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Early-onset marijuana use has been associated with short- and long-term deficits in cognitive processing. In
human users, self-selection bias prevents determination of the extent to which these effects result only from
drug use. This study examined the long-term effects of Δ9-tetrahydrocannabinol (Δ9-THC), the major
psychoactive constituent of marijuana, in a delayed nonmatch-to-position task (DNMP). Male Long–Evans
rats were injected daily with 10 mg/kg Δ9-THC during or after adolescence [postnatal days (PN) 21–50 or
PN50–79, respectively] or with vehicle. On PN91, training in DNMP was initiated. Successful acquisition and
pharmacological challenge began on approximately PN300. Decreases in accuracy were observed at lower
doses of Δ9-THC in Δ9-THC-treated rats (versus vehicle-treated rats). Administration of chronic Δ9-THC at a
younger age tended to enhance this effect. While anandamide did not decrease accuracy in any group, rats
treated with Δ9-THC during adolescence initiated fewer trials at the 30 mg/kg dose of anandamide than did
rats in the other two groups. To the extent tested, these differences were pharmacologically selective for
cannabinoids, as scopolamine (positive control) decreased accuracy at the same dose in all groups and
amphetamine (negative control) did not affect accuracy in any of the groups at doses that did not impair
overall responding. These results suggest that repeated administration of a modest dose of Δ9-THC during
adolescence (PN21–50) or shortly thereafter (PN50–79) produces a long-term increase in latent sensitivity
to cannabinoid-induced impairment of performance in a complex operant task.
+1 804 828 2117.

l rights reserved.
© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Adolescence is characterized by a rapid change in many domains,
including physical, emotional, social, and cognitive. During this period,
substantial re-organization of receptors for several neurotransmitter
systems in the brain, including CB1 receptors (Mato et al., 2003), occurs,
allowing for the rapid development of advanced cognitive skills that
are required for academic achievement and for transition into adult
roles. In addition, increased independence during this period is often
accompanied by experimentation with novel ideas and behaviors that
may include recreational drug use. Some of these drugs, including
marijuana (the most frequently used illicit substance during adoles-
cence), have been shown to produce cognitive deficits in adult users
[for review, see Ranganathan and D'Souza (2006)]. Review of the few
studies that have investigated the effects of marijuana during adoles-
cence reveals that adolescent marijuana users exhibit both short- and
long-term deficits in cognitive processing, even after various periods of
abstinence. For example, marijuana use during adolescence was
associatedwith abnormal findings in patterns of brain activation during
cognitive tasks suggestive of altered processing of information and
increased effort during tasks requiring inhibition of a response
(Schweinsburg et al., 2008; Tapert et al., 2007). Early marijuana use
was also associated with long-term effects, including impaired reaction
times in a visual attention task (Ehrenreich et al., 1999), lower levels of
academic achievement (Brook et al., 2008), and continued reductions in
brain activation in prefrontal and cerebellar regions (Chang et al., 2006).
Determination of mechanisms that may underlie these marijuana-
induced deficits, however, is complicated by the fact that human users
are self-selected and may differ on important characteristics before
initiation of use as well as life trajectory after initiation. Hence, the
majority of mechanistic research in this area has been conducted in
immature animals.

In rats, adolescence lasts approximately 2 weeks, from postnatal
day (PN) 28–PN42 (Spear, 2000). This developmental period occurs
around the time of puberty and is associated with rapid physical
maturation as well as with behavioral changes reflecting increased
risk taking and orientation towards conspecifics (Spear, 2000). In
addition, dramatic changes in brain cannabinoid (CB1) receptors have
been reported. CB1 receptors in the rat brain exhibit a progressive
increase in number, but not in affinity, during the pre-weanling period
(i.e., before PN21) and early adolescence (a female peaks at PN30 and
a male peaks at PN40), with receptor pruning and a decline to adult
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levels during later adolescence (Belue et al., 1995; McLaughlin et al.,
1994; Rodriguez de Fonseca et al., 1993). By PN60, adult levels of
cannabinoid receptors are achieved (Belue et al., 1995). The functional
consequences of these changes in brain CB1 receptor composition are
most likely to occur in behavioral arenas (e.g., cognition, brain reward,
movement, and appetite regulation) that are associated with brain
areas with high endocannabinoid involvement. The long-term ef-
fects on performance in a memory task after adolescent exposure
to Δ9-tetrahydrocannabinol (Δ9-THC), the primary psychoactive sub-
stituent of the marijuana plant, are the focus of this investigation.

Delayed nonmatch-to-position (DNMP) is an operant procedure
that is commonly used to examine the effects of drugs on short-term
memory in rats (Dudchenko, 2004). Acquisition of this procedure
involves a series of steps, including chamber habituation, lever press
training, acquiring rules for choice of correct lever, and memory
retention over a span of delay durations. The final procedure consists
of discrete trials that are comprised of a sample phase, a delay and a
choice phase. During the sample phase, the rat is presented with one
of two levers. Both levers are then withdrawn for a varying period of
delay. During the subsequent choice phase, both levers are re-inserted
into the chamber and the rat must press the opposite lever from that
presented in the sample phase in order to receive food reward. In
the absence of motor, attentional, or motivational influences, delay-
dependent decreases in accuracy of choosing the correct (nonmatch)
lever reflect impairment of short-term memory (Dunnett, 1989). In
this procedure, Δ9-THC dose-dependently induces delay-dependent
accuracy impairments in adult rodents, suggesting interference with
one ormore processes involved in encoding and/or retrieval ofmemory
(HampsonandDeadwyler, 2000;Heyser et al., 1993). Thepurpose of the
present study was to examine performance in the DNMP procedure in
adult rats that previously had been treated chronically with Δ9-THC
during and shortly after adolescence. Performance was compared with
that of rats chronically treated with vehicle during adolescence. After
acquisition of the procedure, rats were challenged sequentially with
Δ9-THC and anandamide (an endogenous cannabinoid receptor
ligand) in order to determine differential inter-group sensitivity to
the disruptive effects of these cannabinoids on accuracy in the pro-
cedure. For comparison purposes, we also tested scopolamine and
amphetamine. Scopolamine is an antagonist at muscarinic acetyl-
choline receptors and reliably produces impairments in accuracy in
this type of procedure (Stanhope et al., 1995). Amphetamine is an
indirect agonist ofmonoamineneurotransmission, including dopamine.
Since brain dopamine receptors undergo re-organization during ado-
lescence in parallel with brain CB1 receptors (Tarazi and Baldessarini,
2000), tests with amphetamine served as an initial gauge of whether
any differential sensitivitywas selective for cannabinoids or generalized
to a drug acting at another system undergoing alteration during the
same time period.

2. Methods

2.1. Animals

Timed pregnant adult female Long–Evans rats (Harlan, Dublin, VA),
ordered for arrival on gestationday14,were individually housed in clear
plastic cages (52×28×22 cm) with sawdust bedding available in each
cage for nesting. The vivariumhad a temperature-controlled (20–22 °C)
environment with a 12-hour light–dark cycle (lights on at 7 a.m.). The
dams were left undisturbed except for providing food, water, and fresh
bedding until they gave birth (postnatal day 0, PN0). Pups were sexed
and culled to no more than 10 pups per litter and remained with their
dams until weaning at PN21. On PN21, male pups were separated from
the dam. Each pup was assigned to one of three treatment groups
(described in Section 2.4) such that each group contained nomore than
one pup from a litter. Each rat was pair-housed with a rat from another
litter until PN90. All rats had free access to food until they started
training in the DNMP procedure on PN91. Subsequently, they received
a daily ration of standard rat chow sufficient to maintain their body
weight at no less than 85% of free-feeding weights (as indicated by a
rat growth chart from Harlan). Throughout the study, water was freely
available in home cages. These studies were carried out in accordance
with guidelines published in the Guide for the Care and Use of
Laboratory Animals (National Research Council, 1996) and were ap-
proved by the Institutional Animal Care and Use Committee at
Virginia Commonwealth University.

2.2. Apparatus

Rats in each procedure were trained and tested in standard operant
conditioning chambers (BRS/LVE Inc., Laurel, MD and Lafayette Ins-
truments Co., Lafayette, IN) housed in sound-attenuated cubicles. Pellet
dispensers delivered 45-mgBIO SERV (Frenchtown, NJ) food pellets to a
food cup on the front wall of the chamber between two retractable
response levers. Fan motors provided ventilation and masking noise
for each chamber. House lights located above each retractable lever were
illuminated during training and testing sessions. A micro-computer with
Logic ‘1’ interface (MED Associates, Georgia, Vermont) and MED-PC
software (MED Associates) was used for these tasks.

2.3. Drugs

Δ9-THC [National Institute on Drug Abuse (NIDA), Bethesda, MD]
and anandamide (NIDA) were mixed in a vehicle of absolute ethanol,
Emulphor-620 (Rhone-Poulenc, Inc., Princeton, NJ), and saline in a ratio
of 1:1:18. Amphetamine sulfate (NIDA) and (−)-scopolamine HBr
(Sigma-Aldrich, St. Louis, MO) were mixed in sterile water. Injections of
all test drugswere administered intraperitoneally at a volumeof 1 ml/kg.
Pre-session injection intervals were 30 min for Δ9-THC and scopol-
amine, 10 min for anandamide and 15 min for amphetamine. Drugs
were tested in the following order: Δ9-THC, scopolamine, anandamide,
and amphetamine. Doses of each drug were presented according to a
randomized Latin square design.

2.4. Procedure

Rats were assigned to one of three treatment conditions. Rats in the
first and second groups were injected s.c. with 10 mg/kg Δ9-THC or
vehicle, respectively, once daily from PN21–50. Rats in the third group
were injected s.c. with 10 mg/kg Δ9-THC once daily from PN50–79.
Subsequently, rats in all three groups were allowed to remain in their
cages undisturbed except for weighing at least twice aweek until PN90.
Hence, rats in each group differed in age at Δ9-THC exposure, but were
approximately the same age during DNMP training and testing.

On PN91, acquisition training for the DNMP procedure was ini-
tiated for all groups using a regimen similar to the behavioral shaping
procedure that we have used previously (Wiley and Willmore, 2000).
First, magazine training was undertaken, consisting of habituation
to the chambers (without levers) and noncontingent pellet delivery
every 30 s for 20 min. Once rats were reliably eating the pellets auto-
shaping of the lever press began. During this phase of training, the left
and right levers were inserted into the chamber on alternate days.
The number of times the rat was required to press each lever was
increased gradually from 1 to 5 until rats reliably pressed either lever
when it was inserted into the chamber. A trials procedure was then
instigated with alternate levers inserted into the chamber during a
single session, with 5 lever presses required on the presented lever
for pellet delivery. A 10 s inter-trial interval occurred, during which
leverswerewithdrawn and all lights were turned off. Subsequently, a
choice procedure was implemented and was maintained through
acquisition and testing. Under the choice procedure, the session
lengthwas 30 min. Each trial in the session consisted of three phases:
the sample phase, the delay phase, and the choice phase. A trial



518 J.L. Wiley, J.J. Burston / Pharmacology, Biochemistry and Behavior 94 (2010) 516–523
began with the presentation of either the left or the right response
lever (the sample stimulus) accompanied by illumination of the
corresponding lever light. The order of sampled levers was random
and counterbalanced. Subjects continued each trial by making an
observing response [5 lever presses (FR5)] at the extended lever,
which produced a food reward. After the observing response, the
lever retracted and a delay phase began, which varied in length from
1 to 60 s. Thirteen delay intervals were programmed for possible
presentation: 1, 5, 10, 15,… 55, 60 s. A random order of presentation
was arranged for the delays, and all were equiprobable. Lever lights
above the left and right response levers were programmed to blink
on and off rapidly during delay intervals. In order to discourage the
use of positional strategies (e.g., standing near the correct lever) to
choose the correct lever, a noncontingent pellet was delivered every
10 s during delay periods longer than 10 s. At the end of the
scheduled delay, the lights stopped flashing, but remained lit. This
marked a transition into choice phase, with both response levers
reinserting into the chamber. A press at the lever that did not match
the sampled lever (i.e., the alternate lever to that which was pre-
viously presented) resulted in retraction of both levers and food
pellet delivery. A press of the incorrect lever (i.e., the same lever that
was presented in the sample phase of the trial) resulted in lever
retraction only. If neither lever was pressed within 15 s after in-
sertion into the chamber, both levers were retracted (i.e., limited
hold of 15 s) and the trial was counted as an omission (of choice
behavior). After levers were retracted, a 5 s time out period occurred
before the start of the next trial. During time out periods, both sample
levers were retracted and lever lights were extinguished. Trial
number for each session varied because trial to trial progression
depended upon subject response patterns. Training continued on this
schedule until rats obtained 70% overall accuracy for at least 5 days.
After acquisition, drug tests occurred approximately twice per week,
with a minimum of 48 h elapsing between drug administrations.
Daily training sessions continued on weekdays in between tests.
Criteria for receiving a drug test were (i) correct (i.e., nonmatched)
lever choice responses for 70% of trials in the most recent training
session and (ii) the number of trials completed in the most recent
training session must equal or exceed 30.

2.5. Data analysis

Due to the large number of individual delays (n=13), delays were
grouped into seven intervals (1 s, 5–10 s, 15–20 s, 25–30 s, 35–40 s,
45–50 s, 55–60 s) for analysis. With the exception of the 1-s delay
interval, all intervals were of the same duration. The 1-s delay interval
was shown separately in order to provide a way to gauge the effects of
the drug on choice behavior with minimal delay between sample and
choice. Any decreases in accuracy for this interval are likely to be
related to deficits in overall ability to perform the task rather than to
memory or other cognitive skills. Throughout the study, a within-
subject design was used such that each rat received each dose of a
drug. Means (±SEM) for accuracy (correct trials expressed as a per-
centage of total trials initiated) were calculated for each drug dose at
each delay interval. In addition, means (±SEM) for the total number
of trials and for the total number of trials omitted were calculated for
each drug dose.

In the cases where total trial number was decreased, an
assumption was made that performance factors (e.g., sensory or
motor deficits) were likely to interfere with responding; hence,
accuracy values for an individual rat were eliminated from analysis
when the rat initiated fewer than 20 trials during the session. This
practice can complicate statistical analysis and interpretation of data
from repeatedmeasure designs because of the requirement for data at
each dose for every subject, with the absence of these data at a dose
typically resulting in elimination of data for the subject at all doses.
Since more than half of the rats in each group did not meet the
minimum trial criterion (N20 trials for the entire session) when
administered the highest dose of each drug (except anandamide),
accuracy data for these doses were not included in analysis. In order to
include data for lower doses when more than half of the rats met the
minimum trial criterion, mean accuracy for these rats was substituted
for each rat that did not meet the criterion. Data for all rats at all doses
were included in analysis of drug effects on total numbers of trials and
omissions.

Separatemixed design factorial ANOVAswere used to analyze data
on total number of trials and omissions for each drug, with group and
dose as between- and within-subject factors, respectively. Data on
accuracy for each drug were analyzed with two-factor repeated
measure ANOVAs (dose×delay interval) for each group. Tukey post
hoc tests (α=0.05) were used to specify differences revealed by
significant ANOVAs. For each drug, ANOVA and post hoc testing was
used to determine which doses affected performance for the group
compared to its own vehicle control.

3. Results

Rats in all three treatment groups were trained during the same
time span and were exposed to identical training regimens. Acquisition
of the initial steps of the DNMP task (e.g., magazine and lever press
training) began on PN91. Although systematic differences were not
observed in these initial steps, vehicle-treated rats required more ses-
sions to reach criteria for the choice component of the final procedure
(N70% accuracy for at least 5 days) than did rats of either age that
were treated with Δ9-THC. Pharmacological challenges were initiated
when rats were approximately PN300. Despite the additional sessions
required for acquisition in the vehicle-treated rats, differences in per-
cent accuracy and the number of correct choices across delay intervals
did not significantly differ across the three groups following vehicle
administration (i.e., group main effects and group×delay interactions
were not significant for any of the ANOVAs on data for vehicle doses of
each drug) [data not shown]. Other measures that were similar across
groups included the number of trials in eachdelay interval (4–5 trials for
each of the 13 intervals), the number of food pellets received, the
number of trials for the session, and the distribution of responses on the
left and right levers (data not shown). In addition, the lever associated
with correct choices did not systematically vary across doses of any of
the drugs (i.e., no lever bias) [data not shown].

Fig. 1 shows the effects ofΔ9-THC on accuracy across delay intervals
in the DNMP task in rats treated chronically with vehicle (left panels) or
Δ9-THC during adolescence (PN21–50; middle panels) or with Δ9-THC
after adolescence (PN50–79; right panels). In rats treated chronically
with vehicle during adolescence, doses of Δ9-THC up to 10 mg/kg did
not significantly affect accuracy [Fig. 1, top leftpanel;maineffectof dose:
F(5,45)=2.7, pb0.05]. (For all figures, dose main effects are indicated
by filled symbols whereas symbols for effects of doses that do not differ
from vehicle are unfilled.) In contrast, chronic treatment with Δ9-THC
during or after adolescence significantly decreased accuracy at lower
Δ9-THC doses of 3 mg/kg (adolescents) and 10mg/kg (both groups)
[Fig. 1, top middle and right panels; main effects of dose: F(5,50)=6.1,
pb0.05 and F(5,45)=3.0, pb0.05 for adolescent and post-adolescent
dosing, respectively]. Administration of 30 mg/kg Δ9-THC eliminated
responding in most of the rats and was not included in the accuracy
analysis and is not shown on the graphs. In order to improve visibility
of significant results, accuracy data for Δ9-THC doses of 0.1, 0.3 and
1 mg/kg also are not presented on the graphs, although they were
included in the analyses. Reductions in accuracy for all groups occurred
primarily at shorter delays and were not sustained across longer delay
intervals, a finding that may have been related in part to delay-
dependent decreases in baseline (vehicle) accuracy at longer delays. In
all three groups, 10 and 30 mg/kg Δ9-THC significantly decreased the
totalnumber of trials as compared tovehicle [Fig. 1, bottompanels;main
effect of dose, ANOVA on trial number data: F(6,124)=47.5, pb0.05].



Fig. 1. Effects of Δ9-THC on accuracy (top panels) as a function of delay interval in a DNMP procedure in rats treated with vehicle (left panels) or Δ9-THC during adolescence (PN21–50,
middle panels) or with Δ9-THC after adolescence (PN50–79, right panels). For each treatment group, numbers of trials and omissions are shown as a function of Δ9-THC dose (bottom
panels). Values represent themean (±SEM) accuracy or number of trials or omissions. For all doses,n=10–11 rats. In the top panels, the vehicle condition is shown by a bold dashed line.
Significant dose effects compared to vehicle are indicated by filled symbols. In bottom panels, # indicates a significant main effect of dose for trial number and/or omissions (pb0.05
compared to corresponding vehicle).

Fig. 2. Effects of anandamide on accuracy (top panels) as a function of delay interval in a DNMP procedure in rats treated with vehicle (left panels) or Δ9-THC during adolescence
(PN21–50, middle panels) or with Δ9-THC after adolescence (PN50–79, right panels). For each treatment group, the numbers of trials and omissions are shown as a function of
anandamide dose (bottom panels). Values represent the mean (±SEM) accuracy or number of trials or omissions. For all doses, n=10–11 rats. In the top panels, the vehicle
condition is shown by a bold dashed line. Anandamide did not produce significant decreases in accuracy in any treatment group. In bottom panels, # indicates a significant main
effect of dose for trial number and/or omissions (pb0.05 compared to corresponding vehicle). ⁎ indicates a group×dose interaction with a significant difference of indicated dose
from vehicle only in the rats treated with Δ9-THC during adolescence (pb0.05 compared with vehicle).
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The 10 mg/kg dose also significantly increased omissions [dose main
effect: F(6,167)=6.0, pb0.05], although the magnitude of the effect was
small.

Fig. 2 shows the effects of anandamide on accuracy and on the
number of completed trials and omissions. At doses up to 30 mg/kg,
anandamide did not affect accuracy in rats treated with chronic vehicle
during adolescence (top left panel) or in those treated with chronic
Δ9-THC during or after adolescence (top middle and right panels,
respectively). In rats treated with chronic Δ9-THC during adolescence,
the 30 mg/kg dose of anandamide significantly reduced the number of
trials completed [Fig. 2, bottommiddle panel; dose×group interaction:
F(8,112)=3.1, pb0.05]. Although statistically significant, the decrease
in the number of total trials was small in magnitude. Anandamide did
not affect the number of omissions in any group (bottom panels).

Fig. 3 shows the effects of scopolamine on responding in the DNMP
task. Analysis of accuracy data revealed that 0.03 mg/kg scopolamine
significantly decreased accuracy in all three groupswhereas 0.01 mg/kg
did not [Fig. 3, top panels; main effects of dose: F(2,16)=6.9, pb0.05
for vehicle-treated rats; F(2,18)=25.0, pb0.05 for rats treated with
Δ9-THC during adolescence; F(2,18)=7.6, pb0.05 for rats treated
withΔ9-THC after adolescence]. Few rats in any of the groupsmet the
inclusion criterion for the 0.1 and 0.3 mg/kg doses of scopolamine;
hence, data for these doses were not included in analysis and are not
shown on the graph. Significant reductions in the number of trials
occurred after injectionwith all doses of scopolamine (0.01–0.3 mg/kg)
across all treatment groups [Fig. 3, bottompanels;main effect of dose:
F(4,112)=68.7, pb0.05]. Dose-dependent increases in omissions
were seen at doses of 0.03, 0.1 and 0.3 mg/kg scopolamine [Fig. 3,
bottom panels; dose main effect: F(4,111)=21.0, pb0.05].

The pattern of effects produced by amphetamine in the DNMP
task was similar across the three treatment groups (Fig. 4). Neither
0.1 mg/kg nor 0.3 mg/kg amphetamine affected accuracy in any of
the groups as compared to respective vehicle conditions (Fig. 4, top
Fig. 3. Effects of scopolamine on accuracy (top panels) as a function of delay interval in a D
(PN21–50, middle panels) or with Δ9-THC after adolescence (PN50–79, right panels). Fo
scopolamine dose (bottom panels). Values represent the mean (±SEM) accuracy or num
condition is shown by a bold dashed line. In bottom panels, # indicates a significant main effec
panels). Higher doses of 1 and 3 mg/kg amphetamine resulted in few
or no rats responding in the task. Consequently, accuracy data for
these doses were not included in the analysis. Not surprisingly, these
doses were associated with significant decreases in the number of
trials [Fig. 4, bottom panels; main effect of dose for trial number:
F(4,100)=112.5, pb0.05]. Omissions were not affected by any dose.

4. Discussion

The long-term effects of cannabinoids on cognitive tasks in ado-
lescent rats are not well-characterized. In the present study,
adolescent rats were treated chronically with Δ9-THC or vehicle and
then trained in a DNMP task, an operant procedure that involves
a multi-step training process. Initiation of the first step of DNMP
training was undertaken when rats in all treatment groups were
young adults (PN91) and pharmacological challenges did not begin
until approximately PN300; hence, acquisition training was not con-
tiguous with chronic Δ9-THC or vehicle treatment. When injected with
vehicle at the start of each dose–effect curve determination, rats in each
group showed similar baseline (vehicle) percent accuracies (range
57–95% across delay intervals, excluding 1-s delay), with pronounced
delay-dependent decreases in accuracy at longer intervals.

Consistent with the results of the present study, Stiglick and
Kalant, (1983) reported that male rats treated with either vehicle or
Δ9-THC during adolescence attained the same degree of accuracy in a
radial arm maze task during a subsequent drug-free period, despite
initial delays in acquisition of the task byΔ9-THC-treated rats. The few
additional studies that have assessed the long-term effects of prior
chronic cannabinoid administration during adolescence on later
performance in cognitive tasks have produced conflicting results,
albeit differences in experimental parameters (e.g., rat strain, choice
of cannabinoid agonist, dosing regimen) somewhat complicate direct
comparisons. For example, chronic treatment of male and female
NMP procedure in rats treated with vehicle (left panels) or Δ9-THC during adolescence
r each treatment group, numbers of trials and omissions are shown as a function of
ber of trials or omissions. For all doses, n=10–11 rats. In the top panels, the vehicle
t of dose for trial number and/or omissions (pb0.05 compared to corresponding vehicle).



Fig. 4. Effects of amphetamine on accuracy (top panels) as a function of delay interval in a DNMP procedure in rats treated with vehicle (left panels) or Δ9-THC during adolescence
(PN21–50, middle panels) or with Δ9-THC after adolescence (PN50–79, right panels). For each treatment group, numbers of trials and omissions are shown as a function of
amphetamine dose (bottom panels). Values represent the mean (±SEM) accuracy or number of trials or omissions. For all doses, n=9–10 rats. In the top panels, the vehicle
condition is shown by a bold dashed line. Amphetamine did not produce significant decreases in accuracy in any treatment group. In bottom panels, # indicates a significant main
effect of dose for trial number and/or omissions (pb0.05 compared to corresponding vehicle).
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adolescent rats with Δ9-THC for 21 days failed to alter their sub-
sequent acquisition of a spatial learning task after a four-week drug-
free period (Cha et al., 2007; Cha et al., 2006). In contrast, chronic
treatment with oral Δ9-THC or cannabis extract for 3–6 months
impaired subsequent learning in a radial arm maze in male rats if
treatment commenced during adolescence, but not if it started later
(Stiglick and Kalant, 1982; Stiglick and Kalant, 1983; Stiglick and
Kalant, 1985). Similarly, chronic periadolescent treatment with the
synthetic cannabinoids, WIN 55,212-2 or CP 55,940, or with Δ9-THC
decreased drug-free performance in an object recognition task that
was conducted after the rats reached maturity (O'Shea et al., 2004;
Quinn et al., 2008; Schneider and Koch, 2002).

Although cannabinoid treatment did not result in similar differ-
ences in drug-free performance here, the design of the present ex-
periment differs from previous studies described above in at least two
fundamental ways. First, the tasks used in the previous studies were
relatively noncomplex and did not require an extensive acquisition
period. The extended duration of training in the present study may
have contributed to the lack of inter-group differences in the vehicle
conditions for each group because it allowed all groups to reach a
common level of accuracy in the procedure before testing. In addition,
it was associated with a drug-free interval that exceeded any of those
used in other studies. A second major methodological distinction is
the examination of the effects of a pharmacological challenge on
performance in the task. In the present study, rats remained drug-free
during the period after chronic Δ9-THC or vehicle administration
and throughout acquisition; however, they were subsequently tested
in dose–effect determinations for four test drugs (i.e., Δ9-THC,
anandamide, scopolamine and amphetamine). In contrast, rats in the
previously cited studies did not receive further pharmacological treat-
ment following acquisition of the task.

Latent differences among groups that are not apparent from ob-
servation of similar baseline performances may be revealed through
a pharmacological challenge, as we have observed previously in a
spatial alternation task following early perinatal treatment with
phencyclidine (Wiley et al., 2003). In the present study, a history
of Δ9-THC administration was associated with differential sensitivity to
the effects of Δ9-THC, but not anandamide, on accuracy in DNMP
performance. Whereas doses of Δ9-THC up to 30 mg/kg did not impair
accuracy in the vehicle-treated rats, both groups that received daily
administration of Δ9-THC exhibited decreases in accuracy at 10 mg/kg,
with 3 mg/kg decreasing accuracy only in rats treated during adoles-
cence. This latter group was also more sensitive to the effects of
anandamide on trial number, although anandamide-induced decreases
in accuracy were not seen with any of the groups. The most likely
explanation of anandamide's lack of effect on accuracy is its rapid
metabolism via fatty acid amide hydrolase (FAAH; Cravatt et al., 1996).
This ideas receives support from a previous report that anandamide
decreased performance in spatial memory tasks in FAAH(–/–), but not
FAAH(+/+), mice (Varvel et al., 2006). Together, these results suggest
that Δ9-THC administration that occurs subsequent to chronic treat-
ment with Δ9-THC may reveal latent differences in sensitivity to
cannabinoid effects on performance in a learned task acquired after the
chronic treatment. Further, the finding that lower doses of Δ9-THC and
anandamide were required to decrease accuracy or trial number, res-
pectively, in rats treated with Δ9-THC during adolescence suggests that
exposure during this developmental phase may result in particular
vulnerability to these effects. Important caveats accompany this latter
conclusion, as the range of ages at which exposure occurred was not
large compared to the lifespan of the rat. Further, the definition of rat
adolescence (i.e., PN28–42) is not absolute, but rather, is an approxi-
mate time span characterized by a pattern of behaviors and physiolog-
ical changes (Spear, 2004). Hence, an identical regimen of Δ9-THC
administration during later adulthood may have failed to alter sub-
sequent sensitivity to cannabinoid effects in this task. This hypothesis
receives limited support from the finding that the older rats in the
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current study were less sensitive to the effects of one of the can-
nabinoids (anandamide) on performance in the DNMP task. On the
other hand, Miyamoto et al. (1995) reported that adult male rats
showed increased sensitivity to the effects ofΔ9-THC in a delayedmatch
to sample task several days after recovery from repeated administration
of Δ9-THC, suggesting that short-term sensitization toΔ9-THC occurs in
adult rats.

Pharmacological selectivity of the between-group differences in
sensitivity to performance decrements in the DNMP task was not
investigated extensively, as the only noncannabinoids tested were
scopolamine and amphetamine. Nevertheless, the pattern of inter-
group differences produced by each of these drugs was distinct from
that produced by cannabinoids. Similar to Δ9-THC, scopolamine dose-
dependently decreased accuracy; however, it did so at the same doses
in all groups of rats. In contrast, doses of amphetamine that did not
seriously compromise the ability of most rats to perform the task did
not affect accuracy in any of the groups. These results suggest that the
long-term increase in sensitivity to drug-induced impairment of
performance following chronic Δ9-THC treatment shows at least a
minimal degree of pharmacological selectivity for cannabinoids.

By contrast with the results presented here for the vehicle-treated
rats, most previous studies have found that Δ9-THC and other
psychoactive cannabinoids disrupt short-term memory in a variety
of spatial tasks, including DNMP, and that they do so in a dose- and
delay-dependent manner (Hampson and Deadwyler, 2000; Heyser
et al., 1993). Explanation of the discrepancy between the results of
this study and the previous studies is difficult without additional
research because of themany differences in experimental parameters,
including procedural variables (e.g., different tasks), rat strain, mag-
nitude of baseline accuracies, length of training, type of reinforcer, and
prior treatment with Δ9-THC or vehicle. Nevertheless, a few points are
worth mentioning. First, the lack of Δ9-THC effect in vehicle-treated
rats was not due to insufficient dose, as Δ9-THCwas tested up to doses
that eliminated responding in most rats. Second, although none of the
doses ofΔ9-THC tested in the vehicle-treated rats produced significant
decreases in accuracy compared to vehicle, a trend for decreased
accuracy was observed. Finally, the results obtainedwith scopolamine
demonstrate that a prototypic memory-impairing drug produced
detrimental effects on the performance of these rats.

The degree to which Δ9-THC-induced decreases in accuracy seen
in rats treated with Δ9-THC, but not in those treated with vehicle,
represent short-termmemory deficits is not clear. Certainly, its effects
resemble those of scopolamine, the positive control. In addition to its
disruption of short-term memory, however, Δ9-THC has also been
shown to interfere with attention and timing of responses (Han and
Robinson, 2001; Presburger and Robinson, 1999; Verrico et al., 2004;
Wiley et al., 2000), suggesting that cannabinoid-induced disruption of
one of these cognitive processes may have contributed to the deficits
observed here. Interestingly, early cannabis exposure in humans has
been associated with impaired performance in a visual attention task
(Ehrenreich et al., 1999). Alternatively, the significant decreases in the
number of trials completed at the doses affecting accuracy suggests
that the nonspecific effects of Δ9-THC on performance (e.g., sedation,
motor effects) could also have contributed.

In conclusion, the exact nature of the deficits produced by Δ9-THC
in the present study is not entirely certain; however, their differential
pattern of occurrence across groups clearly indicates that sensitivity
to these deficits was affected by prior exposure to Δ9-THC during
adolescence or shortly thereafter. Further, this increased sensitivity
occurred following an extended drug-free period before training in
the DNMP procedure. Although the majority of persons that try
marijuana during adolescence do not go on to become habitual users
during adulthood, adolescent onset of regular substance use has been
associated with rapid transition to a substance use disorder (Swift
et al., 2008; Wittchen et al., 2008). The present results suggest that
regular administration of Δ9-THC during adolescence may also have
long-term effects on performance in cognitive tasks that remain latent
until revealed by later Δ9-THC challenge.
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