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Abstract
Rationale: A preventive strategy for drug addiction would benefit from being able to identify
vulnerable individuals. Understanding how an individual responds during an initial drug exposure
may be useful for predicting how that individual will respond to repeated drug administrations.

Objectives: This study investigated whether individual differences in initial drug sensitivity and acute
tolerance can predict how chronic tolerance develops.

Methods: During an initial 3-h administration of 60% nitrous oxide (N2O), male Long-Evans rats
were screened for N2O’s hypothermic effect into subsets based on being initially insensitive (II),
sensitive with acute tolerance (AT), or sensitive with no intrasessional recovery (NR). Animals in
each individual difference category were randomly assigned to receive six 90-min exposures of either
60% N2O or placebo gas. Core temperature was measured telemetrically.

Results: Rats that exhibited a comparable degree of hypothermia during an initial N2O exposure, but
differed in acute tolerance development, developed different patterns of chronic tolerance.
Specifically, the NR group did not become fully tolerant over repeated N2O exposures while the AT
group developed an initial hyperthermia followed by a return of core temperature to control levels
indicative of full tolerance development. By the second N2O exposure, the II group breathing N2O
became hyperthermic relative to the placebo control group and this hyperthermia persisted
throughout the multiple N2O exposures.

Conclusions: Individual differences in initial drug sensitivity and acute tolerance development
predict different patterns of chronic tolerance. The hypothesis is suggested that individual differences
in opponent adaptive responses may mediate this relationship.
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Introduction
Drug abuse is a major public health and economic problem worldwide (McGinnis and Foege
1999; Single et al. 1999; Fenoglio et al. 2003). While advances are being made to understand
the neurobiology of addictions for devising novel pharmacological therapies (O’Brien 1997),
an alternative approach is to identify especially vulnerable individuals to utilize preventive
strategies (Piazza and LeMoal 1996). Individual differences in key characteristics could then
be used to identify at-risk individuals before they become addicted to abusable drugs (Crabbe
et al. 1999; Schuckit et al. 2001). The adaptations an individual makes during an initial drug
exposure may indicate how that individual will respond to future drug exposures.

Adaptation models of drug addiction are popular because they account for central features of
the drug addiction process, including tolerance, dependence and withdrawal (Jaffe 1985; Peper
2004). These phenomena are thought to be manifestations of a common underlying adaptive
response that develops with repeated drug use. In brief, the drug initially perturbs a biologically
regulated system, eliciting adaptive changes that reduce the perturbation (i.e., tolerance
develops). Over repeated drug administrations, the individual comes to function in a drug-
adapted or dependent state wherein drug-induced perturbations are effectively countered by
acquired neutralizing or compensatory adaptations. If the drug effect is removed, the
compensatory effects caused by these adaptations become unopposed and result in withdrawal.
A premise of adaptation models is that addiction results from adaptive responses made when
confronted with repeated drug-induced regulatory disturbances. Presumably, individuals who
do not become addicted despite repeated drug exposures are not making those same
adaptations. This suggests the hypothesis that individuals differ quantitatively or qualitatively
in terms of the adaptive responses elicited by comparable drug exposures. Individuals could
differ in the magnitude of the disturbance required to initiate adaptive responses; or vulnerable
individuals may react to a drug-induced perturbation with rigorous adaptive responses while
individuals with sluggish or weak adaptive responses would be less susceptible to becoming
addicted. Investigating this hypothesis requires identifying how individuals differ in the
adaptive responses that are elicited during the initial administration of a drug.

Identifying the response(s) an individual makes during an initial drug administration is not
obvious. When a dependent measure is assessed before and after a drug administration, the
resulting change in the measure is casually referred to as either the “drug effect” or the
individual’s “response” to the drug. Yet, neither description is accurate. What is typically being
measured represents an integral of many ongoing processes that include both the direct
pharmacological effect of the drug as well as the adaptive responses that are elicited by the
drug-induced regulatory disturbance (Dworkin 1993; Ramsay and Woods 1997; Kaiyala and
Ramsay in press). The challenge is to distinguish the individual’s response from the direct
effect of the drug and from the effects of other co-occurring processes (e.g., handling, circadian
rhythms) that influence that same measure (Brick et al. 1984; Peris and Cunningham 1986).
Proposed methods for evaluating the response an individual makes during an initial drug
exposure include assessing initial drug sensitivity, acute tolerance, and precipitated withdrawal
(Ramsay and Woods 1997). Human and animal data suggest that these processes have
predictive value for understanding how an individual will react to chronic drug exposure.
Humans who appear initially insensitive to alcohol are at greater risk of becoming addicted
than are more drug sensitive individuals (Schuckit and Smith 1996; Heath et al. 1999). Schuckit
(1994) has described initial insensitivity to alcohol as “... a potent predictor of future alcohol
abuse or dependence” (p. 341). McBride and Li (1998) reported that “initial sensitivity and
acute (within-session) tolerance are by far the most generalizable and robust responses to
ethanol found in association with ethanol preference in rodents” (p. 346). Kest and colleagues
(2002) quantified naloxone-precipitated withdrawal during an initial administration of
morphine in 11 inbred mouse strains and found that “.... the differential genetic liability to
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morphine physical dependence begins with, and is predicted by, the first morphine
exposure” (p. 463).

The goal of the present study was to investigate the relationship between individual differences
in acute tolerance and sensitivity during an initial drug administration and the development of
chronic tolerance. Core body temperature was selected as the dependent variable because it
can be measured accurately, continuously and non-invasively and because it reflects the
operation of a well studied, centrally regulated control system. This is important because
regulatory principles are at the foundation of numerous influential theories relevant to drug
addiction (e.g., Solomon 1980; Poulos and Cappell 1991; Koob and LeMoal 1997; Siegel et
al. 2000). Our drug choice was influenced by the ease, speed and accuracy with which steady-
state drug concentrations could be achieved and maintained. The pharmacologically active gas,
nitrous oxide (N2O), is well suited for this purpose. N2O reaches steady state concentrations
quickly (Eger II 1985) and its concentration can be measured accurately and continuously using
infrared spectroscopy. N2O causes a pronounced hypothermia at typical ambient temperatures
(Quock et al. 1987; Pertwee et al. 1990). Outbred Long-Evans rats exhibit wide between-
subject variation in initial sensitivity and acute tolerance to N2O-induced hypothermia
(Ramsay et al. 1999) and these differences are reliable characteristics of an individual (Kaiyala
et al. 2001). Chronic tolerance also develops to N2O hypothermia (Ramsay et al. 1999).

This research addresses a long-standing question concerning the relationship between acute
and chronic tolerance (Kalant et al. 1971; Tabakoff and Rothstein 1983; Wu et al. 2001). Based
on the premise that adaptive responses play a role in tolerance development, two primary
hypotheses were evaluated. The first was that sensitive individuals who have significant acute
tolerance development are likely to develop chronic tolerance more quickly and to a greater
degree than sensitive individuals who develop little acute tolerance. The second was that
initially insensitive individuals will quickly become fully tolerant to a small initial hypothermic
effect and then remain insensitive / tolerant over repeated drug administrations. This hypothesis
is consistent with contemporary explanations for initial insensitivity. If individuals are
insensitive because the drug has little or no pharmacological effect on their tissues, it seems
unlikely that repeated drug exposure would cause a drug effect to develop. Alternatively, if
some individuals are insensitive because of an effective or powerful adaptive response that
effectively counters the drug’s hypothermic effect within an initial exposure, effective
regulation of core temperature should continue over repeated drug exposures.

METHODS
Subjects. Male Long-Evans rats (10 squads of 40 rats each, Simonsen Laboratory, Gilroy, CA)
weighing 200 - 250 g were housed in groups of 2-3 per tub with free access to pelleted chow
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 used in this research were approved by the
University of Washington’s IACUC and were conducted in accordance with the “Guidelines
for the Care and Use of Mammals in Neuroscience and Behavioral Research” (National
Research Council 2003).

Surgery for core temperature measures. At least 7 days after arriving in the lab, each rat was
anesthetized (0.5 ml/kg of a solution containing 90.9 mg/ml ketamine and 1.8 mg/ml xylazine,
i.p.) and a telemetric temperature sensor (E-mitters from Mini Mitter Co., Bend, Oregon) was
implanted into the peritoneal cavity. Rats recovered for ≥ 7 days before the experiment.

N2O delivery / temperature data acquisition system. A custom-built, automated system
controlled gas delivery and data acquisition. Medical grade oxygen (O2), nitrogen (N2), and
N2O were blended to produce an outflow of 30% O2, 10% N2 and 60% N2O (referred to as
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60% N2O). N2 and O2 were blended to produce an outflow consisting of 30% O2 and 70%
N2 (referred to as placebo gas). Two lines affixed to outlets in each chamber’s lid provided a
low-resistance path by which exhaust gas flowed to a fume hood. Effluent gas sampling
[N2O, O2, and CO2 by an infrared gas analyzer (Normocapoxy, Datex Instruments Corp.,
Helsinki, Finland)] and data acquisition were controlled by a program written in LabView 5.0
(National Instruments, Austin, Texas) installed on a Macintosh IIci computer. This system is
described fully elsewhere (Kaiyala et al. 2001).

Each exposure chamber (Columbus Instruments, Columbus, Ohio) was made of clear Lexan,
and had a removable lid secured with 4 latches and sealed with a closed-cell silicone foam
rubber gasket. The floor of the chamber was covered with a layer of wood shavings. The
chamber’s internal dimensions were 18 × 18 × 31 cm, yielding a volume of 10 l. With a gas
inflow (and outflow) rate of 3.0 l/min, the theoretical half-time by which the 10-l chamber
achieves the target gas composition is 2.3 min (Lewis et al. 1987). The chamber’s gas
environment is calculated to reach 97% of the administered gas concentration in 11.6 min.
Infrared gas analyses confirmed this figure, and indicated that 60% N2O steady-state gas
concentrations were achieved in this study. Each test chamber was placed on a platform that
energized the implanted temperature sensor and received its signal. Temperature data were
acquired using VitalView software (Mini-Mitter Co.). During all sessions, a black vinyl drape
visually isolated each chamber. All gas administrations occurred in the light part of the cycle
and commenced at least 2 h after lights on and ended at least 2 h prior to lights off.

Experimental Design and Procedures. During the initial screening session, each rat received a
2-h administration of placebo gas followed immediately by a 3-h administration of 60% N2O.
A squad of forty rats was screened over a period of 11 days after which 10 rats (25%) were
retained that exhibited: 1) minimal hypothermia while receiving N2O (designated as initially
insensitive, II), 2) a large hypothermic effect that persisted throughout the N2O administration
(designated sensitive with no recovery, NR), or 3) a large hypothermic effect followed by a
robust return of temperature toward baseline (designated as sensitive with acute tolerance, AT).
These categorizations were based on Z-scores of the regression residuals (Kaiyala et al.
2001) for: 1) the size of the drug effect (degree of sensitivity) adjusted for baseline temperature,
and 2) the degree of recovery from the drug effect (acute tolerance) adjusted for baseline
temperature and drug effect.

Each of the 10 retained rats was randomly assigned to receive either placebo gas or 60% N2O
for 6 additional exposures on an every-other-day schedule beginning 4 or 5 days after screening.
Rats assigned to the 60% N2O group received 2 h of placebo gas followed by 1.5 h of 60%
N2O at each gas exposure session while rats assigned to the placebo group received 3.5 h of
placebo gas.

Individual Difference Group Assignment. Categorization of rats into the three individual
difference groups was done using methods described previously (Kaiyala et al. 2001).
Temperature values were recorded at 30-sec intervals over the 5-h screening session. These
were smoothed using natural smoothing splines with 10 degrees of freedom (Hastie 1992) to
minimize the influence of occasional aberrant temperature values. The smoothed temperature
values were used to calculate the following three parameters (see Figure 1 for illustration): 1)
baseline core temperature, equal to the average of the smoothed temperature values for the 3
min period prior to drug administration; 2) drug effect, equal to the difference between baseline
temperature and the minimum smoothed temperature value after drug onset; and 3) acute
tolerance (i.e., intrasessional recovery), equal to the difference between the mean of the
smoothed values over the final 15 min of drug administration minus the minimum smoothed
temperature. After a squad of rats completed screening, regression residuals were calculated
for each rat’s drug effect and acute tolerance scores (Nagoshi et al. 1986; Kaiyala et al.
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2001). The drug effect regression residual is an adjusted drug effect score that is not confounded
by baseline core temperature; this adjustment is important because on average, rats with higher
baseline temperatures can exhibit significantly greater N2O-induced hypothermia (Kaiyala et
al. 2001). The drug effect regression residual was calculated by subtracting from the drug effect
score the regression-predicted mean drug effect score given the rat’s observed baseline core
temperature (T):
Drug Effect Regression Residual = Drug Effect Score − (β + β1 × T)

Based on the 387 rats that completed the screening session, the values of the β coefficients for
the drug effect regression residual calculation were: β (intercept) = -1.698 and β1 (coefficient
for baseline temperature) = 0.07391. Applying this formula to the data in Figure 1 yields a drug
effect regression residual of 0.01637 = 1.071 - (-1.698 + 0.07391 × 37.243).

The acute tolerance regression residual is an adjusted acute tolerance score that is not
confounded by baseline core temperature or the drug effect score; this adjustment is important
because mean acute tolerance magnitude varies directly with the drug effect which is influenced
by baseline temperature. The acute tolerance regression residual was calculated by subtracting
from the acute tolerance score the regression-predicted mean acute tolerance score given the
rat’s observed baseline core temperature (T) and drug effect:

Acute Tolerance Regression Residual = Acute Tolerance Score − (β + β1 × T + β2 × Drug Effect Score)

Based on the 387 rats that completed the screening session, the values of the β coefficients for
the acute tolerance regression residual calculation were: β (intercept) = 1.790, β1 (coefficient
for baseline temperature) = -0.03887 and β2 (coefficient for drug effect) = 0.03750. Applying
this formula to the data provided in Figure 1 yields an acute tolerance regression residual of
-0.01099 = 0.733 - (1.79 + (-0.03887) × 37.243 + 0.3750 × 1.071).

To operationally define which rats were exemplars of high / low initial sensitivity and which
rats exemplified initial sensitivity with high / low acute tolerance development, Z-scores were
used to identify where each rat was located within the distribution of drug effect regression
residuals (i.e., initial sensitivity) and the distribution of acute tolerance regression residuals
(i.e., acute tolerance development). Selection criteria for group assignment were based on
critical values for independent normal distributions for drug effect and acute tolerance Z-
scores, and were designed to assign 25% of the screened population into one of the three groups.
Z-scores were calculated by dividing each rat’s drug effect and acute tolerance regression
residuals by the corresponding standard deviation for those regression residuals. Based on the
387 rats that completed the screening session, the standard deviation of the drug effect
regression residuals was 0.5316 and the standard deviation of the acute tolerance regression
residuals was 0.2755. The individual rat’s data provided in Figure 1 can be converted to Z-
scores as follows: the drug effect Z-score equals 0.0308 (i.e., 0.01637 / 0.5316) and the acute
tolerance Z-score equals -0.0399 (i.e., -0.01099 / 0.2755). Because both Z-score values are
close to zero, this rat was quite average in both the magnitude of the hypothermic drug effect
and the amount of acute tolerance that developed. Thus, this rat would not be a good exemplar
of high or low initial sensitivity, nor of high or low acute tolerance development (and it was
not considered further).

Data Analysis. Temperatures for each of the six test sessions were summarized by the baseline
temperature (mean of temperature values over the 15-min interval prior to drug administration)
and the change from baseline to the mean temperature over three intervals: 1) 0-30 min after
drug onset, 2) 30-60 min after drug onset, and 3) 60-90 min after drug onset. Baseline
temperature values and changes from baseline temperature were analyzed by fitting linear
models using Generalized Estimating Equations (GEE; Liang and Zeger 1986) to account for
the correlation between repeated measures on the same animal. The individual difference group
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(II, AT, or NR) and the drug condition (N2O or placebo) were factors and session (2 - 7) was
used as a continuous independent variable. All 2-way interactions and the 3-way interaction
were also included in the models. Statistical significance was determined using empirical Wald
tests (Liang and Zeger 1986). One GEE analysis was performed for baseline temperatures and
three separate GEE analyses were performed for changes from baseline over each of the three
time intervals (0-30 minutes, 30-60 minutes, and 60-90 minutes). The analysis of temperature
changes included the baseline temperature as a precaution to protect against spurious
associations due to differences between groups in baseline temperature.

RESULTS
Of the 400 rats (10 squads) initially screened, 13 had unusable data resulting from emitter
failure. Of the 387 remaining rats, 96 were categorized into the three individual difference
groupings as follows: II = 34; AT = 37; NR = 25. These 96 rats had extreme values for the
combination of drug effect and acute tolerance Z-scores (Figure 2a). The mean temperature
curves during the initial screening session with 60% N2O for each of the 3 groups demonstrate
that the groups fit the intended profiles (Figure 2b). The average Z-scores for each of the
selected groups of rats were: -1.48 (drug effect) and -0.18 (acute tolerance) for the II group,
0.96 (drug effect) and 1.36 (acute tolerance) for the AT group, and 1.13 (drug effect) and -1.70
(acute tolerance) for the NR group. These mean Z-scores reflect highly selected sub-groups of
animals; the probability of randomly selecting three groups with these characteristics is
vanishingly small. The mean (SD) baseline core temperature for each individual difference
group was: 37.23°C (0.45) for the II group, 37.11°C (0.48) for the AT group, and 37.27°C
(0.31) for the NR group. After the onset of N2O, the mean (SD) maximal hypothermia (i.e.,
lowest core temperature) for each individual difference group was: 37.00°C (0.48) for the II
group, 35.58°C (0.44) for the AT group, and 35.61°C (0.60) for the NR group. Since rats in
each individual difference group were assigned randomly to receive placebo gas or 60% N2O
during the subsequent six test sessions, there was a similar distribution of the drug effect and
acute tolerance regression residual Z-scores for the placebo and N2O conditions, within each
individual difference grouping (Figure 2a).

Figure 3 depicts how core temperature changed over six additional N2O exposures as a function
of an individual’s initial (in)sensitivity and acute tolerance development to N2O. GEE analysis
provided no evidence for differences in baseline temperature by individual difference group
(p = 0.68), by drug condition (p = 0.39), or by session (p = 0.44) [see Table 1]. The 2-way
interactions (Group X Session, Group X Drug, Drug X Session) and the 3-way interaction
(Group X Drug X Session) were also non-significant (p = 0.32, 0.17, 0.55, and 0.45,
respectively). Results from GEE analysis of temperature change from baseline over repeated
N2O or placebo exposures demonstrated distinct patterns for the three individual difference
groups. Results are presented separately below for each of the three 30-minute post-baseline
time intervals.

For the 0-30 minute time interval (Fig. 4), there were significant differences among individual
difference groups in the effect of N2O at Session 2 (p < 0.001) and in the rate of change of core
temperature across sessions (p < 0.001); however, the group differences in core temperature
at Session 7 were not significant (p = 0.36). For the II group, the estimated effect of N2O at
Session 2 was a hyperthermia of 0.22°C (p < 0.001), and there was no evidence for a change
in the degree of hyperthermia across sessions (p = 0.94). For the AT group, there was a small
non-statistically significant (p = 0.09) estimated hypothermic effect of N2O at Session 2. In
subsequent sessions, the temperature difference between N2O and placebo changed
significantly (p < 0.001) from hypothermia to hyperthermia such that the estimated effect of
N2O at Session 7 was a statistically significant (p < 0.001) hyperthermia of 0.19°C (which was
almost identical to the hyperthermia of 0.22°C in the II group). For the NR group, the estimated
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effect of N2O in Session 2 was a statistically significant (p < 0.001) hypothermia of 0.36°C.
As in the AT group, the temperature difference between N2O and placebo changed significantly
over sessions (p < 0.001); the estimated effect of N2O at Session 7 was a small non-significant
(p = 0.08) hyperthermia of 0.10°C (which was approximately half of the hyperthermia in the
II and AT groups).

For the 30-60 minute time interval (Fig. 4), as for the 0-30 minute interval, there were
significant differences among individual difference groups in the effect of N2O at Session two
(p < 0.001) and in the rate of change of core temperature across sessions (p < 0.001). Unlike
the result for the 0-30 minute interval, the group differences in core temperature at Session 7
were significant (p = 0.01) for the 30-60 minute interval. For the II group, the estimated effect
of N2O in the 30-60 minute interval was similar to the effect in the 0-30 minute interval, namely
a hyperthermia of 0.18°C (compare with 0.22°C for 0-30 minutes), and there was no evidence
for a change in core temperature across sessions (p = 0.44). For the AT group, there was a
significant (p < 0.001) hypothermia equal to 0.43°C at Session 2. In subsequent sessions, the
temperature difference between N2O and placebo changed (p < 0.001) so that the estimated
effect of N2O at Session 7 was close to 0 and not significant (p = 0.94). For the NR group, the
estimated effect of N2O in Session 2 was a significant (p < 0.001) hypothermia of 0.94°C. As
in the AT group, the temperature difference between N2O and placebo changed over sessions
(p < 0.001), so that the estimated effect of N2O at Session 7 was a non-significant (p = 0.41)
hypothermia.

For the 60-90 minute time interval (Fig. 4), as for the other intervals, there were significant
differences among individual difference groups in the effect of N2O at Session 2 (p < 0.001)
and in the rate of change of core temperature across sessions (p < 0.001). For the 60-90 minute
interval, the group differences in drug effect at Session 7 were highly significant (p < 0.001).
For the II group, the estimated effect of N2O in the 60-90 minute interval of Session 2 was
significant (p = 0.01) and similar to the effects in the other two intervals, namely a hyperthermia
of 0.20°C (compare with 0.22°C and 0.18°C for the other two time intervals), and there was
no evidence for a change in core temperature across sessions (p = 0.99). For the AT group,
there was a significant (p < 0.001) hypothermia equal to 0.39°C at Session 2. In subsequent
sessions, the temperature difference between N2O and placebo changed (p < 0.001) so that the
estimated effect of N2O at Session 7 was small and not significant (p = 0.69). For the NR group,
the estimated effect of N2O in Session 2 was a significant (p < 0.001) hypothermia of 1.00°C.
As in the AT group, the temperature difference between N2O and placebo changed over
sessions (p < 0.001), but unlike the AT group, the estimated effect of N2O at Session 7 for the
NR group was a significant (p = 0.01) hypothermia equal to 0.26°C.

DISCUSSION
The first hypothesis tested was whether the rate and degree of chronic tolerance development
for initially sensitive individuals would differ as a function of acute tolerance development
during the initial screening exposure. This was clearly demonstrated as the group that
developed acute tolerance (AT) subsequently developed chronic tolerance more quickly and
completely than did the group that developed little acute tolerance (NR). Rats in the NR group
assigned to the N2O condition continued to be hypothermic relative to NR rats receiving
placebo gas during the final 30-min of gas exposure for all seven sessions (Figs 3 and 4). In
contrast, during the final hour of test Sessions 5 - 7, the AT rats breathing N2O had comparable
core temperatures as the AT rats receiving placebo gas (Figs 3 and 4). This difference in chronic
tolerance development between the AT and NR groups did not result from differences in initial
sensitivity to N2O hypothermia as the AT group had a mean temperature nadir of 35.58°C and
the NR group had a mean temperature nadir of 35.61°C. Thus, differences in chronic tolerance
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development were predicted by reliable individual differences in acute tolerance assessed
during an initial N2O exposure.

It is striking that the development of chronic tolerance in the NR group ceased to progress over
the final three drug administrations (see Fig. 3 and Fig. 4, 30-60 and 60-90 min). This pattern
of incomplete tolerance development is consistent with the proposal that NR rats remain
relatively poor at activating anti-hypothermic heat-gaining and/or heat-conserving responses
even after repeated drug-induced hypothermic challenges. We hypothesize that the
thermoregulatory control system of NR rats senses and/or responds to the hypothermic
challenge in a persistently less effective manner than occurs in rats that exhibit substantial acute
tolerance during the initial administration. In the AT group, core temperature in the final hour
of N2O administration was statistically indistinguishable from control values in each of the
final three N2O administrations (Fig. 4). Moreover, Figure 4 depicts additional direct evidence
for differences in thermo-adaptive responding between the NR and AT groups. Although both
groups exhibited essentially identical magnitudes of peak hypothermia during the initial N2O
administration, the AT group exhibited significant hyperthermia during the initial 30-min of
N2O inhalation for each of the final three sessions (Fig. 4, 0-30 min). The direct observation
of hyperthermia argues that a warming adaptive response is recruited during the development
of chronic tolerance. This adaptive response occurs shortly after N2O onset in anticipation of
the upcoming drug effect. Furthermore, the hyperthermia is of sufficient magnitude to counter
N2O’s hypothermic drug effect and bring core temperature to control levels during the final
hour of the last three sessions. Presumably, the NR rats also activate a warming adaptive
response during chronic tolerance development. However, the less robust / effective adaptive
responses made by the NR group are not sufficient to create a statistically significant
hyperthermia and are thus insufficient to fully counter the hypothermic effects of N2O. Based
on adaptation models of addiction, individuals with a weaker adaptive response may be
expected to be less vulnerable to developing addiction.

The second hypothesis tested was whether rats that are initially insensitive to N2O hypothermia
(II) would develop altered core temperature during repeated N2O administrations. We expected
the II group to re-join its control group rapidly and to remain that way over the remainder of
the exposure sessions. However, by the second N2O administration, the II group surpassed the
temperature of the placebo control group (i.e., moved in the hyperthermic direction) and this
prolonged hyperthermic effect persisted across the remainder of the sessions (Figs. 3 and 4).
Based on these differences between the N2O group and placebo control group, it is inaccurate
to view N2O as being relatively inert (i.e., having little impact on temperature regulatory
mechanisms) in rats that appear initially insensitive to N2O’s hypothermic effects.

A provocative implication of these findings has to do with the nature of regulatory control
systems in initially insensitive individuals. During the initial N2O administration, II rats may
rapidly activate adaptive regulatory mechanisms that minimize the hypothermic drug
perturbation such that core temperature is defended (i.e., little drug effect is observed).
However, during subsequent drug administrations these warming responses are so robust that
they cause core temperature to overshoot control values and the rat becomes hyperthermic.
Indeed, the II rat experiences a withdrawal-like effect in the presence of the drug. This type of
dysregulation could contribute to a rapid escalation of drug taking. As can occur for drug
dependent individuals who take a drug to ameliorate withdrawal effects (Baker et al. 2004), II
rats could attempt to restore normothermia by countering the withdrawal-like hyperthermia
caused by their own dysregulated warming response by increasing the hypothermic drug effect
through increased drug consumption. It may be this adaptive over-responsiveness of the
regulatory system in initially insensitive individuals that puts them at increased vulnerability
for addiction. Future research will need to assess whether the hyperthermia observed in II rats
during repeated N2O administrations reflects a perturbation away from the defended core
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temperature or alternatively, represents a drug-induced allostatic (Koob and LeMoal 2001)
increase in the defended core temperature. It is important to distinguish between drug-induced
changes in body temperature that result from being forced away from the set point versus those
that result from a change in set point temperature because these different scenarios activate
quite different regulatory responses (Gordon 2001).

Direct observation of hyperthermia in the II group during subsequent N2O exposures (Sessions
2-7) suggests that an opponent regulatory response is present during those sessions. The II rats
may also make an adaptive opponent response within minutes of the initial N2O exposure that
is sufficiently robust to prevent significant hypothermia from developing and thereby cause
the appearance of initial insensitivity. However, without direct evidence of hyperthermia
during the initial exposure, this hypothesis depends upon an unobserved underlying process.
To investigate possible underlying processes, our lab has begun to measure metabolic heat
production and heat loss, the two proximal determinants of core temperature. We
simultaneously quantify heat production using indirect calorimetry, heat loss using direct
calorimetry, and core temperature via telemetry. On average, rats become hypothermic to a
steady-state administration of 60% N2O because of a rapid reduction in heat production and
an increase in heat loss (Kaiyala and Ramsay in press). Unpublished individual difference data
from our lab indicate that it is possible for a rat to appear initially insensitive to N2O’s
hypothermic effects despite exhibiting an N2O-induced increase in heat loss that is comparable
to what is observed in rats that exhibit a significant hypothermia to N2O. In this case, the rat
appears initially insensitive at the level of core temperature because the typical increase in heat
loss is largely offset by an increase in heat production. This observation supports the hypothesis
that even though a drug can exert its pharmacological effect in an initially insensitive
individual, little or no change is evident in the dependent measure because the individual’s
adaptive response effectively counters the drug-induced regulatory disturbance (Dworkin
1993; Ramsay and Woods 1997). If effective opponent adaptive responses are occurring in the
II group during their initial N2O exposure, it is unclear why these responses become excessive
(i.e., dysregulated) and result in a persistent hyperthermia with repeated exposure. Research
that identifies the specific unconditioned responses that are triggered by a drug’s initial effect
is likely to provide insight into the nature of the conditioned responses that develop with
repeated drug exposures and modify the measured variable (Dworkin 1993; Ramsay and
Woods 1997: Siegel et al. 2000). The development of hyperthermia in the II group is consistent
with the possibility that increased heat production is the unconditioned response and that the
“ ... conditioned reflex resembles the unconditioned reflex, and as it develops, it augments the
effect of the unconditioned reflex” (Dworkin 1993, p. 38).

The findings of this study prompt a discussion about the interpretation and measurement of
chronic tolerance. Chronic tolerance is a reduction in the magnitude of drug-induced change
in a dependent measure that develops over repeated drug exposures. This can be seen as a shift
to the right in the dose-effect curve indicating that a larger drug dose is required to elicit the
same magnitude of effect in a tolerant individual as is observed in a drug naïve control subject
(Lê et al. 1992). Chronic tolerance can also be measured as the degree of reduction in a drug-
induced change in a dependent measure that develops when a constant drug dose is
administered repeatedly. The present study used the latter method by repeatedly administering
a 60% N2O concentration to evaluate chronic tolerance development. In the case of chronic
tolerance development, the largest drug-induced deviation from baseline (or a control group
defined baseline) typically occurs during an initial drug administration and then the magnitude
of this discrepancy diminishes over repeated administrations as tolerance develops.
Conceptually, there would be no tolerance development if the initial degree of drug-induced
deviation did not change over repeated drug administrations while full / complete tolerance
development would occur if the amount of drug-induced change in the dependent variable
diminishes to the extent that it is indistinguishable from baseline or control values.
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Common methods to quantify chronic tolerance development include measuring the change
over sessions in either the maximum deviation from baseline (i.e., sensitivity) or the area under
the curve (i.e., the total or integrated effect). The different patterns of chronic tolerance data
collected for the three individual difference groups illustrate shortcomings of this analytical
approach (Fig. 3). During the first 30-min of the final three drug administration sessions, the
NR group is considered the most tolerant of the three groups because its core temperature is
most similar to that of its control group (Fig. 4). Yet, the inability of the NR group to mount a
more powerful hyperthermic response during this initial 30-min period may explain why these
rats are the least tolerant during the final hour of the drug administration (Fig. 4). During the
final three drug administration sessions, the AT group is the most chronically tolerant of the
groups when considering the final hour of the drug exposure (Fig. 4). The AT group’s
hyperthermic deviation away from control values during the first 30-min of the final drug
exposure sessions, may be responsible for the full chronic tolerance that results during the
following hour. How then should the II group be described in terms of tolerance development
considering that they began with a high degree of initial insensitivity or “innate
tolerance” (Kalant et al. 1971)? Relative to their initial exposure to N2O, the II group moved
further away from their control values during subsequent exposures (i.e., Sessions 2-7) that
could be described as developing more than 100% tolerance (Fig. 4). Should the II group be
described as being hyper-tolerant or overly tolerant? The point is that if there are different
patterns of chronic tolerance development (see Fig. 3), then simple summary measures such
as area under the curve or maximum drug effect serve to mask these patterns. Further, the
existence of these distinct patterns of change over repeated drug administrations illustrate the
limitations of our current use of the term tolerance.

Perspectives. There is a wealth of human and animal literature, primarily from research on
ethanol, that investigates whether characteristics measured during an initial drug administration
predict chronic tolerance or the magnitude of subsequent drug consumption. For example, early
work indicated that young men with a family history of alcoholism report being less sensitive
to ethanol’s effects than do control subjects (Schuckit 1980). Schuckit and colleagues (2001)
estimate that approximately 40% of children of alcoholics are relatively insensitive to ethanol
while only 10% of children of non-alcoholics have this characteristic. Animal research has
investigated whether these initial intrasessional factors are associated with subsequent chronic
tolerance development or drug consumption by using rodents from outbred and inbred strains,
as well as knock-out mice and selectively bred lines for drug consumption, drug sensitivity,
and acute tolerance [e.g., outbred strains (Tabakoff and Culp 1984; San-Marina et al. 1989;
Khanna et al. 1990b; Khanna et al. 1991); inbred strains (Crabbe et al. 1982; Tabakoff and
Culp 1984; Khanna et al. 1990a; Crabbe et al. 1994; Gehle and Erwin 2000); knock-out mice
(Naassila et al. 2002); lines selectively bred for consumption (Tampier and Mardones 1999;
Tampier et al. 2000; Bell et al. 2001); lines selectively bred for sensitivity (Khanna et al.
1985; Crabbe et al. 1989; Limm and Crabbe 1992: Crabbe 1994; Browman et al. 2000; Deitrich
et al. 2000; Draski et al. 2001; Palmer et al. 2002); lines selectively bred for acute tolerance
(Deitrich et al. 2000; Rustay et al. 2001; Wu et al. 2001)]. While the scientific literature is in
general agreement that initial sensitivity and acute tolerance are relevant to the subsequent
development of chronic tolerance and drug consumption, a coherent description of this
relationship has not emerged. Newlin and Thomson (1990) describe the human literature on
whether offspring of alcoholics are more or less sensitive to alcohol as being “remarkably
inconsistent” (p. 385). Khanna and colleagues (1990b) describe the animal literature on the
relationship between sensitivity and tolerance to alcohol consumption as being “inconclusive,
because of contradictory results” (p. 429). More recently, Ponomarev and Crabbe (2002) state
that “It is not clear how initial sensitivity and acute tolerance individually contribute to alcohol
abuse” (p. 257) and they suggest a novel method to improve animal research on the topic. Much
of this literature discusses the factors that contribute to this lack of clarity. Describing some of
these factors places our current study in proper context.
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Too few intermittent measurements of a dependent variable can make it difficult to assess initial
sensitivity (i.e., observe the maximal drug effect) and measure acute tolerance (Khanna et al.
1985; San-Marina et al. 1989). Likewise, too few measurements of the drug concentration also
complicate this assessment especially when drug concentrations are rapidly changing (Lê et
al. 1992; Dietrich et al. 2000; Gehle and Erwin 2000; Rustay et al. 2001). Furthermore, venous
blood measurements of the drug concentration often do not reflect the drug concentration in
the brain (Wu et al. 2001; Lê et al. 1992). To circumvent these methodological problems, a
compelling rationale has been made for measuring acute tolerance at steady-state drug
concentrations for ethanol (Ramchandani et al. 1999; Froehlich et al. 2001) and for other drugs
as well (Kissin et al. 1996; Kaiyala et al. 2001). Measuring a dependent variable continuously
at steady-state drug concentrations facilitates the measurement of initial sensitivity and acute
tolerance.

Many dependent variables have been used to measure drug effects (Lê et al. 1992). Estimates
of drug sensitivity and tolerance often do not generalize across dependent measures but instead
are task specific (San-Marina et al. 1989; Deitrich et al. 2000). Interpreting the relationship
between initial sensitivity, acute tolerance and chronic tolerance is facilitated when they are
investigated in the same study with a consistent dependent measure. Some dependent variables
are affected by the measurement procedure itself and associated handling. A good example is
core temperature measurement in rodents where the act of taking a rectal temperature changes
core temperature and can alter the apparent magnitude of the drug effect (Peris and Cunningham
1986). Dependent measures assessing drug effects can also be influenced by intoxicated
practice (Wenger et al. 1981, Lê and Kalant 1992; Lê et al. 1992; Zack and Vogel-Sprott
1995). These are but examples of the factors that make it difficult to draw general conclusions
from studies that use different methods and dependent measures.

There is often both a conceptual and an analytical confounding of initial sensitivity and acute
and chronic tolerance. Numerous investigators have recognized that measures of initial
sensitivity often represent a mixture of sensitivity and acute tolerance development (San-
Marina et al. 1989; Khanna et al. 1990; Khanna et al. 1991; Ramsay and Woods 1997; Dietrich
et al. 2000; Gehle and Erwin 2000; Ponomarev and Crabbe 2002). Research investigating how
initial drug sensitivity, acute tolerance and chronic tolerance are related is susceptible to finding
spurious associations because a baseline value can influence the size of the drug effect
(sensitivity) that in turn can influence the amount of acute and chronic tolerance that can
develop. For example, the absence of a large initial drug effect (i.e., as seen in an initially
insensitive individual) prevents a large amount of acute or chronic tolerance from developing
because there is little deviation to recover from when a drug effect is small (Khanna et al.
1985; San-Marina et al. 1989). The recommended strategy for testing these relationships is to
use residual scores from regression analyses to quantify individual differences in initial
sensitivity and tolerance rather than difference or ratio scores (Nagoshi et al. 1986; Grant et
al. 1989). Unfortunately, the improper use of difference scores to relate initial sensitivity and
tolerance can complicate interpretation of the literature (e.g., see Figure 1 of San-Marina et al.
1989).

The experimental paradigm selected for our current study has numerous strengths. N2O is a
hypothermic drug that equilibrates quickly throughout the body and is well suited for steady-
state administrations (Eger II 1985). N2O is inhaled and thus there are no surgical procedures
needed to enable drug administration. This made it feasible to investigate individual differences
using a large number of subjects because of the ease with which prolonged steady-state drug
concentrations could be achieved over multiple sessions. Pharmacokinetic explanations for
changes in the dependent variable during a steady-state N2O administration are eliminated
because there are no significant metabolic pathways for N2O (Trudell 1985). Core temperature
data are collected continuously and non-invasively at a known steady-state N2O concentration.
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This facilitates the measurement of initial sensitivity and acute and chronic tolerance. Using
core temperature as the primary dependent variable also builds on an extensive body of drug
tolerance research. The experimental design incorporates measures of initial sensitivity, acute
tolerance and chronic tolerance in the same study. The data analytical procedures employ
regression residual scores to avoid spurious findings that could result from using simple
difference scores. Outbred rats were used to study individual differences so that the predictive
utility of any associations could be relevant to a heterogeneous population (San-Marina et al.
1989). The ability to screen large numbers of rats efficiently permitted the use of a selective
screening process to create distinct individual difference groups that enhanced our ability to
visualize the effect that these differences had on chronic tolerance development. Thus, this
experimental paradigm was able to address and circumvent many of the problematic factors
common to this type of research.

Of course, the present study also has its limitations. It is not known whether the relationships
found in the present study apply to other drugs, species, or dependent variables. It is possible
to evaluate whether these findings generalize to ethanol-induced hypothermia in rats by using
the steady-state ethanol infusion method described by Froehlich and colleagues (2001). It is
also important to determine whether the relationships observed in this study reflect a process
that is common to other regulated physiological systems or if the findings are specific to the
temperature regulatory system. If unusually adaptive control systems exist in some individuals
for psychophysiologically regulated variables that motivate drug taking (e.g., hedonic or
affective state), then being “initially insensitive” in regard to such variables could be the result
of a relatively prompt and excessive activation of adaptive responses causing withdrawal-like
symptoms that could motivate an escalation of drug use. Our observation of a withdrawal-like
shift at the level of core temperature in the II rats (Fig. 3) suggests a novel hypothesis to explain
the documented association between initial drug (alcohol) insensitivity and addictive
vulnerability. However, extending our present research paradigm to investigate the effect of
individual differences in sensitivity and tolerance on drug consumption is hampered by the
minimal work on N2O self-administration methods. N2O is a drug of abuse (Layzer 1985) and
although self-administration methods exist for monkeys (Grubman and Woods 1982;Nemeth
and Woods 1982;Wood et al. 1977), there is only a single published study investigating N2O
self-administration methods in the rat (Ramsay et al. 2003). Finally, chronic tolerance
development was evaluated over seven N2O exposure sessions. It is possible that the observed
individual differences in chronic tolerance development could change with additional exposure
sessions.

Conclusion. The present data provide new insight into the phenomenon of chronic drug
tolerance. As chronic tolerance develops over repeated drug administrations, the prevailing
belief has been that the perturbed variable is returning toward a baseline or control value. The
among-subject variability in the speed and magnitude of chronic tolerance development
typically has been viewed as error variability that obscures a single common underlying
trajectory. In the present study, stringent criteria were used to select individual outbred rats for
further study based on reliable individual difference characteristics in sensitivity and acute
tolerance (i.e., NR, AT, II) that were assessed during an initial drug exposure. Importantly,
these individual differences predict qualitatively different patterns of chronic tolerance
development. We believe the effect of these individual differences on chronic tolerance has
gone unnoticed because research often emphasizes group means that can obscure meaningful
individual differences. The causes of these individual differences in chronic tolerance
development may be relevant to understanding individual differences in addictive vulnerability
and warrant further investigation.
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Figure 1.
Core temperature data (dashed line) from a single rat are smoothed (solid line) and calculations
of baseline temperature, minimum temperature after drug onset, and the final temperature are
made using the smoothed data. The drug effect equals 1.07°C (i.e., 37.24 minus 36.17), the
drug effect regression residual equals 0.01637, and the drug effect Z-score equals 0.0308. Acute
tolerance equals 0.73°C (i.e., 36.90 minus 36.17), the acute tolerance regression residual equals
-0.01099, and the acute tolerance Z-score equals -0.0399. This rat is depicted in the scatterplot
of Figure 2a as the most average rat.
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Figure 2a, b.
The scatterplot in the left panel (a) illustrates how individual rats were categorized as belonging
to one of the three individual difference groups: initially insensitive (II), sensitive with acute
tolerance (AT), and sensitive with no recovery (NR). Rats in each individual difference group
were assigned randomly to a placebo control condition or a 60% N2O condition for the
subsequent six test sessions. This assignment is indicated in the scatterplot where open circles
indicate rats assigned to receive subsequent placebo exposures, open triangles indicate rats
assigned to receive subsequent N2O exposures, and the small dots indicate rats that exited the
study because they were not categorized into an individual difference group. Because Z-scores
of regression residuals are difficult to visualize in terms of core temperature profiles, the right
panel (b) illustrates the average initial temperature effect of a 3-h steady-state administration
of 60% N2O for rats in the II, AT and NR groups that were selected on the basis of the Z-scores
shown in the left panel (a). [Of the 400 rats screened, 387 had usable data and 96 (25%) were
categorized into one of the individual difference groups as follows: II = 34 (placebo = 17,
N2O = 17), AT = 37 (placebo = 18, N2O = 19), NR = 25 (placebo = 14, N2O = 11).
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Figure 3.
Mean (± SEM) change of temperature from baseline is depicted for II, AT and NR rats receiving
a 90-min steady-state administration of 60% N2O or placebo on the six exposures (i.e., Sessions
2-7) following the initial screening. The three columns represent the individual difference
groups and the rows represent data from Sessions 2-7.
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Figure 4.
Mean (± 95% Confidence Intervals) of the difference scores between the N2O and placebo
groups for each of the individual difference groups (i.e., II - Initially Insensitive, AT - Acute
Tolerance, and NR - No Recovery). For purposes of statistical analysis, the continuous data
presented in Figure 3 are converted to a mean difference score for three 30-minute intervals
during Sessions 2-7. Full or complete tolerance development would be indicated by there being
no difference (i.e., a zero change score) between the N2O and placebo groups.
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Table 1.
Mean (SD) baseline core temperature (°C) during Sessions 2-7 for each of the individual difference groups.

Initially Insensitive (II) Group
Session Placebo (N=17) N2O (N=17)

2 37.1 (0.6) 37.4 (0.9)
3 37.2 (0.6) 37.4 (1.0)
4 37.1 (0.6) 37.3 (0.9)
5 37.1 (0.5) 37.2 (0.8)
6 37.1 (0.5) 37.2 (0.8)
7 37.1 (0.6) 37.4 (0.7)

Acute Tolerance (AT) Group
Session Placebo (N=19) N2O (N=18)

2 37.0 (0.8) 36.6 (1.1)
3 37.2 (0.6) 36.7 (1.2)
4 37.1 (0.6) 37.0 (0.3)
5 37.1 (0.7) 36.9 (0.3)
6 37.0 (0.6) 36.9 (0.5)
7 37.1 (0.7) 37.0 (0.3)

No Recovery (NR) Group
Session Placebo (N=11) N2O (N=14)

2 37.0 (0.4) 37.1 (0.2)
3 37.2 (0.3) 37.1 (0.2)
4 37.0 (0.2) 37.1 (0.2)
5 37.0 (0.3) 37.0 (0.2)
6 37.0 (0.3) 37.0 (0.2)
7 36.8 (0.3) 37.1 (0.3)
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