA (SC) at a mean air temperature of 21.2-22.5°C. Asterisks
indicate significant difference between saline and MDMA treatment. n
= § per treatment group.

The effects of the various cages on thermoregulation was fur-
ther illustrated by comparing the heat loss of a ‘‘phantom rat’’
using a 1.0-1 water bottle made of high-density polyethylene (Ta-
ble 2). The bottle was filled with warm water (42°C) and two
thermocouples were placed near the center of the fluid at each
end of the bottle. The average temperature decrease of the water
in the bottle was recorded over a 60-min period and then analyzed
with linear regression. The correlation coefficient of the time vs.
temperature data points was greater than 0.99 in all experiments.
Heat loss in watts was calculated based on the cooling function
(Table 2). Not surprisingly, the greatest heat loss was observed
in the wire-screen and metal floor cages. The smallest heat loss
occurred when the bottle was placed in the acrylic-wood chip
cage. It is interesting to note that the difference in heat loss be-
tween the acrylic cage with wood chip bedding and the wire-
screen cage was 18%, whereas the difference for the metal and
acrylic floors was only 12%.

DISCUSSION

Substituting a floor made of aluminum with one made of
acrylic in the environmental chamber illustrates the importance
of conductive heat exchange between the rat and its cage. That
is, with all other conditions being identical in the environmental
chamber, the data show that rats on acrylic or metal floors had
notable thermoregulatory differences when exposed to warm and
cold T,s. The thermoregulatory response to acute MDMA ad-
ministration also can be modulated by housing in wire-screen or
acrylic cages. Evaluation of MDMA s effects in animals exposed
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on the acrylic or metal floor also suggests that conductive heat
exchange between the animal and cage floor is an important fac-
tor in understanding MDMA’s thermal effects.

The most prominent effects occurred with metabolic rate,
evaporative water loss, and colonic temperature when T, was
elevated from 32 to 34°C. Rats on a metal floor remained nor-
mothermic with minimal changes in metabolic rate and evapo-
rative water loss. On the other hand, rats on the acrylic fioor
exhibited a sharp elevation in core temperature and metabolic
rate. The rise in evaporative water loss in this group represents
a response to increase heat loss in the face of rising body tem-
perature. The inability of rats on the acrylic floor to increase
thermal conductance at a T, of 34°C is undoubtedly critical in
accounting for the inability to maintain a normal core tempera-
ture. There were no effects of metal and acrylic floors on the
thermoregulatory parameters measured at T.s of 20-32°C. At the
coldest T, tested (10°C), rats on the metal floor exhibited a sig-
nificant elevation in metabolic rate, but colonic and tail skin tem-
perature were unchanged. It would appear that the elevated met-
abolic rate reflects the increased conductive heat transfer to the
metal floor.

The MDMA experiment illustrates the marked interaction be-
tween thermoregulatory responses in different environmental set-
tings and the potential efficacy of a chemical agent. In the present
study, MDMA’s hyperthermic effect was exacerbated by housing
rats in the acrylic cage with wood chips compared to animals
maintained in wire-screen cages. MDMA's principal acute effect
is thought to be attributed to the release of 5-HT in the central
nervous system. This elicits a general serotonergic syndrome
characterized by low body posture, head weaving and increased
motor activity, piloerection, salivation, and hyperthermia (8,17).
However, the hyperthermic response of MDMA is closely de-
pendent on environmental temperature. Rats maintained at a T,
of 30°C in a wire-screen type cage display a doubling of meta-
bolic rate and a core temperature of over 41°C in just 60 min
after a 30 mg/kg dose of MDMA. On the other hand, at a T, of
10°C, the same dose of MDMA has no effect on metabolic rate
and leads to a 2.0°C reduction in core temperature (8). MDMA’s
hyperthermic action may play a key role in its neurotoxicity. For
example, MDMA-induced reduction in serotonin content of the
cortex, hippocampus, and striatum is markedly attenuated by pre-
venting rats from becoming hyperthermic (16). The data of the
present study suggest that neurotoxic variability to compounds
such as MDMA would be strongly dependent upon the type of
cage. It behooves investigators to document the type of cage
when involved in rodent studies where a metabolic and/or ther-
moregulatory end point may be directly or indirectly involved.

The MDMA studies in rats housed on acrylic or metal floors
further illustrates the importance of conductive heat transfer. There
were a variety of significant differences in thermoregulatory re-
sponse as well as significant interactions between floor type, T,
and MDMA treatment. The effects of MDMA on core temperature
in animals on the acrylic and metal floors were not as distinct when
compared to that of animals exposed in the acrylic and wire-screen
cages (see Fig. 3). One possible explanation is that the acrylic cage
with wood chip bedding provided more insulation than the acrylic
floor itself. Indeed, the water bottle experiment (Table 2) indicates
that heat loss on the acrylic floor is 9.4% greater than on the acrylic
floor with wood chips. However, it is not clear if this reduction in
heat transfer explains the marked difference in core temperature
following MDMA treatment. Overall, the MDMA data collected
from animals on the metal and acrylic floors indicates that con-
ductive heat exchange between the surfaces of the rat that make
contact with the floor of its cage can affect the response to drugs
such as MDMA.

e —
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TABLE 1

THERMOREGULATORY RESPONSES TO SALINE AND MDMA IN RATS
ON AN ACRYLIC OR METAL FLOOR

Drug Treatment/Floor Type

Saline MDMA
Parameter Acrylic Metal Acrylic Metal

T, = 20°C
M [ml/(min kg®™)) 13.7 %04 16.6 = 1.0 27.1 =19 242 * 1.1
T (°C) 37.1 £ 0.1 37.3+0.2 384 0.7 376 £ 0.6
Ty (°C) 23.6+03 228 £ 0.7 22504 222+ 0.5
EWL [mg/(min kg)] 33.8 +3.1 51.1 £72 1457 + 11.8 123.5 + 6.7
C [W/(kg °C)] 0.26 = .01 0.28 * .02 031 +.03 0.29 = .01
MA (% of saline) 100 + 6.2 100 = 12.2 218.6 * 11.0 168.4 + 4.5

T, = 30°C
M [ml/(min kg)] 156 £ 0.8 12.6 = 0.6 308 1.3 282 %19
T.o (°C) 37.4 + 0.1 37.1 = 0.07 40.6 £ 0.4 39.7 £ 0.3
Ty (°C) 339 %02 314+ 03 30.1 £ 0.07 207 +0.2
EWL [mg/(min kg)] 41.0 = 2.1 384 £33 205.6 + 6.1 190.6 + 14.3
C [W/(kg °C)] 0.67 = 0.01 0.54 = 0.02 0.44 * 0.05 045 + 0.04
MA (% of saline) 100 = 4.0 100 = 9.8 254.0 = 8.1 231.1 £ 11.3

MDMA dose: 20°C, 30 mg/kg, SC; 30°C, 10 mg/kg, SC. n = 6 per treatment group.

M = metabolic rate; T.or = colonic temperature; T, = tail skin temperature; EWL = evaporative water

loss; C = thermal conductance; MA = motor activity.

Understanding how cage construction or floor type governs
the thermoregulatory effects of drug such as MDMA can be ex-
pressed using a modified heat balance equation (7,9,15). In
steady-state conditions (i.e., A heat storage = 0), total heat loss
(H) is equal to metabolic heat production (M), which is equal to
the sum of heat loss from evaporation (E), radiation (R), con-
vection (C), and conduction (K):

H=M=E+R=+C=+K. 2]

Each of the heat loss terms is complex and dependent on core,
surface, and ambient temperature. For purposes of this discus-
sion, a simplified form of the heat balance equation can be util-
ized:

TABLE 2

HEAT LOSS OF WATER BOTTLE PLACED IN
ENVIRONMENTAL CHAMBER SET
AT A T, OF 20°C

Cage type Heat Loss (W)
Wire-screen 7.78
Acrylic with wood chips 6.61
Metal floor 7.94
Acrylic floor 7.06

Bottie was placed in each of the four cage types
that were used to house rats during testing. The
decrease in temperature of the water over period of
60 min was measured to calculate total heat loss in
watts (W) from the bottle using the equation: W =
(°C/s) (g) (¢), where g is weight of water in grams
and ¢ is specific heat of water (4.18 J/g/°C). Note:
LOJMs = L.OW.

M=CT.-T)+E [3]

where C = thermal conductance and takes into account the heat
dissipated by radiation, convection, and conduction; E = evap-
orative heat loss (i.c., rate of water loss multiplied by latent heat
of vaporization). It should be noted that eq. (3) is a rearrangement
of the terms used to calculate whole-body thermal conductance
[eq. (1)] (15). This relationship can also be used to illustrate the
impact of cage type on the thermoregulatory demands of the rat
by solving eq. (3) for T.:

T.=T,+ (M - E)IC. [4]

Thus, at a fixed 7, when M increases as would occur from the
administration of MDMA, thermal homeostasis can only be
maintained if C and/or E increase. If there are limitations on the
ability to increase thermal conductance, which appears to be the
case when rats are housed in acrylic cages or kept on a floor
made of insulative materials, then there will be a greater require-
ment to dissipate heat by evaporation. Evaporative water loss
in rats is normally not activated until ambient heat stress be-
comes relatively excessive (i.e., at Ts = thermoneutrality)
(7,9). A significant limitation on evaporation at warm 7,s will
lead to an elevation in body temperature. Thus, using a simpli-
fied heat balance equation, it can be shown how an acrylic cage
with wood chip bedding exacerbates the hyperthermic effects
of a thermogenic compound like MDMA.. Furthermore, as 7T, is
increased to 34°C, rats in an acrylic floor incur a greater heat
load because thermal conductance does not increase as effec-
tively when compared to rats kept in wire-screen cages. It is
also seen from the relationship in eq. (4) that a higher thermal
conductance in resting animals in acrylic cages will lessen the
metabolic requirements for thermal homeostasis at relatively
cool T;s. This explains the lower metabolic rates of rats kept in
acrylic cages at 10°C.
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The water bottle experiment is useful for demonstrating the
potential impact of cage type on heat loss. Although the heat loss
from the bottle is an over simplification of the rat’s thermoreg-
ulatory response, the results nonetheless corroborate the MDMA
studies. The smallest heat loss observed in the acrylic-wood chip
cage may explain the acute rise in core temperature of the rats
injected with MDMA and placed in this environment compared
to the wire-screen and metal floor environments. Likewise, the
small heat loss measured on the acrylic fioor compared to the
metal floor further indicates the difficulty for the rat to dissipate
heat at warm T,s when housed on the acrylic floor.

To summarize, using exposure periods of 60 min, it was shown
that the thermoregulatory requirements of the rat can be markedly
affected by being housed on a highly conductive metal floor or
insulative acrylic floor. The measurements of thermoregulatory re-
sponses made on the acrylic and metal floors should lead to a better
understanding of thermoregulatory responses in animals housed in
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different types of cages. Dry heat loss is impeded on the acrylic
floor as T, increases, creating a greater strain on the animal’s ther-
moregulatory system. Overall, stress on the thermoregulatory sys-
tem is minimized by housing in acrylic cages with wood chip
bedding when T, is relatively cool, whereas at relatively warm T,s,
stress is minimized by housing in wire-mesh cages. The studies
using metal and acrylic floors suggests an important role for heat
conduction from the ventral surface of the rat during heat and cold
stress. Moreover, because of the reduced heat loss, the hyperth-
ermic efficacy of MDMA is also exacerbated in animals placed in
acrylic cages with wood chip bedding or on a floor made of acrylic
material. A simplified version of the heat balance equation is useful
for understanding the impact of cage type on thermoregulatory
requirements. The relationships developed in the present study
should be of use to those concerned with metabolic and thermo-
regulatory responses in rodents subjected to pharmacological and
other chemical treatments.

REFERENCES

1. Blatteis, C. M. Influence of body weight and temperature on the
pyrogenic effect of endotoxin in guinea pigs. Toxicol. App!. Phar-
macol. 29:249-258; 1974.

2. Brown, D.; Livesey, G.; Dauncey, M. I. Influence of mild cold on
the components of 24 hour thermogenesis in rats. J. Physiol.
441:137-154; 1991,

3. Burger, G. T.; Miller, L. C. Animal care and facilities. In: Hayes,
A.W., ed. Principles and methods of toxicology, 2nd ed. New York:
Raven Press; 1989:521-552.

4. Commins, D. L.; Vosmer, G.; Virus, R. M.; Woolverton, W. L;
Schuster, C. R.; Seiden, L. S. Biochemical and histological evidence
that methylenedioxymethamphetamine (MDMA) is toxic to neurons
in the rat brain. J. Pharmacol. Exp. Ther. 241:338-345; 1987.

5. Durkot, M. I.; Francesconi, R. P.; Hubbard, R. W. Effect of age,
weight, and metabolic rate on endurance, hyperthermia, and heat-
stroke mortality in a small animal model. Aviat. Space Environ.
Med. 57:974-979; 1986.

6. Gordon, C. J. Relationship between preferred ambient temperature
and autonomic thermoregulatory function in rat. Am. J. Physiol.
252:R1130-R1137; 1987.

7. Gordon, C. J. Thermal biology of the laboratory rat. Physiol. Behav.
47:963-991; 1990.

8. Gordon, C. J.; Watkinson, W. P.; O’Callaghan, J. P.; Miller, D. B.
Effects of 3,4—methylcnedioxymcthamphetam'me on autonomic ther-
moregulatory responses of the rat. Pharmacol. Biochem. Behav.
38:339-344; 1991.

9. Gordon, C. J. Temperature regulation in laboratory rodents. New
York: Cambridge University Press; 1993.

10. Hart, J. S. Rodents. In: Whittow, G. C., ed. Comparative physiology
of thermoregulation, vol. II. New York: Academic Press; 1971:1-149.

11. Henry, J. A.; Jeffreys, K. J.; Dawling, S. Toxicity and deaths from
3,4-methylenedioxymethamphetamine (‘‘ecstasy’’). Lancet
340:384-387; 1992.

12. Himms-Hagen, J. Brown adipose tissue thermogenesis: Role in
thermoregulation, energy regulation and obesity. In: Schonbaum, E.;
Lomax, P., eds. Thermoregulation: Physiology and biochemistry.
New York: Pergamon Press; 1990:327-414.

13. Jensen, K. F.; Olin, J.; Haykal—Coates, N.; O’Callaghan, J.; Miller,
D. B.: de Olmos, J. S. Mapping toxicant-induced nervous system
damage with a cupric silver stain: A quantitative analysis of neural
degeneration induced by 3,4-methylenedioxymethamphetamine
(MDMA). In: Erinoff, L., ed. Assessing neurotoxicity of drugs Of
Abuse. NIDA research monograph. Washington, DC: NIDA;
1993:133-154.

14. Lipton, J. M.; Clark, W. G. Neurotransmitters in temperature control.
Annu. Rev. Physiol. 48:613—623; 1986.

15. McNab, B. K. On estimating thermal conductance in endotherms.
Physiol. Zool. 53:145-156; 1980.

16. Schmidt, C. J.; Black, C. K.; Abbate, G. M.; Taylor, V. L. Methy-
lenedioxymethamphetamine-induced hyperthermia and neurotoxic-
ity are independently mediated by 5-HT, receptors. Brain Res.
529:85-90; 1990.

17. Spanos, L. J.; Yamamoto, B. K. Acute effects of methylenedioxy-
methamphetamine [(*) MDMA] on locomotion and serotonin syn-
drome behavior in the rat. Pharmacol. Biochem. Behav. 32:835-
840; 1989.

18. Yamauchi, C.; Fujita, S.; Obara, T.; Ueda, T. Effects of room tem-
perature on reproduction, body and organ weights, food and water
intake, and hematology in rats. Lab. Anim. Sci. 31:251-258;
1981.



