1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Temperature (Austin). Author manuscript; available in PMC 2015 May 01.

-, HHS Public Access
«

Published in final edited form as:
Temperature (Austin). 2014 ; 1(3): 268-275. d0i:10.4161/23328940.2014.944811.

Persistence of a hyperthermic sign-reversal during nitrous oxide
inhalation despite cue-exposure treatment with and without a
drug-onset cue

Karl J. Kaiyala?, Stephen C. Woods¢, and Douglas S. Ramsay&P:c
aDepartment of Oral Health Sciences, University of Washington, Seattle, WA, USA

bDepartment of Orthodontics, University of Washington, Seattle, WA, USA
¢Department of Pediatric Dentistry, University of Washington, Seattle, WA, USA

dDepartment of Psychiatry and Behavioral Neuroscience, University of Cincinnati, Cincinnati,
Ohio, USA

Abstract

We asked whether chronic tolerance and the hyperthermic sign-reversal induced by repeated 60%
N,O exposures could be extinguished using a cue-exposure paradigm. Rats received 18 N,O
administrations in a total calorimetry system that simultaneously measures core temperature (Tc),
metabolic heat production (HP), and body heat loss (HL). Each exposure entailed a 2-h baseline
period followed by a 1.5-h N,O exposure. The 18 drug exposures induced a robust intra-
administration hyperthermia in which the initial hypothermic effect of N,O inverted to a
significant hyperthermic sign-reversal during N»O inhalation due primarily to an acquired robust
increase in HP. The rats were then randomized to one of three extinction procedures (n=8/
procedure) over a 20-d interval: 1) a NoO-abstinent home-cage group (HC) that received only the
usual animal care; 2) a cue-exposure group (CEXP) in which the animals were placed in the
calorimeter 8 times but received no N,O; and 3) a drug-onset-cue group (DOC) in which animals
received a brief N,O exposure in the calorimeter that mimicked the first 3 min of an actual 60%
N0 trial. Following the extinction sessions, all rats received a 60% N,O test trial and Tc, HP and
HL were assessed. The hyperthermic sign-reversal remained fully intact during the test trial, with
no significant differences observed among groups in any post-baseline change in any thermal
outcome. These data suggest that cue exposure may not be an efficacious strategy to reduce sign-
reversals that develop with chronic drug use.
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Introduction

Drug use fosters a web of biopsychosocial phenomena that can promote a transition to drug
addiction in some individuals and under some conditions.l Among the processes thought to
contribute to this progression is associative learning, whereby drug-associated cues acquire
the power to elicit motivationally salient symptoms such as drug craving and withdrawal-
like effects that encourage further drug taking.2:3 Cues associated with repeated drug
administration have been found to acquire the ability to elicit responses that counter the
effects of the drugs, and when these responses are elicited in the presence of the drug, they
consequently lessen the drug's impact and thereby contribute to drug tolerance.24° These
cues can include obvious stimuli such as the specific drug environment or drug-taking
paraphernalia, or else arbitrary stimuli such as novel odors. Repeated presentation of drug-
relevant conditioned stimuli (CS), in the absence of the drug itself, can extinguish the ability
of the CS to elicit compensatory conditioned responses (CR), thereby attenuating the ability
of the relevant cues to elicit responses that contribute to tolerance and withdrawal effects.?
For example, if rats tolerant to the hypothermic effects of ethanol are given repeated
presentations of ethanol-paired stimuli, but now in the absence of ethanol, the learned
compensatory responses mediating tolerance are extinguished and the hypothermic effect of
ethanol is reinstated.8 This extinction strategy, often called cue-exposure therapy, remains
a focus of interest among researchers and clinicians seeking effective treatments for drug
addiction.10:11

The evidence for the efficacy of cue-exposure therapy has been inconsistent, and one
possibility for this is that principles of learning may not always have been appropriately
applied.12 A vital consideration in this regard involves the identity of the critical drug-
associated CSs that elicit CRs. Most approaches to extinction-based therapy have focused on
traditional exteroceptive cues (e.g., environmental cues such as drug paraphernalia), whereas
evidence suggests that interoceptive cues exerted by the drug itself during a drug
administration can play dominant roles as CSs, especially in situations where the onset of
the drug effect is sufficiently gradual so that synchronous build-up of interoceptive cues
provides a reliable and salient predictor of the upcoming larger drug effect.413-17 Failures of
cue-exposure therapy may consequently reflect failures to target and extinguish the most
salient interoceptive cues in the form of the effect of the drug itself, which reliably signals
an impending greater drug effect. In the context of drug taking, these kinds of interoceptive
CSs are called drug-onset cues (DOCs).14

Our laboratory has developed a rat model for investigating drug tolerance, using nitrous
oxide (N,0) and assessing thermal parameters.18-20 This model permits us to deliver N,O, a
pharmacologically active gas that promotes significant hypothermia upon initial
administration, while synchronously measuring core temperature (Tc), heat production (HP)
and heat loss (HL). Using this approach, we have demonstrated that serial administration of
N,O to rats causes tolerance to develop in the form of a lessened hypothermia over trials
resulting primarily from the growth of a HP response during repeated N,O
administrations.1921 Further, if N,O administrations are continued after full tolerance has
developed, rats eventually exhibit a significant hyperthermic sign-reversal during steady-
state N,O inhalation.19:21-23 As is true for the tolerance itself, this thermal sign-reversal is
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caused by a brisk and robust increase in the generation of metabolic HP upon
commencement of N,O administration, and to a lesser extent by adaptations that slightly
impede HL.2! This hyperthermic sign-reversal during N,O administration has been
suggested to have motivational consequences because rats will oppose their own
dysregulated hyperthermia by moving to a cooler ambient temperature if one is available.23
This finding is compatible with an allostatic interpretation of addiction, which proposes that
withdrawal-like sign-reversal states may motivate behaviors that oppose the sign-reversal
state.24 For example, making a behavioral response that increases the amount of drug in the
body (i.e., drug taking) could cause a greater pharmacological effect that opposes, and
thereby reduces, the aversive sign-reversal.

The primary goal of the present study was to determine whether the responses mediating the
hyperthermic sign-reversal that eventually develops with repeated N,O administrations
might be acquired through an associative mechanism and therefore be eliminated using
extinction procedures. If extinction could inhibit the elicitation of HP responses during N,O
administration, the hyperthermic sign-reversal of Tc should diminish, and the degree of
tolerance development should be reduced as well. The present study was designed to induce
thermal tolerance, including a hyperthermic sign-reversal of Tc during repeated N,O
administrations in rats. After the sign-reversal was well-established, rats were randomly
assigned to one of 3 groups: 1) a N,O-abstinent home-cage control group, 2) a cue-exposure
group that received extinction trials to the environmental cues associated with the N,O
delivery chamber, or 3) a drug-onset cue group that received extinction trials that provided
both the environmental cues plus a brief interoceptive drug-onset cue of N,O. Following the
extinction trials, a final NoO administration determined whether the responses mediating
tolerance or the hyperthermic sign-reversal of Tc were diminished by the extinction
intervention.

Materials and Methods

Subjects

Male Long-Evans rats (Charles River, N = 24, 25-28 d of age upon arrival) were maintained
on a 12-h:12-h light/dark cycle (lights on at 0700 h) at an ambient temperature of 22 + 1°C.
Rats were group-housed in polycarbonate tubs with free access to tap water and pelleted
chow (5053 PicoLab Rodent Diet 20, Animal Specialties and Provisions, Quakertown, PA).
All animal procedures were approved by the University of Washington Institutional Animal
Care and Use Committee.

Experimental Design and Procedures

Figure 1 presents an overview of the experimental design. Rats were placed individually in a
calorimeter for 18 exposure sessions to 60% N»O so as to induce thermal tolerance followed
by a hyperthermic sign-reversal as observed in previous research.1921 Exposures were
conducted on Monday, Wednesday and Friday for six consecutive weeks. Each exposure
entailed a 2-h baseline pre-exposure period followed by a 1.5-h 60% N,O administration.
Exposures began at either 0900 h (morning) or 1300 h (afternoon) and each rat was
consistently tested at the same time of day. The first exposure session began > 7 d after
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surgery and recovery [body mass was 157.2 £ 25.0 g (mean £ SD)]. After the 18 trials, the
24 rats were randomized (counterbalancing for morning and afternoon exposure sessions)
into three extinction groups: 1) a home-cage group (HC), 2) a cue-exposure group (CEXP),
and 3) a drug-onset cue group (DOC). The three extinction procedures were conducted over
a 20-d interval. During this time, the CEXP and DOC groups were provided with 8
calorimetry sessions that occurred on the same days of the week and with the same starting
times and durations as in the induction period. Except for a brief 3-min delivery of N,O in
the DOC group (described below), the control gas was delivered for the entire 3.5-h
extinction session. HC rats were maintained in their home cages during the entirety of the
extinction period.

Total Calorimetry and N20O Administration Systems

Total calorimetry simultaneously measures the rates of total HL and metabolic HP, the two
underlying determinants of Tc that reflect the influence of control mechanisms involved in
regulating Tc. This system is described in detail elsewherel9-22 (also see Part | of the online
supplement). In brief, six total-calorimetry systems equipped for telemetric Tc assessment
served as gas-tight exposure chambers for N,O. All gas mixtures were delivered to each
chamber at a constant flow rate of 1.5 L/min. In the 60% N,O gas condition, the drug was
administered such that the target concentration of 60% N,O was achieved rapidly. This goal
was accomplished by a two-stage administration in which 72% N,0, 21% O,, and 7% N,
was delivered for the first 6.5 minutes. Subsequently, the gas blend was switched to 60%
N0, 21% O», and 19% N, for the remainder of the delivery of the 60% N,O gas condition.
The drug concentration in the chamber did not exceed 60% N»O using this procedure. The
control gas condition consisted of a blend of 0% N,O, 21% Oxygen (O5), and 79% nitrogen
(N2). A drug-onset-cue was made by delivering the first 3 minutes of the 60% N»O gas
condition followed by delivery of the control gas condition. This procedure for the drug-
onset cue produced a maximum 39% N»,O concentration in the chamber, whereupon the
incurrent gas was switched to control gas such that the percent N,O in the chamber decayed
exponentially to 0% over ~15 min (graphically depicted in Figure 1).21 1, DOC and CEXP
protocols were identical except for the initial period of N,O inhalation in the DOC group.

Telemetric measurement of Tc, data acquisition and instrument control

Telemetric measurement of Tc was accomplished using a commercial system from Data
Sciences International (Saint Paul, MN) that consists of a Data-Exchange Matrix, Physio-Tel
Receiver (Model RPC-1), Dataquest ART 4.2 software, and an implantable battery-powered
temperature sensor (model TA-F40) implanted in the rat's peritoneal cavity. The antenna
system used in each direct calorimeter consists of two radio ferrite coils oriented
perpendicularly to each other and epoxied underneath a Plexiglas platform that holds them 2
mm above the floor of the direct calorimeter. The antennae wires exit the calorimeter
through a gas-tight port and are connected to the RPC-1 receiver base. All other instrument
control and data acquisition were performed using custom programs written in LabVIEW
6.8 (National Instruments, Austin, Texas).
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Surgical placement of the telemetric temperature sensor

A telemetric temperature sensor was implanted surgically into each rat's peritoneal cavity
using isoflurane anesthesia (3-5% for induction and 1-3% for maintenance) while the rat was
on a 39°C heating pad. Meloxicam (an NSAID) was provided in the drinking water (0.02
mg/ml H,0) from 1 d before to 2 d after surgery.

Data Reduction for Total Calorimetry and Tc

Dependent variables were Tc, HP, DHL (dry HL) and EHL (evaporative HL). Tc was
recorded at 15-s intervals while HP and HL data were recorded at 10-s intervals. Average
Tc, HP and HL were calculated for each 6-min bin. Data were also analyzed in terms of
change (4) from baseline values that were defined as the means in the final 12 min of the
baseline period. Gas concentration data were recorded from each calorimeter at 1-min
intervals.

Statistical Analyses

Time zero (t0) was defined as the end of the 2-h baseline period corresponding to
commencement of N,O administration (or continued control gas depending on the protocol).
The first two 6-min bins of HP and HL data after tO were omitted from analysis due to the
potential for artifact in this interval.20 For analyses focused on early changes, an early
analysis period was defined as the 3™ and 4t 6-min bins following t0.

Correlated within-subjects longitudinal data were analyzed using the linear mixed-model
program in SPSS Statistics 20 (IBM, Somers, NY). Session and condition were treated as
fixed effects. Either unstructured or compound symmetry covariance structures were
employed for statistical analyses, based on examination of regression diagnostics and
information criteria.2> Data are summarized as means + 95% confidence limits (CL), i.e., the
values that define the 95% confidence intervals (CI) to convey the magnitude and
uncertainty range of each outcome. Baseline values were defined as means over the 12-min
prior to N»O onset. The magnitude of hypothermia during the induction phase was defined
as mean Tc during NoO minus baseline Tc. For the test session, the null hypothesis for
baseline-adjusted comparisons was that f CEXP =y DOC =y HC where p denotes the mean
value. For comparisons between conditions, difference scores and associated 95% Cls were
adjusted for baseline values. 95% Cls for difference scores that do not include the null
hypothesis value are significant at p < 0.05, and the distance of the null hypothesis value
from a 95% confidence bound provides a measure of effect size.

We did not adjust for multiple comparisons due to the conundrums and misplaced emphasis
that accompany this class of procedures when implemented in the context of basic
preclinical research?6-28 (also see part 11 of the online supplement for a more detailed
explanation). Readers are urged to judge our results on the basis of the 95% confidence
intervals and their coherence across sessions.

Data are presented as means + 95% CLs unless otherwise specified.
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Results

Body mass and baseline core temperature during the induction phase

Body mass increased markedly during the induction phase but did not differ among groups
(F2,21=0.04; p = 0.96). At the first exposure, animals weighed 157.2 £ 5.1 g whereas by the
18th they weighed 424.3 + 6.8 g. Baseline core temperature decreased slightly but
significantly over the induction phase (t=—7.44; p <0.0001; coefficient estimate = -0.017 +
0.002 °C per exposure) but did not differ among groups (F2 21 = 1.18; p = 0.33). On the first
exposure, baseline core temperature was 37.3 + 0.06 °C; on the 18th it was 37.0 £ 0.04 °C.
Thus, consistent with our use of random assignment, groups were well matched across
exposures in terms of body mass and baseline core temperature, two variables with
potentially important effects on changes of core temperature during N,O administration.

Development of thermal tolerance with repeated N,O administration

Consistent with our previous work,19:21-23.29 repeated 90-min 60% N,O administrations
engendered the development of thermal tolerance, defined as the absence of N,O-induced
hypothermia, and a subsequent sign-reversal, defined as the occurrence of hyperthermia
during drug administration (Fig. 2A,B). The thermal sign-reversal occurred reliably during
exposures 6-18, as indicated by the 95% Cls in Figure 2A. The magnitude of hyperthermia
during exposures 7-18 did not differ significantly among the three groups (adjusted for
exposure number and baseline core temperature: F, 25 5= 0.71; p = 0.50).

Effect of drug-onset cue on thermal outcomes during extinction trials

Comparisons between the DOC and CEXP groups indicated that the DOC had thermal
consequences in the early period of measurement (min 12-24 after the tO presentation of the
DOC; see Table 1). Specifically, transient physiological effects were elicited by the drug-
onset cue's abbreviated N»,O administration (achieving a peak value of 39% N,O and a mean
concentration of 9% N,O during the first 20 min after time zero). These DOC-associated
changes did not continue after this early period (12-24 min) and there was no evidence that
DOC-associated early thermal changes increased or decreased across extinction trials (0.21
< p < 0.97 for within subjects analysis of exposure number for the baseline-adjusted thermal
outcomes).

Effect of extinction procedures on thermal outcomes during the test trial

Figure 2C,D depicts Tc and HP profiles for each extinction group during the post-extinction-
period test session. Unexpectedly, the home-cage group had reliably higher baseline Tc than
either the CEXP or DOC groups (by 0.74 £ 0.21 °C and 0.67 + 0.21 °C, respectively; p <
0.005). Because this result contrasts with the absence of group differences in baseline Tc
during the induction of the thermal sign-reversal, it suggests that the rats that remained in
their home cages during the extinction period generated a greater stress response when
returned to the calorimeter for testing than did the two groups that had experienced the
calorimeter environment 8 times each over the 20-d extinction period.

Notably, N,O exposure in the test session evoked hyperthermic changes in Tc (Fig. 2c) that
were undiminished in comparison with those observed in the latter sessions of the induction
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protocol (F1 157 = 3.14, p = 0.09; test session minus session 18 difference = 0.16 +0.193
°C).

The baseline-adjusted early and overall increases in HP, DHL or EHL during N,O exposure
did not differ reliably among groups in the test session (F2 20 < 2.34; p 2 0.12).
Discussion

The primary aim of this study was to test the hypothesis that a robust hyperthermic sign-
reversal state acquired by repeated inhalation of 60% N,O might be attenuated by extinction
trials involving unpaired associations with cues that were previously associated with drug
inhalation. This concept is important because some models of drug addiction suggest that a
sign-reversal state may contribute to the escalation of drug consumption.23:24 Thus, a
procedure that would diminish or eliminate a sign-reversal could have potential therapeutic
significance. In addition to evaluating extinction trials using environmental cues, the present
study also evaluated the effectiveness of extinction trials that use an interoceptive drug-onset
cue (DOC).15.16 This approach was founded on an extension of the traditional extinction
model that holds that interoceptive cues caused by the sensory consequences of the drug
itself can be critical CSs in eliciting CRs to drug administrations.#13-17 According to this
view, to successfully extinguish the effect of a DOC to elicit CRs in conditioned individuals,
the extinction protocol must disassociate the initial sensory sequellae of the drug onset with
the subsequent impending drug effects. It is thought that the extinction process does not
erase or destroy the original learning, but rather depends on learning a new altered
contingency.30-32

Our data, however, revealed that a robust acquired intra-N,O-administration hyperthermic
state (i.e., the sign-reversal hyperthermia) remained fully intact in a N»O test session
following a 20-d interval in which rats received extinction trials. The sign-reversal remained
fully intact during the test session and, not surprisingly, the major driver of the hyperthermic
state was a prompt and substantial increase in metabolic HP with the onset of N,O.

The inefficacy of the extinction procedures in our work must be interpreted with caution,
given both the details of our experimental model and study design and a host of broader
theoretical questions related to the mixed record of cue exposure therapy.? An obvious
question is whether we measured outcomes that are subject to conditioning. Thermal
outcomes have been exploited extensively in addiction research33:34 and have been found to
be conditionable in studies involving ethanol,®-9:3%> morphine38 and non-drug hypothermic
stressors.37:38 Our experimental model makes use of Tc, a centrally controlled variable in
homeothermic animals, which is maintained within a narrow range in rats. Tc was measured
non-invasively and with excellent sensitivity and precision via telemetry throughout the
calorimetry sessions, and sufficient time (2 h) was allowed prior to drug onset to allow for
abatement of handling-induced hyperthermia. Therefore, Tc is a highly appropriate outcome
for evaluating extinction of the hyperthermic sign-reversal and chronic tolerance
development to N,O-induced hypothermia.
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An important advantage of our system is that it measures the underlying determinants of Tc,
specifically HL and HP, via simultaneous direct gradient-layer calorimetry (HL) and indirect
calorimetry (HP).20 These outcomes permit valuable insights into the behavior of the
effector responses that underlie perturbations and adaptations in Tc during drug
administration. We have previously documented that the initial hypothermia evoked by N,O
primarily reflects a marked increase in HL, whereas the intra-administration hyperthermic
state that develops with repeated N,O treatments primarily reflects an acquired increase in
HP that occurs briskly upon N,O onset.18-20 |t must also be emphasized that HP and HL can
exhibit substantial reciprocal changes during N,O administration such that Tc does not
change, i.e., N,O's effect to promote temperature loss via increased HL was fully obviated
by a countervailing increase in HP.18 Thus, our model enables identification of agonistic
pharmacological effects (HL) and antagonistic effector responses (HP) that would be
masked or inferred by a model that measures only Tc. Because of this, the failure of the
employed extinction procedures to attenuate changes of HP or HL demonstrates that the
persistent change in the regulated variable (Tc) reflects a persistent adaptation in the
behavior of its underlying determinants during N,O administration. Interestingly, Metzger
and colleagues3® were unable to extinguish an acquired thermal tolerance to a cold exposure
challenge despite evidence that associative processes played a role in tolerance development
using the same method.37:38

Of fundamental importance to interpreting our results is the issue of whether the rats are able
to sense the interoceptive DOC employed in our study. Our DOC was an initial 3-min rise in
the N,O concentration with a time-concentration profile that was identical to the first 3 min
of a standard 60% N,O administration. Presumably any change in sensory information or
effector activity that occurred on the induction trials would also have occurred with the 3-
min N,O administration. In the present study, the brief NoO DOC did in fact exert
measurable physiological effects. A previous study employed a shorter duration NoO DOC
that also caused significant changes in early AHP and early ADHL.21

In a previous study, we were unable to demonstrate classical conditioning of N,O-associated
thermal responses using exteroceptive cues as well as interoceptive drug-onset-cues.?! As a
possible explanation, we previously suggested?! that N,O's effect as an NMDA receptor
antagonist*° might impair the development of conditioned thermal responses owing to the
important role of NMDA-glutamatergic signaling in memory acquisition.#? In light of the
present failure to attenuate thermal responses using a NoO DOC in a cue-exposure
paradigm, we now suggest that studies are warranted to determine whether co-
administration of N,O with another drug that is known to permit conditioning (e.g., ethanol)
would prevent conditioning to that drug.

Thus, there is an apparent conundrum with regard to using extinction procedures in an
attempt to eliminate a sign-reversal that has been suggested to encourage further drug
taking. It may be that associative mechanisms are not the underlying cause of the sign-
reversed hyperthermia, such that extinction attempts are futile. This would be consistent
with the NMDA-antagonistic pharmacologic action of N,O to prevent conditioning from
occurring. However, that would imply that a different mechanism, one that is not reliant
upon conditioning, accounts for the sign-reversal, and tolerance as well. In either instance,

Temperature (Austin). Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kaiyala et al.

Page 9

the promise for using extinction procedures to successfully reduce sign-reversals as a
therapeutic strategy is not supported by the current data from this pre-clinical model.

Our study employed eight extinction trials distributed across a 20-d interval. It is possible
that a greater number of extinction trials is required to bring about a reduction in the sign-
reversal hyperthermic state that was established during the 18 induction administrations. A
major review on cue-exposure therapy noted that the number of cue-extinction trials
necessary to achieve extinction had a range of 2-35 sessions.12 In addition, in our study,
each extinction session involved only one DOC exposure, whereas some studies have used
multiple cue exposures per trial (for a review see ref. 12). Some evidence indicates that the
number of cue extinction trials needs to equal or exceed the number of induction trials,*?
whereas our study involved a ratio of 18 induction : 8 cue extinction trials. Accordingly,
future cue exposure studies involving our paradigm should involve more extinction trials
and perhaps more cues per trial.

There are important implications of these findings for theories of physiological regulation. A
homeostatic interpretation of N,O-elicited hypothermia and its subsequent tolerance would
suggest that the initial hypothermia that begins within minutes of the first N,O session acts
like a US (unconditioned stimulus) that elicits compensatory responses to counter the
hypothermia. As discussed above, we have found that the initial N,O-induced hypothermia
is due to a concomitant NoO-induced increase of HL. The compensatory increase of HP is
initiated later, beginning from 30 min to an hour or two, with considerable variability among
animals.2021 Thus, while the increased HL (the unconditioned drug effect) persists during
the N,O administration, the subsequent increase of HP lags and ultimately raises Tc,
accounting for acute tolerance.29 This is perfectly consistent with the principles of
homeostasis. A perturbation (decreased Tc) elicits a UR (unconditioned response) that
ultimately restores Tc to normal. Over trials, the compensatory response increases in
magnitude and occurs earlier within the N,O trial, eventually completely mitigating the
unconditioned hypothermia (i.e., chronic tolerance develops).19:21

However, while these phenomena are easily explained and in fact predicted by a
homeostatic adaptation model, the changes that occur with further N,O trials are not. The
finding that rats develop a sign-reversal hyperthermia when administered N,O would not be
predicted by theories of homeostasis and in fact is counter to its premises.22:23 |t should be
noted that sign-reversals that occur after the prior development of tolerance has been
achieved have been described for other drugs, e.g., opioid-induced hyperalgesia.*3:44

In part because of sign-reversals and other phenomena inconsistent with homeostatic
principles, many have advocated that a different model of physiological regulation be
adopted, and the current front- runner is allostasis. Allostasis was in fact formulated
specifically to account for instances of regulation that do not meet homeostatic criteria.24
The important point is that an allostatic interpretation can accommodate the present
hyperthermic sign-reversal and the concurrent activation of effector responses that have
opposing actions on the same variable, Tc, as has been found.2223 The point is that whereas
homeostasis can explain the development of tolerance, it falls short and thereby invokes an
allostatic model of regulation to explain the persistent hyperthermic sign-reversal observed
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in this study. The failure of the sign-reversal hyperthermia, and indeed of the tolerance itself,
to be extinguished using the present paradigm does not speak to either allostatic or
homeostatic interpretations as both models acknowledge the importance of associative
mechanisms to regulation. However, contemporary views of allostasis emphasize the
important role of central stress effects and peripheral stress hormones as possible mediators
of allostatic effects. Stress may play a role in mediating the sign-reversal hyperthermia
observed in this study.

In conclusion, the hyperthermic sign-reversal remained fully intact during the test trial,
which suggests that cue exposure may not be an efficacious strategy to reduce sign-reversals
that develop with chronic drug use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A

A telemetric temperature sensor is surgically placed in the peritoneal cavity
of adolescent male rats (N=24). These rats are given a sign-reversal
induction protocol involving 18 90-min exposures to 60% N20.

Y

After induction, rats are randomly assigned to one of 3 extinction groups.
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Figure 1.
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A: Study design. B: Temporal profiles of NoO concentration during the drug-onset cue

(solid line) in comparison to a standard 60% N,O administration (dashed line).
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Figure 2.
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A: Change in Tc from baseline during N,O inhalation in the induction phase in rats (n=24).
Change values are adjusted for pre-N,O baseline Tc. 95% confidence intervals that exclude
zero denote means that are significantly different from baseline at p<0.05. B: Temporal
profiles of Tc during N»O inhalation in the induction phase. C: Temporal profiles of Tc
during N,O inhalation in the post-extinction test session. Note the elevation in baseline Tc
in the HC extinction group. D: Temporal profiles of HP during N,O inhalation in the post-

extinction test session (n=8 per group). Extinction group key: CEXP: placement in

calorimeter during extinction trials; DOC: initial brief NoO administration and placement in
calorimeter during extinction trials; HC = remained in home cage during extinction period.
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Effect of DOC on thermal outcomes measured in the 3" and 4™ 6-min bins following t0.

Table 1

Outcome (units) DOC minus CEXP group difference in change from baseline + se? P-value
ATc (°C) 0.20 +0.1025 0.07
AHP (W) 0.40 +0.180 0.047
ADHL (W) 0.16 +0.032 <0.0005
AEHL (W) 0.03 +0.024 0.25

a . . . AT . .
Based on repeated measures regression analysis encompassing the 8 extinction trials. Values are adjusted for baseline thermal values.
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