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Abstract

Rationale The administration of heroin has been shown to
inhibit the induction of nitric oxide, a molecule known to
play a critical role in immune function. Previous research
has shown that this alteration can be conditioned to
environmental stimuli that have been associated with drug
administration. However, it remains unknown whether the
conditioned effects of heroin on nitric oxide formation
follow accepted principles of learning.

Objective This study sought to determine whether manip-
ulations that induce extinction and latent inhibition, two
learning paradigms known to reduce the expression of
conditioned responses, would alter heroin’s conditioned
effects on the expression of inducible nitric oxide synthase
(INOS).

Materials and methods The conditioning procedure in-
volved repeated pairing of heroin administration with
placement into a standard conditioning chamber. Rats were
repeatedly exposed to the chambers without heroin rein-
forcement to determine whether the conditioned response
would extinguish. To induce latent inhibition, rats received
repeated exposure to the chamber before the start of
conditioning to inhibit the acquisition of the conditioned
response. Ten days after the final conditioning session, all
rats were injected with lipopolysaccharide (LPS) to induce
iNOS expression. Spleen and liver tissue were removed to
determine iNOS expression using reverse transcriptase
polymerase chain reaction. Blood was collected to deter-
mine the concentration of nitrite/nitrate.
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Results The results showed that both extinction and latent
inhibition reduced the conditioned effects of heroin on the
production of nitric oxide.

Conclusion This study provides the first evidence that the
conditioned effects of heroin on nitric oxide production
follow accepted principles of learning.
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Introduction

The high prevalence of opportunistic infections among
heroin users has long suggested that heroin use may alter
resistance to infectious disease (Luttgens 1949; Hussey and
Katz 1950; Louria et al. 1967; Garten et al. 2004).
Although there has been speculation that this high rate of
infection may be due to non-sterile intravenous administra-
tion of drug, there is increasing evidence suggesting that
opiates directly alter immune status (Brown et al. 1974;
McDonough et al. 1980; Nair et al. 1986; Donahoe et al.
1986; Novick et al. 1989; Oschorn et al. 1990; Govitrapong
et al. 1998; Sharp et al. 2001). Studies in our laboratory
have shown that heroin induces alterations in a number of
immunological parameters including alterations in natural
killer cell activity, T- and B-lymphocyte proliferation, and
nitric oxide production (Fecho et al. 2000; Lysle and How
2000). The reduction in nitric oxide production induced by
heroin administration is dose-dependent and appears to be
mediated through opioid receptors, as these alterations are
reversed upon administration of the opioid antagonist,
naltrexone (Lysle and How 2000). The production of nitric
oxide by immune cells, particularly macrophages, provides
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a substantial degree of microbial resistance (Green et al.
1990; Nathan and Hibbs 1991; Vincendeau et al. 1992;
Rossi et al. 1999). Mice lacking the gene for inducible
nitric oxide synthase show an increased susceptibility to
parasitic and bacterial infections (MacMicking et al. 1995;
Wei et al. 1995; Lindgren et al. 2004). The production of
large quantities of nitric oxide by macrophages also
provides resistance to viral infections and displays tumor
cytotoxicity (Karupiah et al. 1993; Chang et al. 2003;
Hrabak et al. 2006). In addition to its role as an anti-
microbial agent, nitric oxide also serves many immunoreg-
ulatory functions. There is evidence that nitric oxide
suppresses the formation of antibodies to tetanus toxoid
and sheep red blood cells after Salmonella typhimurium
immunization (Al-Ramadi et al. 1992; Eisenstein et al.
1994). Numerous studies have also shown an anti-prolifer-
ative effect of nitric oxide on lymphocytes (Albina and
Henry 1991). Thus, nitric oxide plays a critical role in
immune processes and may be involved in the altered
susceptibility to infection evident in heroin users.

Although it is now apparent that heroin impairs immune
status, there has been limited research on how conditioned
drug cues may also induce changes in immune function.
Classical or Pavlovian conditioning is a well-characterized
learning phenomenon in which a formerly neutral stimulus
[the conditioned stimulus (CS), such the conditioning
chamber] will begin to elicit a response [the conditioned
response (CR)] after repeated pairing with a biologically
relevant stimulus [the unconditioned stimulus (US), such as
heroin] that had elicited a response upon its first presenta-
tion (Pavlov 1927). Several investigators have shown that
many of the physiological and behavioral responses to
drugs of abuse may be conditioned to previously drug-
paired stimuli. For example, environmental stimuli that had
previously been paired with morphine administration can
elicit such morphine-like effects as hyperthermia when
presented in the absence of morphine (Miksic et al. 1975;
Eikelboom and Stewart 1979; Schwarz and Cunningham
1990). In line with these studies, our laboratory has recently
provided new data indicating that heroin’s effects on nitric
oxide expression may be conditioned to environmental
stimuli. In those investigations, rats received subcutaneous
injections of heroin (I mg/kg) upon placement into a
distinctive environment which served as the CS. When rats
were subsequently re-exposed to the environment without
further heroin administration, the production of nitric oxide
was suppressed similar to that seen with heroin adminis-
tration alone (Lysle and Ijames 2002). These data provided
the first evidence that heroin-induced alterations in nitric
oxide expression may be conditioned to environmental
stimuli.

The development and persistence of the CR is dependent
on several factors, and certain experimental manipulations
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may produce a weakening or inhibition of this response.
Two of the most widely studied experimental paradigms
leading to reduced expression of the CR are extinction and
latent inhibition. Extinction is evident when after condi-
tioning has taken place, repeated exposure to the CS
without the US decreases the CR. Latent inhibition is a
process by which repeated non-reinforced exposure to a
stimulus before conditioning will inhibit the formation of
a CR to that stimulus (Lubow and Moore 1959). Extinction
and latent inhibition have been studied extensively within
models of conditioning to test hypotheses concerning
retroactive and proactive stimulus interference, respectively
(Pineno and Miller 2005). The susceptibility of condi-
tioned, heroin-induced immune alterations to the effects of
extinction and latent inhibition demonstrate that this
conditioning paradigm is a true form of associative learning
and adheres to accepted principles of learning. Furthermore,
given the important health consequences that may result
from conditioned immune alterations, the assessment will
identify procedures that influence the CR.

Given this information, it was hypothesized that both
pre- and post-exposure to the drug-paired environment (i.e.,
the CS) should reduce the conditioned effects of heroin on
nitric oxide production. To test this hypothesis, the present
study evaluated the effects of two behavioral manipula-
tions, pre- and post-exposure to the CS, on the conditioned
suppression of inducible nitric oxide synthase (iNOS).
Previous research in our laboratory has shown that heroin
induces a dose-dependent reduction in lipopolysaccharide
(LPS)-induced iNOS mRNA expression in the spleen and
liver. The findings reported here are important because they
indicate that previously heroin-associated environmental
stimuli are not only capable of inducing alterations in nitric
oxide expression but that these effects may be modified by
manipulations of the relationship between the environment
and drug delivery. These results further implicate a role for
associative learning processes in the conditioned effects of
heroin on nitric oxide and suggest that these effects may be
mediated, at least in part, by centrally located neural
substrates of learning.

Materials and methods
Animals

Male Lewis rats, weighing 225-250 g, were purchased
from Charles River Laboratories (Raleigh, NC, USA).
Upon arrival, animals were housed individually in plastic
cages in a colony room with a reversed light—dark (12 h)
cycle maintained through artificial illumination. The ani-
mals were allowed access to food and water ad libitum
throughout the experiment. All animals were given a 2-
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week habituation period before the start of experimental
manipulations and were handled regularly during this time.
During the course of the experiment, all animals were
removed from their cages and weighed on a daily basis. All
procedures described were approved by the IACUC of the
University of North Carolina at Chapel Hill and conformed
to National Institutes of Health (NIH) “Guidelines on the
Care and Use of Laboratory Animals”. In all experiments,
n=4 rats per group.

Drug administration

Heroin (diacetylmorphine) was obtained from NIDA
(Bethesda, MD) and dissolved in 0.9% sterile saline.
Animals received a subcutaneous injection of heroin at
1 mg/kg immediately before placement in the condition-
ing chamber on each of the five conditioning trial days.
This dose was selected based on prior experiments in our
laboratory showing that a 1 mg/kg dose of heroin alters
LPS-induced iNOS mRNA expression and induces
conditioning (Lysle and How 2000; Lysle and Ijames
2002). A subsequent study used 3.0 or 0.3 mg/kg heroin
doses. The 0.3 and 3.0 mg/kg doses were included to
investigate the effect of altering the dose of heroin
administered during conditioning on the expression of
extinction and latent inhibition. This study also included
a control group that was injected with saline-vehicle
during conditioning.

Conditioning procedures

To condition heroin’s effects on iINOS expression, all
animals received five 60-min training sessions in which
they received a subcutaneous injection of heroin upon
placement into a standard conditioning chamber. Training
sessions were separated by 48 h. The conditioning
chambers (BRS/LVE, Laurel, MD, USA) were contained
in a room separate from the animal colony and contained a
metal grid floor design and cedar bedding to create an
environment distinct from that of the home cage. All
conditioning took place during the dark phase of the light
cycle, and the conditioning chambers were kept dark. The
test day took place 10 days after the final conditioning
session. Animals were placed back into the conditioning
chambers without administration of heroin. After 60 min,
the animals were removed from the chambers and given a
subcutaneous injection of LPS (1,000 pg/kg) to induce
iNOS production. Six hours after LPS administration, all
animals were killed, and samples of spleen, liver, and blood
were collected for analysis. The 6-h time point was selected
based on previous research in our laboratory showing
maximal iNOS induction at 6 h after LPS administration
(Lysle and How 2000).

Extinction

This study tests whether post-conditioning exposure to a
heroin-paired environment without further drug administra-
tion would attenuate the conditioned effects of heroin on
nitric oxide production. In this experiment, rats were
assigned to one of five groups. A schematic representation
of these treatment groups is shown in Table 1. Four of the
groups underwent conditioning, during which, rats received
an injection of heroin (I mg/kg) upon placement into the
conditioning chamber. Two of the conditioned groups
[extinction (Ext) and extinction/control (Ext/Ctl)] were then
subjected to the extinction procedure, whereas the other two
groups remained in their home cages [conditioned (Cond)
and conditioned/control (Cond/Ctl)]. The extinction proce-
dure consisted of ten consecutive days of exposure to the
conditioning chambers for 1 h a day without administration
of heroin. The test day took place on the day after the
completion of the extinction procedure just described. On
the test day, two groups [one group that had received
extinction (Ext) and one group that had not (Cond)] were
re-exposed to the conditioning chambers, whereas the other
groups remained in their home cages. Re-exposed animals
were placed in the chambers for 1 h without heroin and
received an injection of LPS (1,000 pg/kg) upon removal.
All remaining animals also received an LPS injection at this
time. Extinction control (Ext/Ctl) and conditioning control
(Cond/Ctl) groups were used to control for any ancillary
effects of the extinction and conditioning procedures,
respectively. These groups underwent the conditioning
protocol but were not re-exposed to the chamber on test
day. The fifth group (HC) received no conditioning and
remained in the home cage throughout the duration of the
experiment, serving as a general control.

Latent Inhibition

This study tests whether pre-exposure to the conditioning
chamber would create a latent inhibition of the conditioned
effects of heroin on iNOS expression. As with the previous
experiment, rats in this experiment were assigned to one of
five groups. A schematic representation of the treatment
groups is shown in Table 1. Four of the groups underwent
conditioning, during which, rats received an injection of
heroin (1 mg/kg) upon placement into the conditioning
chamber. Two of the groups that would receive condition-
ing [latent inhibition (LI) and latent inhibition/control (LI/
Ctl)] underwent the latent inhibition procedure before the
start of conditioning, whereas the other two groups
remained in the home cages. The latent inhibition procedure
consisted of ten consecutive days of exposure to the
conditioning chambers before the first conditioning session.
These pre-exposures lasted for 1 h, and no drug was given

@ Springer



882

Psychopharmacology (2007) 191:879-889

Table 1 Schematic represen-

tation of the behavioral manip- Treatment groups by experiment

ulations employed in each

treatment group Extinction: Days1-9 Days10-20 Day21 Day21
HC LPS
Cond Conditioning Re-Exposed LPS
Ext Conditioning Extinction Re-Exposed LPS
Ext/Ctl Conditioning Extinction LPS
Cond/Ctl Conditioning LPS
Latent Inhibition: Days1-10 Days11-19 Day29 Day29
HC LPS
Cond Conditioning Re-exposed LPS
LI Pre-exposure Conditioning Re-exposed LPS
LI/Ctl Pre-exposure Conditioning LPS
Cond/Ctl Conditioning LPS

at this time. On the day after the final pre-exposure, the rats
were subjected to the conditioning procedures described
above. On the test day, two groups [one that had undergone
pre-exposure (LI) and one group that had not (Cond)] were
re-exposed to the conditioning chambers, whereas the other
animals remained in the home cage. Re-exposed animals
received an injection of LPS (1,000 png/kg) upon removal
from the chambers. All remaining animals also received an
LPS injection at this time. Latent inhibition control (LI/Ctl)
and conditioning control (Cond/Ctl) groups were used to
control for any ancillary effects of the pre-exposure and
conditioning procedures, respectively. These groups under-
went the conditioning protocol, but were not re-exposed to
the chamber on test day. A fifth group (HC) received no
conditioning and remained in the home cage throughout the
duration of the experiment, serving as a general control.

Dose dependency

In this set of experiments, we sought to determine the
effects that altering the dose of heroin given during
conditioning might have on the expression of extinction
or latent inhibition. During the conditioning phase of the
experiment, animals received five sessions in which an
injection of 0, 0.3, or 3.0 mg/kg heroin was given upon
placement into the conditioning chambers. For each
experiment, rats were assigned to one of six groups. For
the extinction experiment, one group of rats from each of
the three conditioning doses of heroin was subjected to the
extinction procedure. After the last conditioning session,
the extinction groups were given ten consecutive days of
1 h exposures to the conditioning chambers. For the latent
inhibition experiment, one group of rats from each of the
three conditioning doses of heroin was subjected to the
latent inhibition procedure. For ten consecutive days before
the first conditioning session, the latent inhibition groups
were pre-exposed to the conditioning chambers for 1 h each
day. There was no drug given during the extinction or the
latent inhibition sessions. On test day, all animals were re-
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exposed to the conditioning chambers. Upon removal from
the chambers, all animals received an injection of LPS
(1,000 pug/kg).

Real-Time RT-PCR

To determine iNOS expression, real-time reverse tran-
scriptase polymerase chain reaction (RT-PCR) was per-
formed on tissue samples from the spleen and liver. Total
RNA was extracted from a section of each of the tissues
using TRI-Reagent (Molecular Research Center, Cincinnati,
OH), a modification of the original method described by
Chomczynski and Sacchi (1987). RNA was quantified
spectrophotometrically (GeneQuant II, Pharmacia-Biotech,
Piscataway, NJ, USA). For the RT-PCR, reverse transcrip-
tion is performed using Oligo(dT),g primer and Moloney
Murine leukemia virus-reverse transcriptase following the
protocol of the advantage RT-for-PCR kit from Clontech
(Palo Alto, CA, USA).

PCR amplifications were performed using the Fast
Start™ DNA Master SYBR Green I real-time PCR kit
(Roche) and the LightCycler instrument (Roche). A master
mix containing all reaction components was prepared for
all reactions, with each reaction using a 20-ml mix
placed in glass capillary tubes specifically designed for
use in the LightCycler system. The PCR primer set for
iNOS, 5-CCCTTCCGAAGTTTCTGGCAGCAGC-3' and
5'-GGGTGTCAGA-GTCTTGTGCCTTTGG-3" was syn-
thesized by the Nucleic Acids Core Facility (Lineberger
Cancer Center, UNC-Chapel Hill). Copy numbers were
generated from an external standard curve. Amplifications
were carried out for 40 cycles, and curves showing fluo-
rescence at each cycle were determined by the computer
software (Roche). Samples were pre-incubated for 10 min
at 95°C to activate the Fast-Start Tag DNA polymerase.
The cycle temperatures were 95, 60, and 72°C for the
denaturing, annealing, and extending, respectively. The
cycle times were 15, 5, and 25 s for the denaturing,
annealing, and extending, respectively. Fluorescence level
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was determined at the end of the extending phase for
each cycle of PCR. The analysis of the fluorescence level
in standards and samples over the course of 40 cycles was
used to derive the number of copies of the target molecule
in each sample. Additionally, assessments of housekeeping
gene expression, cyclophilin, were made to assure compa-
rable quality of RNA among samples. The sequence of the
cyclophilin primers was 5'-CCAAGACTGAGTGGCT-3'
and 5'-AGATTACAGGGTATTGCG-3'. The data are ex-
pressed as a copy number of iNOS (per 10 ng cDNA) based
on the standard curve using the Lightcycler software (Roche).

Furthermore, to confirm the nature of amplification
product, a melt curve analysis was conducted after the
final PCR cycle. This analysis involved denaturing the
products by slowly heating them to 95°C, during which,
fluorescence is continuously measured.

Nitrite/nitrate assay

The level of nitrite/nitrate in plasma samples was assessed
using the Greiss reagent assay. Nitrate and nitrite are
formed non-enzymatically when nitric oxide is exposed to
oxygen, thus, plasma levels of these products indicate the
level of nitric oxide production. Total nitrite/nitrate levels is
determined by the conversion of nitrate to nitrite, utilizing
nitrate reductase in the presence of NADPH and flavin
adenine dinucleotide, and then an assessment using Greiss
reagent. Briefly, 6 pl of plasma diluted in 44 ul of dH20O is
incubated in the dark for 90 min with 10 ul of nitrate
reductase (1.0 U/ml), 20 pl of a 0.31 M phosphate buffer
(pH 7.5), 10 pl of 0.86 mM NADPH (Sigma), and 10 ul of
a 0.11 mM flavin adenine dinucleotide in individual wells
of a 96-well plate. Then, 200 ml of Greiss reagent
consisting of a 1:1 (v/v) solution 1% sulfanilamide in
5.0% phosphoric acid and 0.1% N-(1-napthyl)ethyl-ened-
amine dihydrochloride in distilled water was added to the
samples. The color developed for 10 min at room
temperature, after which, the absorbance was determined
using a spectrophotometer set at 550 nm. All reactions
were carried out in triplicate. The total micromolar
concentration of nitrite is determined for each sample
based on a standard curve. Recovery of nitrate is greater
than 95% using this assay.

Statistical analysis

The data from the initial extinction and latent inhibition
studies were analyzed by one-way analysis of variance
(ANOVA) followed by planned comparisons to compare all
groups to the unmanipulated control. The data from the
heroin dose studies were analyzed by two-way ANOVA,
with the first factor set as pre- or post- exposure and the
second factor as dose. For the extinction experiment,

planned comparisons of the extinction group to the
conditioned group were conducted at each of the three
heroin doses. For the latent inhibition experiment, planned
comparisons of the latent inhibition group to the condi-
tioned group were conducted at each of the three heroin
doses. All analyses were conducted with the level of
significance set at P<0.05.

Results

Effects of extinction on conditioned heroin-induced
immune alterations

This study tests whether post-conditioning exposure to a
heroin-paired environment without further drug administra-
tion would attenuate the conditioned effects of heroin on
nitric oxide production.

Figure 1 shows the effects of the extinction procedure on
LPS-induced expression of iNOS mRNA in the spleen and
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Fig. 1 Effect of extinction on LPS-induced expression of iNOS
mRNA in the spleen and liver as determined by real-time RT-PCR.
The data are expressed as the mean iNOS copy number per 10 ng
cDNA sample based on a standard curve using Roche LightCycler
software. The error bars represent the standard error of the mean
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liver. Analysis of iNOS copy number in spleen and liver
tissue revealed a significant main effect of procedure
[F(4,15) = 3.60, P<0.05; F(4,15) = 6.96, P<0.01]. More-
over, there was a significant reduction in iNOS copy
numbers for the conditioned (Cond) group as compared to
the home cage (HC) group in both the spleen and liver tissue
[F(1,15) = 12.04, P<0.01; F(1,15) = 10.18, P<0.01)].
These data are consistent with our earlier findings indicat-
ing that exposure to a previously heroin-paired environment
reduces the expression of iNOS mRNA. Most importantly,
there were no significant differences between the HC group
and the extinction (Ext) group demonstrating that repeated
exposure to the drug-paired environment after conditioning
reduces the conditioned response. Furthermore, there were
no significant differences between the HC group and any of
the control groups indicating that these results are specific
to the behavioral manipulations and not due to ancillary
effects of the conditioning or extinction procedures.

As shown in Table 2, there was also no effect of group
on the expression of the housekeeping gene, cyclophilin.
This indicates that the alterations in mRNA were specific
for iNOS and not the result of an overall reduction in RNA
expression or processing.

The data in Fig. 2 show the effects of each procedure on
serum nitrite/nitrate levels. The ANOVA revealed a
significant main effect of procedure [F(4,15) = 7.83, P<
0.01] on the levels of nitrite/nitrate in the serum. Planned
comparisons showed a significant difference between the
HC group and the Cond group [F(1,15) =24.21, P<0.001),
further supporting our earlier findings that exposure to a
previously heroin-paired environment lowers the levels of
nitrite/nitrate in the serum, indicating a reduction in nitric
oxide production. There were no significant differences
between the HC group and the Ext group indicating that the
extinction procedure attenuated the conditioned response.
There were also no differences between the HC group and
any of the control groups indicating that the results are
specific to the extinction and conditioning procedures. The

Table 2 Cyclophilin copy numbers in the spleen and liver as
determined by real-time RT-PCR

Cyclophilin copy numbers for extinction

Group: Spleen Liver

HC 515849 (£172651) 110982 (+£30772)
Cond 539189 (£140745) 103034 (£19144)
Ext 586327 (£74685) 152554 (£25171)
Ext/Ctl 553067 (£106493) 101224 (£27674)
Cond/Ctl 724616 (£126050) 109251 (£37130)

The data are expressed as mean cyclophilin copy number (+SEM) per
10 ng cDNA sample based on a standard curve using Roche
LightCycler software.
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Fig. 2 Effect of extinction on serum nitrite/nitrate levels as
determined by the Greiss reagent assay. The data are expressed as
the mean micromolar concentration of nitrite/nitrate. The error bars
represent the standard error of the mean

levels of serum nitrate reported here may result from a
variety of sources the individual contributions of which are
not distinguished. Whereas iNOS is one source of serum
nitrate, there are several other factors that may contribute,
including epithelial nitric oxide synthase and dietary
sources. The data presented above represent an overall
alteration in nitric oxide production.

Effects of latent inhibition on heroin-induced conditioned
immune alterations

To test whether a latent inhibition of the conditioned effects
of heroin of iNOS could be induced, rats were given
exposure to the conditioning chambers before the start of
conditioning.

Figure 3 shows the effects of the latent inhibition
procedure on LPS-induced iNOS expression in the spleen
and liver. Analysis revealed an overall effect of procedure
on iNOS copy numbers in the spleen and liver [F(4,15) =
3.73, P<0.05; F(4,15) = 4.72, P<0.05]. Planned compar-
isons showed a significant reduction in iNOS levels in both
spleen and liver tissue in the Cond group as compared to
the HC group [F(1,15) = 13.91, P<0.005; F(1,15) = 16.0,
P<0.01). These findings are also consistent with our earlier
reports indicating that exposure to a previously heroin-
paired environment will reduce the expression of iNOS
mRNA. There were no significant differences between the
HC group and the latent inhibition (LI) group indicating
that pre-exposure to the drug-paired environment was able
to reduce the conditioned effects of heroin on iNOS
production. Furthermore, there were no differences between
the HC group and any of the control groups.

To ensure that these alterations were specific to iNOS
mRNA production and not the result of change in overall
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Fig. 3 Effect of latent inhibition procedure on LPS-induced expres-
sion of iNOS mRNA in the spleen and liver as determined by real-
time RT-PCR. The data are expressed as the mean iNOS copy number
per 10 ng cDNA sample based on a standard curve using Roche
LightCycler software. The error bars represent the standard error of
the mean
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RNA, real-time RT-PCR was performed on the housekeep-
ing gene, cyclophilin. Table 3 shows that there was no
effect of group on cyclophilin mRNA copy numbers.
Figure 4 shows the effects of the latent inhibition
procedure on the concentration of nitrite/nitrate in the

Table 3 Cyclophilin copy numbers in the spleen and liver as
determined by real-time RT-PCR

Cyclophilin copy numbers for latent inhibition

Group: Spleen Liver

HC 756161 (£138641) 128400 (£23453)
Cond 755821 (£110264) 178192 (+46869)
LI 826480 (£70957) 175650 (£37319)
LI/Ctl 658687 (£191141) 163542 (£27482)
Cond/Ctl 781717 (£144229) 161625 (£16680)

The data are expressed as mean cyclophilin copy number (+SEM) per
10 ng cDNA sample based on a standard curve using Roche
LightCycler software.
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Fig. 4 Effect of latent inhibition procedure on serum nitrite/nitrate
levels as determined by the Greiss reagent assay. The data are
expressed as the mean micromolar concentration of nitrite/nitrate. The
error bars represent the standard error of the mean

serum. Analysis revealed a main effect of procedure on
nitrite/nitrate levels [F(4,15) = 13.8, P<0.001]. In line with
our previous experiments, the Cond group exhibited
significantly lower levels of serum nitrite/nitrate than the
HC group [F(1,15) = 41.09, P<0.001)]. There were no
significant differences between the HC group and the LI
group, again demonstrating that pre-exposure was able to
attenuate the conditioned response. There were also no
differences found between the HC group and any of the
control groups.

Effect of dose on extinction and latent inhibition

In the following set of experiments, we sought to determine
the effects that altering the dose of heroin given during
conditioning might have on the expression of extinction or
latent inhibition.

Figure 5 shows the effects of heroin conditioning dose
on the expression of extinction. The analysis of iNOS copy
number revealed a significant main effect of extinction in
both the spleen and the liver, respectively [F(1,18) = 14.7,
P<0.01; F(1,18) = 5.08, P<0.05)]. There was also a
significant dose by extinction interaction within the spleen
[F(2,18) = 8.72, P<0.005]. Planned comparisons revealed
that both the 3 mg/kg conditioned and the 0.3 mg/kg con-
ditioned groups showed significantly lower iNOS copy
numbers in the spleen [F(1,18) = 15.29, P<0.005; F(1,18) =
15.37, P<0.005)] and liver [F(1,18) = 5.15, P<0.05;
F(1,18) = 5.06, P<0.05)] when compared to the extinction
group at the same dose. These data indicate that the
extinction procedure was able to block the conditioned
suppression of iNOS in both the spleen and liver when
either 0.3 or 3.0 mg/kg of heroin was used during the
conditioning phase of the experiment.

Figure 6 shows the effect of heroin conditioning dose on
the extinction of LPS-induced nitrite/nitrate production.

@ Springer



Psychopharmacology (2007) 191:879-889

886
Spleen
_ EE Extinction
18000 [ Conditioned
16000 -
—
@ 14000 -
o
€ 12000 1
S
Z 10000 -
>
o
O 8000 -
O
) 6000 -
o
Z 4000 4
2000
0 u
12000 -
10000 -
—
[0 .
o Liver
€ 8000 -
S
Z
5_‘ 6000 -
(@]
O
) 4000
o
Z
2000

Saline

Heroin 0.3 mg/kg  Heroin 3 mg/kg

Fig. 5 Effect of extinction and dose on LPS-induced expression of
iNOS mRNA in the spleen and liver as determined by real-time RT-
PCR. The data are expressed as the mean iNOS copy number per
10 ng cDNA sample based on a standard curve using Roche
LightCycler software. The error bars represent the standard error of
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Fig. 6 Effect of extinction and dose on serum nitrite/nitrate levels as
determined by the Greiss reagent assay. The data are expressed as the
mean micromolar concentration of nitrite/nitrate. The error bars
represent the standard error of the mean
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The assay revealed a significant main effect of extinction
[F(1,18) = 22.38, P<0.001] on nitrite/nitrate levels in the
blood and a dose by extinction interaction [F(2,18) = 7.72,
P<0.01]. Moreover, there was a significant reduction in
nitrite/nitrate levels in both the 3 and 0.3 mg/kg con-
ditioned groups as compared to the extinction groups
conditioned at the same heroin dose [F(1,18)=22.09,
P<0.0005; F(1,18) = 14.59, P<0.005]. Thus, the condi-
tioned alteration in iNOS was attenuated by the extinction
procedure at both the high and low heroin doses.

Figure 7 shows the effects of heroin conditioning dose
on the expression of latent inhibition. The analysis of iNOS
copy number revealed a significant main effect of dose in
the spleen and liver, respectively [F(2,18) = 11.38, P<0.01;
F(2,18) = 11.12, P<0.01]. Moreover, the 0.3 mg/kg
conditioned group showed significantly lower iNOS copy
numbers in the spleen [F(1,18) = 7.34, P<0.05] and liver
[F(1,18) = 7.18, P<0.05] when compared to the 0.3 mg/kg
latent inhibition group. The groups treated with 3 mg/kg
showed suppressed iNOS levels compared to the saline
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Fig. 7 Effect of latent inhibition procedure and dose on LPS-induced
expression of iNOS mRNA in the spleen and liver as determined by
real-time RT-PCR. The data are expressed as the mean iNOS copy
number per 10 ng cDNA sample based on a standard curve using
Roche LightCycler software. The error bars represent the standard
error of the mean
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Fig. 8 Effect of latent inhibition procedure and dose on serum nitrite/
nitrate levels as determined by the Greiss reagent assay. The data are
expressed as the mean micromolar concentration of nitrite/nitrate. The
error bars represent the standard error of the mean

control groups in both the spleen and liver, respectively
[F(1,18) = 20.07, P<0.001; F(1,18) = 19.65, P<0.001].
These data show that the latent inhibition procedure
attenuated the conditioned suppression of iNOS only at
the 0.3-mg/kg dose of heroin.

The data in Fig. 8 show the effect of heroin conditioning
dose on the induction of latent inhibition of LPS-induced
nitrite/nitrate production. The assay revealed a significant
main effect of dose, a main effect of latent inhibition, and a
dose by latent inhibition interaction, respectively [F(2,18) =
7.23, P<0.001; F(1,18) = 8.1, P<0.05; F(2,18) = 7.86, P<
0.005]. Moreover, there was a significant reduction in
nitrite/nitrate levels in the 0.3 mg/kg conditioned group as
compared to the 0.3 mg/kg extinction group [F(1,18) =
22.47, P<0.001]. In addition, the 3.0 mg/kg groups showed
reduced nitrite/nitrate levels as compared to the saline
control groups [F(1,18) = 14.44, P<0.005). These data
reveal that the conditioned suppression of nitric oxide
production was attenuated by the extinction procedure only
at the 0.3-mg/kg heroin dose.

Discussion

The results presented here provide the first evidence that
exposure to a drug-paired environment, either before or
after conditioning, can reduce or even eliminate the
conditioned effects of heroin on nitric oxide induction.
This effect appears to be widespread, as it is found in
spleen and liver tissue as well as serum levels of nitrite/
nitrate. The use of several control groups further demon-
strates that these results are specific to the manipulations
and not related to ancillary effects of the conditioning
procedures. These results are important because they
provide the first evidence that the conditioned effects of

heroin on nitric oxide induction follow accepted principles
of learning, as they are susceptible to both extinction and
latent inhibition. These findings are consistent with prior
investigations showing that heroin-induced alterations in
immune status may be conditioned to drug-paired stimuli
(Lysle and ILjames 2002). In this investigation, animals
received subcutaneous injections of heroin upon placement
in a distinctive environment. Upon re-exposure to that
environment in the absence of drug, the subjects exhibited a
reduction in nitric oxide production similar to what is
observed with heroin treatment. The present study is
consistent with these results in showing that manipulations
involving the animal’s experience with the CS will alter the
conditioned effects of heroin on iNOS production.

The dose experiments examine the effects of heroin dose
on the expression of extinction and latent inhibition. In the
extinction experiments, the extinction procedure was able
to attenuate the conditioned reduction in iNOS in both the
3.0 and 0.3 mg/kg heroin groups. However, the latent
inhibition procedure was only able to lessen the reduction
in the 0.3 mg/kg group. This suggests that the high dose of
heroin overpowers the pre-exposure parameters used in this
experiment. It is possible that extending the number of days
on which animals receive pre-exposure may overcome the
potency of the higher dose heroin stimulus.

It is well documented in the literature that a drug-paired
environment or stimulus may elicit a response similar to
that observed upon drug administration. Repeated pairing
of drugs that activate reward pathways with environmental
stimuli may lead to these stimuli acquiring secondary
reinforcing properties and eliciting drug-like responses.
There is evidence from both human and animal studies
indicating that repeated exposure to drug cues without
further drug use (i.e., extinction) decreases these condi-
tioned responses and may, therefore, reduce drug seeking
and craving (Childress et al. 1986; Calcagnetti and
Schechter 1993). Evidence provided in the current study
suggests that exposure to drug-paired stimuli may not only
contribute to relapse, but that it may also alter the ability of
the subject’s immune system to deal with infection.
Conditioning of the immune response is a well-documented
phenomenon and can be accomplished with a wide variety
of immunomodulatory stimuli, including drugs of abuse
such as heroin. Considering the increased susceptibility to
infection that occurs with opioid use, it is possible that the
conditioned alterations in certain immune parameters that
occur in response to exposure to drug-paired cues might
also compromise immune function and increase suscepti-
bility to disease. Given the number of animal studies
showing decreased drug seeking after extinction, this study
sought to determine if it is possible to reduce the
conditioned immune response to a drug-paired environment
by inducing extinction or latent inhibition. The data

@ Springer



888

Psychopharmacology (2007) 191:879-889

presented here indicate that both extinction and latent
inhibition attenuate heroin’s conditioned effect on iNOS
production. Rats that were repeatedly placed in the formerly
drug-paired environment without drug administration did
not exhibit a reduction in iNOS production when re-
exposed to this environment, unlike those animals that
had not undergone extinction. Some studies have shown
that whereas extinction may reduce the occurrence of
conditioned drug-like responses in a controlled environ-
ment such as the laboratory, these treatments may have little
to no effect on rehabilitation (Dawe et al. 1993; Niaura et
al. 1999). This may be due to several factors, including the
ability of these cues to be easily reconditioned and the
complexity of the cues themselves. Whereas the nature of
the CS may be controlled in an experimental setting, there
is no way to determine the exact nature of the CS that has
become associated with drug delivery in a drug user. Even
if all of these cues were identified, it would be extremely
difficult to extinguish each one of them. In addition, some
studies suggest that extinction is not a mechanism by which
the subject unlearns the association between the cue and
drug delivery but rather creates a new association in which
the cue no longer predicts the availability of the drug
(Bouton and Swartzentruber 1991). Data also suggest that
as the original association is still intact, it may easily be
reconditioned with a single re-pairing of the drug and its
cue (Leri and Rizos 2005) or through a variety of other
manipulations.

Interestingly, human brain imaging data have shown
changes in neural activity within various brain regions after
exposure to drug cues in former drug users (Sell et al.
2000). In addition, research has demonstrated an increase in
c-Fos expression in the lateral habenula, basolateral
amygdala complex, prelimbic cortex, and nucleus accum-
bens core in rats exposed to drug-associated CS (Miller and
Marshall 2005; Zhang et al. 2005). Animal research
employing pharmacological manipulations further supports
the contribution of these areas to cue-induced drug seeking
behavior (See 2005; Rizos et al. 2005; Fuchs et al. 2005).
For instance, the basolateral amygdala has been implicated
in both the acquisition and extinction of conditioned
responses to drug cues (Rizos et al. 2005). Therefore, it
may be of interest to investigate whether disruption of this
region would be effective in reducing the conditioned
effects of heroin on nitric oxide production. More specif-
ically, the modulation of the cholinergic system within the
basolateral amygdala has also been shown to attenuate
conditioned responses to drug cues (Zarrindast et al. 2005).
The cholinergic system is important for learning and
memory and has been implicated in the formation of
stimulus—drug associations (See et al. 2003). Given that
these areas and neurotransmitter systems appear to play a
role in the acquisition and expression of the CR to drug
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cues, it is possible that the conditioned effects of heroin on
immune status may also be mediated through activation of
some of the same neural circuitry. Regardless of the
mechanism, it is important to take into account the
profound immune alterations that occur upon exposure to
drug-related stimuli and to consider how the various
manipulations that reduce these effects might impact the
immune system’s response to disease. These findings are
particularly important because they validate the effects of
exposure to a heroin-paired environment on iNOS induc-
tion as true conditioning and demonstrate two methods of
reducing the CR.
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