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Abstract
An initial administration of 60% nitrous oxide (N2O) evokes hypothermia in rats and if the
administration continues for more than 1 – 2 hours, acute tolerance typically develops such that
the initial reduction in core temperature (Tc) reverses and Tc recovers toward control values.
Calorimeter studies at normal ambient temperature indicate that hypothermia results from a
transient reduction in heat production (HP) combined with an elevation in heat loss. Acute
tolerance develops primarily due to progressive increases in HP. Our aim was to determine
whether rats provided a choice of ambient temperatures would behaviorally facilitate or oppose
N2O -induced hypothermia. A gas-tight thermally-graded alleyway (range, 6.7 – 37.0°C) enabled
male Long-Evans rats (n=12) to select a preferred ambient temperature during a 5-hour steady-
state administration of 60% N2O and a separate paired control gas exposure (order
counterbalanced). Tc was measured telemetrically from a sensor surgically implanted into the
peritoneal cavity > 7 days before testing. Internal LED lighting maintained the accustomed
day:night cycle (light cycle 0700 – 1900 h) during sessions lasting 45.5 hours. Rats entered the
temperature gradient at 1100 h, and the 5-h N2O or control gas period did not start until 23 hours
later to provide a long habituation / training period. Food and water were provided ad libitum at
the center of the alleyway. The maximum decrease of mean Tc during N2O administration
occurred at 0.9 h and was −2.05 ± 0.25°C; this differed significantly (p<0.0001) from the
corresponding Tc change at 0.9 h during control gas administration (0.01 ± 0.14°C). The
maximum decrease of mean selected ambient temperature during N2O administration occurred at
0.7 h and was −13.58 ± 1.61°C; this differed significantly (p < 0.0001) from the corresponding
mean change in selected ambient temperature at 0.7 h during control gas administration (0.30 ±
1.49°C). N2O appears to induce a regulated hypothermia because the selection of a cool ambient
temperature facilitates the reduction in Tc. The recovery of Tc during N2O administration (i.e.,
acute tolerance development) could have been facilitated by selection of ambient temperatures that
were warmer than those chosen during control administrations, but interestingly, this did not
occur.
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1. Introduction
Drugs cause changes in measured variables and these changes are casually referred to as a
“drug effect” or sometimes as a “drug response.” Although such terms are in common
usage, they obscure the complexity underlying events that are typically assessed and
quantified in drug studies. Ramsay and Woods [1] argued that the typical whole-animal
outcome variables that are measured following a drug administration represent a mixture of
a drug’s pharmacological action on a physiological system(s) and the individual’s
response(s) to the drug-induced disturbance, as well as multiple other factors that influence
the measured variable(s). It is the integrated contribution of all of these components that
determines the value of what is measured following drug administration. Furthermore, the
relative contribution of each of these components to the measured variable can change over
time, both within a single drug administration as well as over repeated drug administrations,
and these changing relationships can explain the development of phenomena such as acute
and chronic drug tolerance [1]. By studying drug-induced disturbances in body temperature,
our lab is able to investigate the interrelationship among the underlying components that are
typically unmeasured yet that contribute importantly to the overall measure of body
temperature.

Thermoregulation is often described as the archetype of a physiologically regulated system.
There is broad agreement that deep body temperature is regulated because actual or
anticipated thermal disturbances elicit effector responses that defend core temperature (e.g.,
the recruitment of thermal reflexes in response to changes of ambient temperature). For the
thermoregulatory system, core temperature (Tc) is usually considered the regulated variable
[2,3] and thermoeffectors control or modulate its value [4,5]. The multiple thermoregulatory
effectors include vasomotor tone (e.g., peripheral vasoconstriction / vasodilation), metabolic
heat production (e.g., shivering, non-shivering thermogenesis) and evaporative heat loss
(e.g., sweating, panting, grooming saliva) as well as a myriad of behavioral strategies that
modulate Tc [6]. In comparison to autonomic thermoeffectors, behavioral effectors often
provide quicker and more energetically efficient ways to influence Tc [7].

Thermoregulation has important strengths as an experimental paradigm for understanding
drug-related phenomena such as initial sensitivity and tolerance development [8]. Changes
in Tc are determined by the net difference between metabolic HP and HL. Incorporating
telemetric measurement of Tc with simultaneous total calorimetry (i.e., combining indirect
and direct calorimetric methods) allows for the non-invasive and continuous measurement of
HP and HL in undisturbed test subjects [8–11]. Non-invasive measurement of Tc is critical
because handling experimental rodents (e.g., to collect data or administer a drug) influences
the dependent measures of interest (i.e., Tc, HP, HL) [12–14]. In addition, behavioral
thermoregulation can be assessed in undisturbed rodents by allowing them to select their
preferred ambient temperature (Tsel) in a temperature gradient using a method that has been
well described and accepted [15–18]. Gordon [16] (p. 45) cites several reasons to choose the
thermal gradient method over other operant approaches for assessing behavioral
thermoregulation, including that thermoregulatory behavior in the temperature gradient: 1) is
less influenced by motoric drug effects, 2) represents a naturalistic response that requires
much less training for a rat than other operant methods, and 3) does not require the rat to
make a near continuous operant response.
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Nitrous oxide (N2O) is a pharmacologically active gas that is administered via inhalation
and causes hypothermia in rats [19–21]. Continuously administered N2O rapidly reaches a
steady-state concentration in the body that can be maintained for prolonged periods of time,
and it undergoes little, if any, metabolism [22–24]. These characteristics are important
because a steady-state drug concentration removes variation in the dependent measures that
typically occurs when a drug concentration changes over time.

In rats tested using total calorimetry, an initial administration of 60% N2O results in a rapid
but transient reduction in HP and elevation in HL resulting in a state of negative heat
balance and a marked drop in Tc [8]. Notably, the effect of N2O to initially increase HL is
observed at concentrations as low as 30%, but at concentrations from 30% to 50% this
influence on Tc is promptly countered by increases in HP that maintain normothermia. This
illustrates the value of measuring the underlying determinants because it clarifies whether
initial insensitivity (i.e., a lack of change on the summated outcome variable during an initial
drug administration) occurs because the drug has no effect on the variable’s underlying
determinants or whether the drug-induces changes in the determinants that are offsetting and
result in no net change [10]. Similarly, acute tolerance development is explained by
progressive increases in HP over the course of an initial N2O exposure such that the initially
negative heat balance reverses and the rat shifts into positive heat balance enabling recovery
from hypothermia despite the continued presence of N2O [8–10]. Chronic tolerance
develops to the hypothermic effect of 60% N2O over repeated administrations [25], and this
appears to result primarily from the growth of HP over repeated drug administrations [9].

By enabling measurement of HP and HL, total calorimetry provides insight into the role that
primarily autonomic effectors have on determining Tc during N2O administration. However,
little is known about the behavioral thermoregulatory effectors that are activated during N2O
administration. Pertwee and colleagues [26,27] studied behavioral thermoregulation in mice
administered sub-anesthetic concentrations of N2O. When given a choice between a warmer
(27.5°C) or cooler (21.6°C) environment, mice receiving N2O spent significantly more time
in the cooler area, suggesting that thermoregulatory behavior was not disabled by N2O but
actually participated in the regulation of Tc [26]. That is, the mice could have selected
warmer temperatures and slowed or reversed the fall in Tc; however, by selecting cooler
temperatures they exacerbated the N2O-induced hypothermia.

Gordon [16,28,29] has suggested that changes in Tc following drug administration (or other
physiological challenges such as hypoxia [30] and hemorrhage [31]) may be categorized on
the basis of Tc and thermoeffector action. Specifically, if behavioral and autonomic
effectors influence Tc to move it in the same direction as the observed change in Tc, then
the drug-induced change in Tc is considered to be “regulated.” For example, if Tc is reduced
following a drug administration and this change is accompanied by a decrease in the activity
of heat-generating / conserving effectors and an increase in heat-dissipating effectors, then
the drug would be considered to cause a regulated hypothermia (sometimes called
anapyrexia [32]). The converse situation of regulated hyperthermia, as exemplified by a
fever, occurs when an elevation in Tc is preceded by increased activation of heat-
generating / conserving effectors and an inhibition of heat-dissipating effectors. In the
situation when the observed change in Tc is accompanied by autonomic and behavioral
effector actions that resist or oppose the change in Tc, then the measured change in Tc is
described as being “forced” (i.e., the drug causes a forced hypothermia or a forced
hyperthermia). For example, a forced hypothermia would involve a reduction in Tc
accompanied by thermoeffector actions that increase HP and minimize HL, such as occurs
when a subject is placed in a very cold environment.
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Gordon [16] (p. 32) contends that “Categorizing thermoregulatory responses into forced
versus regulated responses is essential for understanding the mechanism of action of a toxic
chemical or drug.” As emphasized by Ramsay and Woods [1], the consequences of a drug
administration are predicated on understanding the effectors that are activated. The purpose
of the present study was to extend our research on the thermoeffectors that influence Tc
during N2O administration. A gas-tight thermal gradient was constructed to assess how
behavioral effectors operate during N2O administration. The gradient includes a
radiotelemetric system for measuring Tc along with preferred ambient temperature and
motor activity. The goal was to determine whether the hypothermia observed during a 60%
N2O administration is forced or regulated.

2. Material and methods
2.2 Subjects

Twelve (N = 12) young adult male Long-Evans rats (Charles River) with a mean weight of
265g (SEM = 9) were housed in groups of 2–3 rats per cage with free access to pelleted
chow (5053 PicoLab Diet 20, LabDiet, Brentwood, MO) and water. The housing room had a
12 h:12 h light/dark cycle (0700–1900 h) and an ambient temperature of 22 ± 1°C. The
animal procedures were approved by the University of Washington Institutional Animal
Care and Use Committee.

2.2 Apparatus
2.2.1 Thermal Gradient—The thermal gradient apparatus was constructed from a
rectangular copper “pipe” with sealed ends. The copper pipe was divided lengthwise into
two pieces so that it could be opened and closed. A thermal gradient was created by
warming one end of the pipe and cooling the other with temperature-controlled circulating
water. An alleyway, suspended within the gradient, allowed a rat to position itself along the
thermal continuum at its preferred ambient temperature. This device was based on Gordon’s
design [16] (p. 46) with modifications to make it gas-tight.

The gradient’s copper shell (6.35 mm thickness) was fabricated by the Alaskan Copper
Works (Seattle, WA, USA) as two pieces (i.e., an upper and lower shell). A wide (50.8 mm)
lip extended around the perimeter on both upper and lower halves of the gradient. A
continuous gasket (6.35 mm thickness) made from compressible closed-cell neoprene rubber
(G-231-N, Rubatex International, Bedford, VA, USA) was placed on the lip of the lower
shell with pressure-sensitive adhesive. The gasket formed a gas-tight seal when the
gradient’s upper shell was lowered onto the lower shell. The gradient was supported on a
custom-built superstructure (80/20 Inc., Columbia City, IN, USA). The upper half of the
gradient was lowered into place on the lower shell using pulleys and a linear actuator
(actuator model LAS4-1-1-300-24G, actuator controller model LAK2-AA-110-G, Hiwin
Corporation, Elgin, IL, USA) that were fixed to the superstructure. With the upper and lower
halves of the gradient together, the internal rectangular space within the gradient was 190.5
cm long, 17.14 cm high and 17.14 cm wide.

Both ends of the upper and lower copper shells were fabricated with integral water jackets
that surrounded the last 10.16 cm of the end of each shell. Two recirculating, temperature-
controlled water baths (NesLab Model RTE7, Thermo Fisher Scientific, Newington, NH,
USA) were used to pump water through the water jackets. The temperatures of the warm
and cool water baths could be adjusted independently to establish the desired temperature
range across the gradient. The external surface of the gradient and all tubes circulating water
to and from the water jackets were insulated.
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A removable acrylic alleyway (182.9 cm long, 12.06 cm high, 12.06 cm wide) was
suspended from a support structure (80/20 Inc., Columbia City, IN, USA) that fit within the
thermal gradient. The full-length alleyway was made by abutting four 45.72 cm-long
alleyway segments. The lateral walls of the alleyway were slitted and the alleyway floor was
made of acrylic rods that allowed feces and urine to fall into bedding-filled waste trays
placed on the floor of the gradient. The internal support structure also had a hinged-acrylic
lid that, when closed, formed the top of the suspended alleyway. The internal support
structure held 24 infrared beam pairs (model OPB100Z, Optek, Carrollton, TX, USA) that
detected the rat’s location within the gradient. The infrared beam pairs were positioned 19
mm above the alleyway floor and were placed 76.2 mm apart along the length of the
alleyway ending 38.1 mm from either end. A thermistor with 0.1°C accuracy (model
KS222J2, U.S. Sensor Corporation, Orange, CA, USA) was positioned 10 mm above each
of the 24 infrared detectors. External to the gradient were three, 8-channel USB-Temp
devices (Measurement Computing Corporation, Norton, MA, USA) that were wired to the
thermistors as well as to the infra-red beams which used the 8 digital I/O lines of each USB-
Temp. The telemetric Tc signal was received by an antenna wire that was strung around the
side walls of the alleyway using plastic mounting brackets placed on the internal support
structure. To provide uniform illumination for a 24-h light/dark cycle (0700 lights on, 1900
lights off), 128 evenly-spaced white light LEDs (Osram, LINEARlight Model #OS-LM01A-
W2-854, Munich, Germany) ran the length of the alleyway and projected their light upward
from top edge of the internal support structure. Water and pelleted chow were freely
available in the center of alleyway via a water spout and a food hopper attached to the
alleyway wall. A USB digital camera was mounted on the internal support structure at one
end of the gradient which allowed observation of the rat inside the alleyway. All wires
exiting the gradient passed through conveniently placed, small, gas-tight access ports located
on the lower copper shell.

2.2.2 Gas Delivery—Medical grade oxygen (O2) and nitrogen (N2) were combined to
produce a control gas with an outflow consisting of 21% oxygen and 79% nitrogen. The
60% N2O gas condition was created by blending 21% O2, 19% N2, and 60% medical grade
N2O. Gas entered the gradient through an inlet port located in the top center of the upper
copper shell and was dispersed by the acrylic lid covering the alleyway. Gas exited through
two outlet ports centered at each end of the lower half of the gradient. Concentrations of
N2O, O2, and CO2 were measured using an infrared gas analyzer (Normocapoxy, Datex
Instruments Corp., Helsinki, Finland) that drew gas samples via a t-connector placed in the
influent and effluent gas lines connected to the copper shell.

2.2.3 Measurement of Tc, data acquisition and instrument control—Telemetric
measurement of Tc was accomplished using Mini-Mitter’s (Bend, OR, USA) TR 3000
Receiver, Data Port 24, VitalVIEW software, and an implantable battery-operated
temperature sensor (Model VM-FH Disc). These transmitters had a sensitivity of ±0.1°C and
were calibrated for accuracy by the manufacturer each time the battery was replaced. [At the
completion of this study, Mini-Mitter discontinued their battery-operated temperature
sensors and so the thermal gradient’s telemetric Tc measurement equipment was replaced by
a commercial system from Data Sciences International (Saint Paul, MN, USA).] All other
instrument control and data acquisition were performed using custom programs N2O written
in LabVIEW 6.1 (National Instruments, Austin, Texas).

2.3 Surgical placement of the telemetric temperature sensor
One week prior to the start of testing, a battery-operated telemetric temperature sensor was
implanted into the rat’s peritoneal cavity to measure Tc. Each rat was anesthetized with
isoflurane (3–5% for induction and 1–3% for maintenance) for the surgical procedure.
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Surgery was performed with the rat on a ~39°C heating pad. Meloxicam (an NSAID) was
provided in the drinking water (0.02 mg/ml H2O) from 1 day before to 2 days after surgery.

2.4 Experimental Design and Procedures
A counterbalanced, cross-over design was used so that each rat received both a control gas
exposure and a 60% N2O exposure in the thermal gradient. With a single thermal gradient,
two rats could be tested in a 2-week period. The order of the two gas exposures was
counterbalanced such that when a rat was randomly assigned to receive control gas in the
first week and 60% N2O in the second week, the other rat of the pair was assigned to the
opposite order. Each rat’s two gas exposure sessions took place one week apart. After the
first 6 rats had completed the study, the cool and warm ends of the gradient were switched
for testing the next 6 rats.

All rats had two 45.5-hour test sessions that were separated by one week. Each rat was
placed individually in the thermal gradient at 1100 h with control gas entering at a flow rate
of 6 L/min. [Gordon and colleagues [13] place a rat in the thermal gradient the day before a
test session to allow the rat to adapt over night to its surroundings and exhibit normal
thermoregulatory behavior.] Each rat remained in the thermal gradient breathing control gas
until 1000 h the next day. At 1000 h the gas flow rate increased to 12 L/min for 20 minutes
while either control gas or 60% N2O was administered. The gas flow rate was increased so
that the targeted 60% N2O concentration could be reached more quickly yielding an effluent
N2O concentration of 55% by 12.3 minutes after the start of N2O delivery and 59–60% by
19.3 minutes. At 1020 h, the flow rate of the assigned gas reverted to 6 L/min and the gas
exposure continued until 1500 h. At 1500 h, the 5-h assigned gas administration was
finished and control gas was delivered at a flow rate of 12 L/min for 20 minutes. At 1520 h,
the flow rate of control gas was reduced to 6 L/min and this was maintained until the session
ended the next morning at 0830 h and the rat was removed. Thus, each testing session lasted
45.5 hours (i.e., 23 h of control gas followed by 5 h of control gas or 60% N2O, and then
17.5 h of control gas).

2.5 Data Analysis
Temperature and position data were recorded throughout the 45.5 h trials. The rat’s position
in the alleyway was determined every 6 sec by recording infrared beam breaks from the 24,
sequentially-numbered, infrared beam locations. The position of the rat was considered the
average value of the location numbers of the broken infrared beam signals. The distance
traveled by the rat was computed based on the 7.62 cm separation between consecutive
infrared beam locations. The absolute value of the difference between successive time-
stamped rat position values was multiplied by 7.62 cm to calculate the distance traveled per
logged value. These distances were summed over the total duration of a specified time bin
interval to result in the distance traveled during each time bin. The ambient temperature
corresponding to the rat’s position within the gradient (Tsel) was assessed every 6 s. Tsel
was calculated as the mean temperature from the thermistor(s) that corresponded with the
broken infrared beam location(s). Tc data were recorded every 15 s. Individual Tc data were
smoothed using locally-weighted least squares (LOWESS; 1% data windows). Gas
concentration data were recorded every 20 s. The Tc minus Tsel difference was computed
for each rat, because this is an important determinant of heat loss [33]. For each rat, Tc, Tsel
and the Tc minus Tsel difference were averaged, while distance was summed, across 12 min
bins. Statistical and graphical analyses utilized the individual binned averages and sums.

Statistical testing was conducted using generalized estimating equations (GEE) [34].
Statistical analyses of Tc, Tsel and the Tc minus Tsel difference were adjusted for their
respective baseline values. Baseline values were calculated based on the average of the 12
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minute bin just prior to the experimental period. Significance was established at alpha =
0.05, two-tailed. Data are presented as mean ± SEM unless otherwise noted.

3. Results
The thermal gradient established a temperature range of approximately 30°C with a mean
low temperature of 6.7°C (SD = 0.85) and a mean high temperature of 37.0°C, (SD = 0.27).
Figure 1 depicts mean temperature and position-related outcomes recorded during 25 h of
the 45.5 h session in the thermally-graded alleyway. GEE analysis identified significant
main effects for condition (control vs. N2O; p < 0.0001) and significant condition by time
interactions (p < 0.0001) for all outcomes recorded during the 5-h experimental period. In
comparison to control exposures, N2O evoked highly significant (p < 0.0001) decreases in
both Tc (−0.96 ± 0.08°C; Fig. 1A) and Tsel (−7.17 ± 1.17°C; Fig. 1B) over the 5-h
experimental period averages. During N2O administration, these variables exhibited
temporal excursions having patterns consistent with the development of acute tolerance,
such that by the end of the 5-h 60% N2O administration, their values differed only slightly
from control levels. The maximum decrease of mean Tc during N2O administration occurred
at 0.9 h and was −2.05 ± 0.25°C; this differed significantly (p<0.0001) from the
corresponding Tc change at 0.9 h during control gas administration (0.01 ± 0.14°C). The
maximum decrease of mean Tsel during N2O administration occurred at 0.7 h and was
−13.58 ± 1.61°C; this differed significantly (p < 0.0001) from the corresponding mean Tsel
at 0.7 h during control gas administration (0.30 ± 1.49°C). In the last 1 h of N2O
administration, Tc differed from baseline by −0.22 ± 0.15°C (p = 0.17), while Tsel differed
by −2.88 ± 2.22°C (p = 0.22). Corresponding values during control gas administration were
slightly above baseline: 0.14 ± 0.12°C (p = 0.007) for Tc and 1.80 ± 1.28°C (p = 0.19) for
Tsel. The within-subject comparisons (N2O minus control gas) were significantly different
for both Tc (control minus N2O = 0.35 ± 0.17°C; p = 0.038) and Tsel (control minus N2O =
4.68 ± 2.18°C; p = 0.031) during the last 1-h of the experimental period. However, mean Tc
returned towards the control value with a consistently steep slope in comparison to the
return of Tsel, which exhibited a prolonged plateau at ~10°C below control values (Fig. 1B).
Notably, during the initial steep increase of Tc, the difference between Tc and Tsel (Fig. 1C)
remained favorable to increased heat loss (p < 0.0001 in comparison to the Tc – Tsel
difference during control gas). This pattern suggests a compensatory increase of metabolic
heat production, a compensatory decrease of heat loss, or both. One possible mechanism for
increased heat production is suggested by a ~2-fold increase of locomotion during N2O
administration shown in Fig. 1D (92.6 ± 12.5 cm per 12-min bin during N2O vs. 44.4 ± 6.3
cm during control gas, p < 0.0001), since heat production increases in proportion to
locomotion.

During the first 6 hours of the dark cycle following N2O inhalation, rats selected warmer
Tsel values compared to the same period following the paired control gas administration
(23.83 ± 0.44 °C vs. 20.65 ± 0.74 °C; p = 0.0002; Fig. 1B) and this preference was
associated with a lower level of locomotor activity (151.1 ± 15.9 cm vs. 247.7 ± 17.7 cm per
12-min bin; p = 0.0001; Fig. 1D). Figure 1A indicates that during the first 6 hours of the
post- N2O administration dark cycle, Tc was similar between conditions (N2O vs. control =
37.88 ± 0.05 vs. 37.97 ± 0.07; p = 0.06). One interpretation of this pattern of data is that a
potential effect of lower activity-related heat production would be to favor reduced Tc but
this was countered by elevated Tsel preference. Future studies would be required to
investigate this unanticipated observation.
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4. Discussion
Rats developed a regulated hypothermia when initially administered 60% N2O. Their
greatest mean preference for cooler ambient temperatures occurred prior to reaching their
lowest mean Tc (Figure 1A and 1B). Thus, the N2O -induced lowering of Tc was facilitated
by a behavioral effector (i.e., moving to a cooler ambient location). Previous calorimetric
research [8] suggests that the initial reduction of Tc caused by 60% N2O can also reflect a
transient reduction of HP in addition to the dominant pharmacological effect of N2O that
augments the conductance of body heat from the core to the environment. These autonomic
effectors combined with behavioral preference for cooler ambient temperature work together
to mediate a marked N2O -induced hypothermia.

Following the first hour of a 5-h, steady-state administration of 60% N2O, Tc began to
steadily return toward near-baseline values (Fig. 1A) which indicates the development of
acute tolerance to N2O -induced hypothermia [1,8,20,21,25]. Interestingly, this recovery in
Tc occurred without an obvious complementary increase in behavioral preference for
warmer ambient temperatures as Tsel remained relatively stable during the second and third
hours of the N2O exposure (Fig 1B). This argues for the activation of a compensatory
increase of metabolic heat production and / or a compensatory decrease of heat loss to
account for the recovery of Tc considering that the difference between Tc and Tsel (Fig. 1C)
remained favorable to increased heat loss. Previous calorimetric research [8] suggested that
increases in HP over the course of the steady-state N2O administration contribute to the
development of acute tolerance. The increase in motor activity in the thermal gradient
during N2O administration could contribute to increasing Tc, although it is possible that an
increase of convective HL could offset this effect. A similar hypothesis proposed that
increases in body heat content resulting from elevated motor activity might explain the
nocturnal rise in Tc observed in rodents [12,35].

Of particular note, during the development of acute tolerance, rats did not facilitate the
recovery of their Tc by moving to a warmer ambient temperature. Indeed, Tsel during N2O
administration was always significantly lower than during control gas administration. Yet,
after the first hour of N2O administration, rats achieved a state of positive heat balance, most
likely via an endogenous heat production source involving increased activity and / or
unmeasured autonomic-based facultative thermogenesis (shivering or nonshivering
thermogenesis). Thus, during acute tolerance development, some effector mechanisms must
have influenced Tc in an opposite direction to the behavioral thermoregulatory effector
measured by Tsel. This apparent effector opposition complicates the interpretation of
whether the hypothermia observed during the acute tolerance development phase of the N2O
exposure should be considered regulated or forced because the effector actions are not
coordinated to oppose or facilitate the recovery of Tc. This conundrum illustrates a
limitation of applying a homeostatic set-point model in all situations [36] and especially in
non-naturalistic experimental ones such as when pharmacological agents are administered
[1,5,37]. This situation may occur because the effector systems for regulating Tc are
relatively independent of one another [2,3,38,39] although it is well-appreciated that under
most naturalistic circumstances the effectors function in a coordinated manner [5]. The
independence of the autonomic and behavioral thermoregulatory effectors emphasized by
Satinoff [36] is apparent during the acute tolerance development phase of the current study.
Indeed, the dissociation of normally coordinated effector function when confronted with
evolutionarily aberrant challenges may be an underlying cause of what is currently described
as allostasis [37]. For example, Goldstein [40] describes the costs of allostasis (e.g., being
energetically inefficient) with the analogy of regulating a home’s temperature with opposing
effectors concurrently active (a home’s furnace and air conditioner) which could be viewed
analogously to the HP and behavioral thermoeffector action during the development of acute
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tolerance. HP increases both within an initial N2O exposure and over repeated N2O
exposures, which contributes to the development of acute and chronic tolerance,
respectively, to N2O -induced hypothermia [8,9]. This increase in HP over repeated N2O
exposures can lead to an allostatic overcorrection of Tc [9] although this phenomenon must
be investigated using the thermal gradient to determine whether the overcorrection is
facilitated or opposed by behavioral thermoeffectors.

In considering the development of an apparent dissociation between autonomic and
behavioral thermoregulatory responses following the initial period of N2O administration in
the thermal gradient, it is important to consider the effects of N2O on systems other than
thermoregulation [41,42] such as pain, stress and anxiety. It is possible, even likely, that this
multiplicity of effects can produce uncoordinated autonomic and behavioral responses
during a prolonged N2O administration. Notably, N2O has antinociceptive effects that
involve activation of central corticotrophin releasing factor and noradrenergic pathways
[43,44] that are also more generally involved in arousal and stress responding [45]. We [46]
and others [44] reported marked c-Fos staining in the hypothalamic paraventricular nucleus,
a brain region critically involved in stress responding, following N2O administration in rats.
Consistent with these observations, existing data indicate that N2O administration evokes
elevated circulating corticosterone levels [47]. Taken together, these observations involving
the recruitment of CNS substrates involved in stress responding during N2O inhalation raise
the possibility that the increased HP observed during N2O represents a non-thermal stress
response because hyperthermia does occur in response to various stressors [12].
Alternatively, it is possible that the persistence of cool seeking behavior, even as HP
increases, might reflect a persistent activation of a behavioral mechanism that blunts
potentially toxic drug effects by promoting lower body temperature (or restraining the rise in
body temperature), consistent with the view of Gordon [29]. This discussion highlights the
limitations of assuming homeostatically coordinated behavioral and autonomic effector
actions during drug administrations, or in other settings in which evolutionarily-shaped
regulatory systems conflict or are faced with “unanticipated” perturbations [35,37,48,49].
For example, Refinetti [50] contends that the circadian system’s oscillatory influence on Tc
via HP and HL thermoeffectors is opposed by the thermoregulatory system’s behavioral
effectors which results in a dampened circadian pattern of measured Tc reflecting “the
integrated output of the two systems” (p. 574). Refinetti [50] suggests that the “violation of
homeothermy” (p. 575) represented by the opposition between the thermoregulatory and
circadian systems can be explained by their different evolutionary histories.

Using a similar research approach, Gordon and colleagues [13] investigated the causes of
hypothermia induced by the neurotensin analog, NT77, using telemetric Tc measurement,
direct and indirect calorimetry and a thermal gradient. NT77 caused a preference for cooler
ambient temperatures indicative of a regulated hypothermia and also caused a reduction in
HP with no change in HL. The nature of the hypothermia induced by N2O appears to be
different than NT77, as N2O causes a reliable initial increase in HL and whole-body
conductance [9,10]. It is impossible to compare these agents with respect to the development
of acute tolerance because waning NT77 concentrations following the initial peak after ip
injection may have accounted for the eventual recovery of Tc and Tsel toward baseline
levels, whereas N2O was administered at a steady-state concentration.

Tc represents the integral of many factors, but only a subset of these constitutes
biobehavioral control system responses made by thermoregulatory effectors. The scientific
challenge is to sort out the influence of these CNS-controlled effectors from the myriad of
other influences on the measured variable [1]. Research to identify the contribution of each
of these sub-components to the resultant value of Tc will inform our understanding of
regulation. For example, the CNS is only able to influence the value of Tc through the
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effector responses that it controls. Thus, understanding how the CNS responds during an
initial challenge may be useful for understanding how it learns to regulate critical variables
in anticipation of a potentially disruptive challenge and thereby reduce the impact of the
disturbance on the regulated variable.

The broad importance of understanding CNS-control over effectors is one of the
fundamental issues in regulatory physiology [1,37,51–57]. The methods discussed in the
present study address this question in the context of drug-induced disturbances although the
principles may be more generally applied across regulatory systems.
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Figure 1.
Effects of N2O inhalation on temperature and activity outcomes in Long-Evans rats (n = 12)
housed in a gas-tight, thermally-graded alleyway. Black bar indicates 5-h period of steady-
state 60% N2O or paired control gas exposures. Day and night cycles correspond to white
and gray bars, respectively. Temperature data are means (± SEM) of averaged individual
data recorded in successive 12-min bins; distance data are means (± SEM) of binned
individual sums. GEE analysis revealed highly significant main effects for condition
(control vs. N2O) (p < 0.0001) and highly significant condition by time interactions (p <
0.0001) during the period of N2O administration. Baseline Tc was 37.12 ± 0.06°C, baseline
Tsel was 25.16 ± 0.62°C, baseline Tc minus Tsel was 11.96 ± 0.60°C, and baseline distance
was 41.53 ± 14.00 cm. Baseline values of these dependent variables did not differ between
conditions (p > 0.05). Note that the steep recovery of Tc (A) occurs despite the persistence
of conditions that favor increased heat loss [decreased Tsel (B) and increased Tc – Tsel
temperature difference (C)] which suggests compensation by increased heat production.
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