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Abstract

Drug discrimination procedures in mice are used to study the neuropharmacology of a wide variety of drugs. In C57 Blr6 mice,
Ž .infection with the LP-BM5 murine leukemia virus leads to a syndrome murine acquired immunodeficiency syndrome-MAIDS

characterized by immunocompromise, neurochemical alterations, and learning and memory deficits. Because the neurochemical and
behavioral changes suggest that altered glutamatergic neurotransmission follows LP-BM5 infection, we studied the effects of infection on

Ž . 2qdiscriminative stimulus properties of phencyclidine PCP , a Ca channel blocker at NMDA receptors. We also tested D-amphetamine
and dizocilpine to assess the specificity of the discrimination. As expected, dizocilpine produced PCP-like responding. After animals were
trained to discriminate PCP from saline, they were inoculated with LP-BM5 and the PCP dose-response functions repeatedly determined.
The potency of PCP in this procedure was unchanged 3 weeks after infection, but was increased approximately fivefold 6 and 9 weeks
after infection. Amphetamine 9 weeks after inoculation did not produce PCP-like responding, showing that the results were not caused by
a loss of specificity of the discrimination. The time course for changes in PCP potency is similar to those of other behavioral and
neurochemical changes reported after LP-BM5 infection. The results are consistent with an action of LP-BM5 infection at glutamatergic
synapses. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Drug discrimination procedures in animals are used to
predict subjective effects of psychoactive drugs, and to
investigate neuropharmacology of those effects. Mice reli-
ably discriminate several classes of abused drugs, includ-

Ž .ing stimulants Snoddy and Tessel, 1983 , barbiturates
Ž . ŽBalster and Moser, 1987 , organic solvents Rees et al.,

. Ž .1985 , opioids Borlongan and Watanabe, 1995 , and in-
Ž .halant anesthetics Rees et al., 1987 . Discriminative stim-

Ž .ulus effects of phencyclidine PCP have been studied
Ž .extensively Balster, 1991 , and are linked to blockade of

2q ŽCa entry at NMDA receptors Martin and Lodge, 1988;
.Lodge and Johnson, 1990; Willets et al., 1990 . NMDA

receptors are particularly concentrated in rodent cortex and
Ž .hippocampus Cotman et al., 1987 , and are important in

Žspatial memory and long-term potentiation Butcher et al.,
.1990; Butcher et al., 1991; Davis et al., 1992 .
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In C57Blr6 mice, inoculation with the LP-BM5 murine
leukemia viruses causes immunologic abnormalities in-
cluding lymphadenopathy, splenomegaly, disrupted T- and

ŽB-cell response to mitogenic and antigenic stimuli Mosier
. Žet al., 1989 , polyclonal B-cell activation Klinman and
. ŽMorse, 1989 , decreased resistance to infection Buller et

. Ž .al., 1987 , and B-cell lymphomas Klinken et al., 1988 .
This syndrome is referred to as murine acquired immune

Ždeficiency syndrome or MAIDS Hartley et al., 1989;
.Jolicoeur, 1991 . In later stages, MAIDS leads to neurolog-

ical symptoms such as hindlimb paralysis, ataxia and
Ž .generalized tremor Buller et al., 1987 , paralleling neuro-

Žlogical symptoms associated with late-stage AIDS Navia
.et al., 1986 . MAIDS also impairs learning in the Morris

Žwater maze, a measure of spatial learning Sei et al.,
.1992a , and causes a deficit in acquisition, but not perfor-

mance, of avoidance responding in a shuttle shock-avoi-
Ž .dance procedure English et al., 1998 .

ŽLP-BM5 infects the central nervous system Sei et al.,
.1992b , and causes a 10-fold increase in CNS concentra-

Ž .tions of quinolinic acid Sei et al., 1996 , an excitotoxic
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tryptophan metabolite. Because behavioral and neurochem-
ical changes after LP-BM5 infection suggest alterations in
glutamatergic neurotransmission, we hypothesized that LP-
BM5 infection would alter the effects of PCP in a drug
discrimination procedure. As a positive control, we tested
dizocilpine, a compound that produces PCP-like respond-

Žing in discrimination procedures Willetts and Balster,
.1988; Geter-Douglass and Witkin, 1997 . We tested D-

amphetamine as a negative control 9 weeks after inocula-
tion to assess whether the effects of PCP would generalize
to another compound with locomotor stimulant activity,
but a different pharmacological mechanism. LP-BM5 in-
fection time-dependently increased the potency of PCP as
a discriminative stimulus, without affecting the specificity
of the discrimination or other nonspecific effects as indi-
cated by rate of responding.

2. Materials and methods

2.1. Animals

Ž .Male C57Blr6 mice Jackson Labs were group housed
Ž .5 animals per group at the start of the experiment with a

Ž .12:12 h light–dark cycle lights on at 07:00 and ad
libitum food access. They were water-restricted approxi-
mately 23 hrday.

2.2. Training procedure

Training took place in operant chambers equipped with
three nose poke units on one wall, a wire grid floor, and a
plexiglas door. A dipper delivering water could be ac-

Žcessed in the center unit Med. Associates, St. Albans,
.VT . Chambers were located in sound and light-attenuated

Ž .enclosures Coleman Industries, Golden, CO .
Mice were trained five days per week in sessions that

lasted 30 min or until 1000 responses or 100 dipper
operations occurred. Mice were first trained in the nose-
poke response, then trained to poke either the right or left
unit when given drug and the alternative when given
vehicle. Correct responses raised the dipper for 5 s. Incor-
rect responses turned off the house light and began a 2 s
timeout. Responses during the timeout reset the timer to 2

Ž .s. Mice were run with a fixed ratio-1 FR1 schedule.
Chambers were swabbed with 10% ethanol solution be-
tween subjects to remove olfactory cues. After each ses-
sion, animals had free access to water for 1 h.

Drug administration was counterbalanced in a two-week
cycle with the sequence SDDSS and DSSDD, where D is

Ždrug and S saline. When responding was at criterion 80%
.or more condition-appropriate responding , test sessions

were introduced using the sequences SDTST and DSTDT,
where T is a test session. Test sessions were like training
sessions, except that both side units operated the dipper
and no timeout was associated with either side. In order to

achieve, test and retest criterion, mice were exposed to
PCP at varying doses 3–5 times per week over six months.

In this preliminary study, we were most concerned that
the response to PCP was due to activity at the NMDA
receptor coupled ionophore and was not an artifact of
psychomotor stimulation. Thus, we compared the response
to PCP to the response to another ionophore antagonist
Ž .dizocilpine and a pharmacologically distinct motor stimu-

Ž .lant D-amphetamine with little or no direct activity at the
NMDA receptor.

When animals made more than 80% condition-ap-
propriate responses under test conditions with the training
dose, the dose–response curve for PCP and dizocilpine
was determined. Animals were then inoculated and PCP
dose-response was redetermined approximately 3, 6, and 9
weeks post-inoculation. The effect of D-amphetamine was
determined approximately 9 weeks post-inoculation.

2.3. Drugs

All drugs were given i.p. in saline in an injection
volume of 0.2 ml. Doses of phencyclidine hydrochloride
Ž .RBI, Natick, MA ranged from 0.1 to 6.0 mgrkg. Di-

Ž .zocilpine hydrogen maleate RBI, Natick, MA doses were
Ž . Ž0.01 to 0.1 mgrkg. S q -amphetamine sulfate RBI, Nat-

.ick, MA was tested at 6.0 mgrkg. Drugs were adminis-
tered 5 min before the session.

2.4. LP-BM5 inoculation

When animals made more than 80% condition-ap-
propriate responses under test conditions with the training

Ž .dose, over a six week period, they were inoculated i.p.
with 0.1 ml of LP-BM5 MuLVs containing 104.5 – 5.6 XC

Ž .plaque forming units PFUs per ml of ecotropic and
2.5 – 3.2 Ž .10 mink cell focus MCF forming units per ml of

MCF. At the conclusion of study, all animals were killed
by cervical dislocation and decapitation. The brains and
spleens were dissected. The spleens were weighed to as-

Ž .sess splenomegaly spleen weight)100 mg and the brains
processed according to the methods described by Hartley

Ž .et al. to assess viral titer Hartley et al., 1989 .

2.5. Data analysis and statistics

We calculated individual ED s for PCP to produce50

80% drug-appropriate responding at 0, 3, 6, and 9 weeks
post-inoculation. Data were analyzed with repeated-mea-

Ž .sures analysis of variance ANOVA , followed by paired-
observations t-tests to assess differences in potency at

Žspecific time points. Thus, each animal’s baseline uninoc-
.ulated performance served as the control for the effects of

LP-BM5 inoculation on performance. An alpha level of
0.05 was used for statistical tests. We also calculated
response rate in the first 30 s, maximum percent PCP-ap-
propriate responding for each drug, and ED s at 0, 3, 6,50
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and 9 weeks post-inoculation. Response rates were ana-
lyzed with the Friedman test.

The number of possible testing days over any two-week
interval post-inoculation was limited to four and drug
sensitivity increased with time after infection. Thus, it was
necessary to reduce the dose range of PCP tested over the
course of the experiment. Since these constraints resulted
in an incomplete blocks design, data were analyzed in two
difference ways in order to assess effects of PCP dose and
weeks post-inoculation. In the first analysis, a limited set

Ž .of drug treatments saline and 1 mgrkg PCP were ana-
lyzed over all nine weeks post-inoculation. In the second

Žanalysis, a broader range of drug treatments 0, 1, 3 and 6
.mgrkg PCP were analyzed over a limited time post-inoc-

Ž .ulation 0, 3 and 6 weeks .

3. Results

LP-BM5 infection time-dependently increased the po-
tency of PCP as a discriminative stimulus. Repeated-mea-
sures ANOVA showed a significant changes in the po-

Ž Ž . .tency of PCP over time F 3,15 s3.44, P-0.05 . Po-
tency was unchanged 3 weeks after inoculation, but was
increased approximately 5-fold at 6 and 9 weeks after

Ž .inoculation Fig. 1 . Mean ED before inoculation was50

4.5"1.0 mgrkg. At three weeks post-inoculation it was
4.5"1.7 mgrkg. ED decreased to 0.5"0.2 mgrkg and50

1.3"1.1 mgrkg six and nine weeks post-inoculation.
ED s did not differ significantly between baseline and50

Ž .three weeks t s0.008, Ps0.99 , but were significantly5
Ž .different between baseline and six t s4.79, Ps0.005 ,5

Ž .and baseline and nine weeks t s4.35, Ps0.001 . PCP5

did not reduce rate significantly compared to saline rates
during any of the dose–response determinations.

Fig. 1. Effects of LP-BM5 infection on percent drug appropriate respond-
ing when dose–response functions for PCP were determined immediately
before inoculation with LP-BM5, and three, six, and nine weeks after
inoculation. Doses were 1.0, 3.0, and 6.0 mgrkg before infection and 3
and 6 weeks after infection; at 9 weeks doses were 0.1, 0.3, and 1.0
mgrkg. Data represent the mean"S.E.M. of 6 mice. Upper panel:

ŽPercent drug appropriate responding. Single factor saline vs. 1 mgrkg
. Ž .PCP repeated measures 0, 3, 6 ans 9 weeks post-inoculation ANOVA

w xrevealed significant main effects of dose F s11.642, ps0.019 ,1,5
w xweeks post-inoculation F s9.537, ps0.001 and an interaction3,15

w xbetween dose and weeks post-inoculation F s6.511, ps0.005 .3,15
Ž .Likewise, single factor saline vs. 1, 3 and 6 mgrkg PCP repeated

Ž .measures 0, 3, and 6 weeks post-inoculation ANOVA revealed signifi-
w xcant main effects of dose F s64.113, p-0.0001 , weeks post-inoc-3,15

w xulation F s9.968, ps0.004 and an interaction between dose and2,10
w xweeks post-inoculation F s3.124, ps0.017 . Middle panel: Re-6,30

sponse rate during testing. No significant effects were observed across
PCP dose or weeks post-inoculation. Lower panel: Summary of calcu-

Ž .lated ED values at baseline Tq0 and 3, 6 and 9 weeks post-inocula-50
Ž . Žtion Tq3, Tq6, and Tq9, respectively . Single factor weeks post-in-

. woculation ANOVA revealed a significant overall effect F s3.435,3,15
xps0.044 . ) p-0.005 in paired uncorrected Student’s t-test.

As expected, dizocilpine produced substantial PCP-ap-
propriate responding, and was about 7 times as potent as
PCP, with an ED of 0.3 mgrkg indicating that the50

discriminative cue for PCP was based on activity at the
Ž .NMDA receptor. Amphetamine 6 mgrkg did not pro-

Žduce substantial PCP-appropriate responding, maximum
.PCP respondings5.0"1.4% , but decreased the rate of

Ž 2 .responding X s6.34, P-0.03 indicating that the in-
creased sensitivity to PCP was not a function of a general-
ized psychomotor activation. Neither PCP nor dizocilpine
affected rate.

Saline response rates decreased after animals were inoc-
Ž 2 .ulated X s11.00, P-0.0005 , but rates for the 1.0, 3.0,

and 6.0 PCP doses did not change after inoculation. Analy-
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sis of the saline data with Dunn’s multiple comparison test
showed that saline response rates were lower at 9 weeks
than they were pre-inoculation or at 3 weeks post-inocula-
tion.

4. Discussion

Consistent with previous reports, mice reliably discrimi-
nated PCP from saline, and this discrimination generalized
to dizocilpine. The potency of PCP did not differ between
the pre-inoculation and 3 week post-inoculation conditions,
but increased approximately fivefold at 6 weeks and 9
weeks post-inoculation. This time course is similar to that
reported for demonstration of other behavioral and neuro-

Žchemical effects of LP-BM5 Sei et al., 1992b; Ha et al.,
.1995; Sei et al., 1996; English et al., 1998 .

It is important to consider several hypotheses to explain
the results. One is that the animals simply lost the speci-
ficity of the drug discrimination. However, amphetamine
given nine weeks post-inoculation did not produce PCP-like
responding. Another possibility is that the data may repre-
sent a sensitization effect. Indeed, sensitization to the
effects of PCP after subchronic administration is reported
ŽXu and Domino, 1994a; Xu and Domino, 1994b; Xu and

.Domino, 1997 . However, the locomotor responses that
have been used as measures of sensitization are likely
mediated by serotonergic and dopaminergic effects of PCP
Ž .Gleason and Shannon, 1997; Gleason and Shannon, 1998 .
In addition, the reported sensitization to PCP occurred
after only 4 days of dosing. In our experiment animals had
undergone approximately nine months of training and test-
ing before inoculation. Any sensitization would have oc-
curred during the training period and responses were stable
at the time of inoculation. Response rates when PCP was
administered were stable over the course of the experi-
ment, although saline responding rates decreased. This
may indicate increased responsiveness to the locomotor
effects of PCP. However, amphetamine did not substitute
for PCP, even when the dose was high enough to disrupt
behavior.

Changes outside the CNS may have been causal or
mediating factors in the apparent increased potency of PCP
in our experiment. One possibility is that the potency
change was due to an LP-BM5-caused increase in blood–

Žbrain barrier permeability like that reported in AIDS Power
.et al., 1993 . However, the PCP molecule is small and

highly lipophilic, and therefore easily traverses even the
Ž .intact blood–brain barrier Baldridge and Bessen, 1990 .

Thus, we consider this to be an unlikely explanation of our
results. Another non-CNS mechanism that might influence
the apparent potency of PCP is decreased production of
hepatic cytochrome P-450, an enzyme important for
metabolism and excretion of foreign compounds. How-
ever, although such a decrease has been reported after

LP-BM5 infection, it did not occur until 12 weeks post-in-
Ž .oculation Ansher et al., 1994 . Thus, we conclude that a

central mechanism of action, functional changes in NMDA
receptors, is the likely cause of the increased potency.

The data we present do not exhaustively characterize
the relationship between LP-BM5 infection, neurochemical
changes, and PCP discrimination, but do suggest several
hypotheses. One is that the relative affinity of NMDA

Ž .receptors for antagonists vs. agonists increases after in-
fection. A reduction in the relative affinity of the receptor
for the naturally occurring agonist could decrease gluta-
matergic neurotransmission; if this decrease and PCP-in-
duced Ca2q blockade are additive, this might lower the
threshold at which a ‘PCP-like’ state is achieved. This
hypothesis is consistent with the finding that antagonist
binding increases at the glycine and glutamate sites after
LP-BM5 infection, whereas the potency of glycine to
displace the antagonist 5,7 dichlorokynurenic acid de-

Ž .creases English et al., unpublished data . The present data
may be of interest in application to problems of drug
abuse, since HIV infection is widespread in drug abusers
Ž .CDC, 1996 . An analogous increase in drug sensitivity in
AIDS cases could result in increased likelihood of over-
dose or enhanced prominence of NMDA receptor antago-
nist activity in the effects of drugs acting on multiple
receptor systems. Further investigation of the LP-BM5
virus’ effects on other drugs of abuse will help establish
the generality and specificity of the results.
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