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Abstract

Expansion of medical marijuana use in the US and the recently successful decriminalization of
recreational marijuana in two States elevates interest in the specific cognitive effects of
AStetrahydrocannabinol (A°THC), the major psychoactive constituent of marijuana. Controlled
laboratory studies in nonhuman primates provide mixed evidence for specific effects of ATHC in
learning and memory tasks, with a suggestion that frontal-mediated tasks may be most sensitive.
In this study, adult male rhesus monkeys were trained on tasks which assess reversal learning,
extradimensional attentional shift learning and spatial delayed-response. Subjects were challenged
with 0.1-0.5 mg/kg A°THC, i.m., in randomized order and evaluated on the behavioral measures.
Peak plasma levels of ASTHC were observed 30 min after 0.2 mg/kg (69 £29 ng/ml) and 60 min
after 0.5 mg/kg (121 +23 ng/ml) was administered and behavioral effects on a bimanual motor
task persisted for up to 2 hrs after injection. An increase in errors-to-criterion (ETC) associated
with reversal learning was further increased by ASTHC in a dose-dependent manner. The increase
in ETC associated with extradimensional shifts was not affected by A9-THC. Spatial delayed-
response performance was impaired by A°THC in a retention-interval dependent manner. Overall
the pattern of results suggest a more profound effect of ATHC on tasks mediated by orbitofrontal
(reversal learning) versus dorsolateral (extradimensional shifts) prefrontal mechanisms.
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1. Introduction

Cannabis has been the most commonly abused illicit drug in the United States across recent
decades and within many generational cohorts (Johnston et al. 2011a; Johnston et al. 2011b).
Understanding the cognitive effects of the primary psychoactive constituent of cannabis
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(delta9-tetrahydrocannabinol or A°THC) are increasingly important with recent successful
efforts to decriminalize recreational cannabis in two US States (Healy 2012). Polysubstance-
using human populations exhibit changes in executive function (Verdejo-Garcia et al. 2010),
but less is known about how the constituent components of those drug combinations (e.g.,
cannabis) alter executive function. It is clear, however, that cannabis-associated alterations
to executive functions (see (Crean et al. 2011a) for review) can have clear and detrimental
effects on personal well-being and work-place competence for some individuals (Crean et al.
2011b).

The macaque monkey is an ideal laboratory species for investigating cognitive effects of
A®THC due to a wide behavioral capability and a distribution of the CB; receptor that
matches that of the human brain (Eggan and Lewis 2007). Although acute A°THC exposure
has been demonstrated to disrupt behavior in a variety of nonhuman primate species (Aigner
1988; Brady and Balster 1980; Branch et al. 1980; Ferraro and Grilly 1974; Galbicka et al.
1980; Hienz et al. 1992; Nakamura-Palacios et al. 2000; Pieper 1976; Schulze et al. 1988;
Schulze et al. 1989; Stark and Dews 1980; Winsauer et al. 2011), most have been equivocal
with respect to memory- or learning-specific effects, as opposed to generally sedative
effects, of ASTHC. As has been briefly reviewed (Taffe 2012b), this may be due to the
deployment of tasks which focus on regions other than the frontal cortex. In cases where
task-specific, trial-difficulty dependent effects of ATHC have been identified, the memory
tasks have frequently involved spatial working memory (Rupniak et al. 1991; Verrico et al.
2012). A prior study from this laboratory (Taffe 2012b) found that THC impairs monkeys’
performance of the Self-Ordered Spatial Search task from the Cambridge
Neuropsychological Test Automated Battery (CANTAB) which is thought to index spatial
working memory and depends on intact frontal cortical function (Collins et al. 1998).

THC interferes with reversal learning but not original acquisition in an odor discrimination
task in rats (Sokolic et al. 2011). CB; receptor null mice display normal learning a Morris
water maze task, but perseverate at the previously-correct location after platform has been
moved (Varvel and Lichtman 2002). Another study found that THC impairs rats’ reversal
learning but not extra-dimensional shifts on a rodent version of the Intra-Dimensional/Extra-
Dimensional Attentional Set Shift Task (ID/ED) procedure (Egerton et al. 2005). Chronic
daily ASTHC has been shown to impair reversal, but not acquisition, of a color
discrimination in stumptail macaque monkeys (Gluck et al. 1973).

The ID/ED task of the nonhuman primate version of the Cambridge Neuropsychological
Test Automated Battery (CANTAB) incorporates a series of two-alternative trial-and-error
discrimination learning problems. It has been shown that performance of Extra-dimensional
shifts in this task depends on intact function in dorsolateral frontal regions in marmoset
monkeys whereas reversal learning depends more on the orbitofrontal cortex (Dias et al.
1996a; 1997). We have also recently developed a spatial delayed-response task variant with
the CANTAB which was sensitive to chronic alcohol consumption in peri-adolescent
monkeys (Crean et al. 2011c). The experiments reported here employed these tasks to
determine the relative influence of acute ASTHC on performance of complex tasks which
depend on intact frontal function.

Our prior studies demonstrated close overlap of ATHC doses that disrupted cognitive
function and those which induced profound hypothermia (Taffe 2012a; b). This is unlike the
rat in which doses which cause hypothermia are higher than those which disrupt cognitive
function. In those previous studies, the effects on cognition in the monkeys were observed
within about 20-30 min of injection whereas hypothermia developed over the second and
third hours after treatment. The study reported here also sought to detail the time course of
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behavioral effects using repeated assessment with a measure of bimanual motor skill and
with evaluation of plasma ASTHC levels up to 2 hrs after intramuscular injection.

2. Materials and Methods

2.1 Animals

Eleven male rhesus monkeys (Macaca mulatta) were used in these experiments. Animals
were of a single birth year and ranged from 5.5-10 years of age during the study. Daily
chow (LabDiet® 5038, PMI Nutrition International, Richmond, IN, USA; 3.22 kcal of
metabolizable energy (ME) per gram or Teklad® 15% Monkey Diet #8714, Harlan
Laboratories, Madison, WI, USA; 3.00 kcal of ME per gram) allocations were supplemented
with fruit or vegetables seven days per week and water was available ad libitum in the home
cage. Animals were food restricted with reference to our prior studies to maintain adequate
body condition scores and stable behavioral responding; see (Taffe 2004a; b). In some cases
this was accomplished with a fixed daily post-testing feeding amount and in other cases this
required adjusting the chow on a daily basis to account for intake of the chow-based
reinforcer pellets. Overall this amounted to daily chow allocations which ranged from 90—
240 grams. Animals on this study had previously been immobilized with ketamine (5-20
mg/kg) no less than semiannually for purposes of routine care and some experimental
procedures. Animals also had various acute exposures to challenge drugs in additional
studies, including THC for a thermoregulatory study (Taffe 2012a). The United States
National Institutes of Health guidelines for laboratory animal care (Clark et al. 1996) were
followed and all protocols were approved by the Institutional Animal Care and Use
Committee of The Scripps Research Institute.

2.2 Behavioral Testing

For behavioral testing, a touch-sensitive computer monitor was placed in front of the animal,
unrestrained in a cage. All subjects had been trained to reach out of the cage to touch the
location on the screen at which visual stimuli were presented to obtain a food pellet reward.
The computer test battery consisted of three variants of the behavioral tasks included in the
non-human primate CAmbridge Neuropsychological Test Automated Battery (CANTAB;
Cambridge Cognition, Cambridge, UK). General descriptions of the individual tasks and the
procedural details have been previously reported (Crean et al. 2011c; Taffe et al. 2004;
Weed et al. 1999; Wright et al. 2012a). The Reversal Learning and Extra-dimensional Shift
Tasks are task variants that have been recently described (Wright et al. 2012a).

2.2.1 Reversal Learning and Extra-dimensional Shift Tasks—These tasks
consisted of a series of two-alternative, visual pattern discrimination tasks from the
CANTAB Intra-dimensional/Extra-dimensional Attentional Shift Task (Dias et al. 1996b;
Weed et al. 1999; Wright et al. 2012a). In brief, the task presented two “line” stimuli and
two “shape” stimuli and the animal was required to determine by trial and error which
stimulus was associated with reward on given stage. Each line stimulus was superimposed
over one of the shape stimuli (hence a Compound Discrimination (CD) in which only one
stimulus dimension was relevant to reward), with the pairings randomized from trial to trial.
Likewise, the side on which the shape stimulus appeared was randomly assigned from trial
to trial. On a given trial, correct selections resulted in screen blank, a pellet delivery and
presentation of the subsequent trial after 5 sec. Incorrect selections resulted in no pellet
delivery and a 9 sec blank screen prior to the next trial. Novel stimulus exemplars were used
for each of the stages run on a given day and were randomized across animals within a given
treatment condition. The criterion for successfully passing a stage was 12 out of 15
responses correct. The primary dependent measure in this task was the number of errors
made prior meeting the criterion for completion (Errors-to-criterion; ETC).
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For the Reversal L earning task, the “shape” dimension of the Compound Discrimination
was always the relevant dimension. Animals were presented with 4 total stages in which
there was an initial novel Compound Discrimination and then a reversal of that
discrimination (i.e., the same stimuli were used by the previously non-rewarded shape was
now rewarded). After completion of the reversal, the animals received a second
discrimination using novel stimulus exemplars, followed by a reversal of that discrimination.
For the Extra-dimensional Attentional Shift task, the monkeys completed an initial CD
stage, a novel CD stage (termed the Intra-dimensional Shift stage) and then an Extra-
dimensional Shift stage featuring new stimulus exemplars in which one of the line elements
was now the reinforced stimulus. After successful completion of the EDS stage, a reversal
stage was run in which the same stimuli were used and the previously un-reinforced line
element was the rewarded option.

2.2.2 Spatial Delayed-Response Task—This task used a modification of the
CANTAB visuo-spatial Paired Associates Learning task (e.g., (Taffe et al. 2002; 2004)
designed to evaluate the decay of short-term spatial working memory. Animals were being
trained on the standard vsPAL (which does not incorporate a variable retention interval) and
this spatial delayed-response probe was assessed 3 months after the initiation of training.
This task is conducted by parametrically increasing the interval between the response to the
sample stimulus and the presentation of the choice stimuli. This task variant used one
stimulus-location pairing for the sample and then probed 4 locations during the choice
phase, constituting 1-stimulus, 4 location trials in the usual vsPAL nomenclature; chance
responding was therefore 25% correct. Initial validation of the task was conducted in the
present study to replicate our initial report with this novel task (Crean et al. 2011c) and to
confirm that performance was systematically reduced with increasing retention intervals; for
this the conditions included the standard 1 sec interval and then 5, 10, 20 and 30 second
delays. Animals were returned to their ongoing vsPAL training (i.e., with standard 1 sec
retention intervals) after this initial validation probe. About a month later, the effect of THC
on the performance of this task was determined. The delays evaluated for the THC
challenges consisted of 1, 3, 5 and 10 seconds due to an initial concern that drug effects
would interact with the retention interval to suppress accuracy and lead to insufficient
responding for interpretation. Monkeys received 10 trials of 1-stim (4-loc) with each of the
delays being evaluated over sequential sessions in a randomized order for each animal.

2.2.3 Bimanual Motor Skill Task (BMS)—A transparent polycarbonate board (10 cm
wide x 25 cm high x 2.75 cm thick) drilled with 15 holes (spaced 13 mm apart in a 3
horizontal x 5 vertical array) was filled with raisins and mounted perpendicular to the door
of the transport cage. Subjects acquire a technique wherein they push the raisin out of the
hole with one finger before retrieving it with the opposite hand, thus entailing bimanual
dexterity. The time elapsed to retrieve all 15 raisins was recorded.

2.3 Drug Challenges

Monkeys were administered acute doses (0.1-0.5 mg/kg, IM) of ASTHC prior to behavioral
testing with active drug challenges being conducted no more than twice per week at 3—4 day
intervals. The first Bimanual Motor Skill assessment was 60 min after injection, the
Reversal Learning, Extra-dimensional Shift and Spatial Delayed Response tasks were started
20 min after injection. Treatment order was pseudo-randomized across subjects for a given
task and the studies were completed within several consecutive weeks. The studies were
conducted with substantial intervals between tasks such that animals were approximately 5.5
to 7 years of age for the Reversal Learning, Extra-Dimensional Shift and Bimanual Motor
Skill Task studies, 9 years of age for the Spatial Delayed-Response task and 10-10.5 years
of age for the plasma blood THC concentration study. The CB1 receptor antagonist
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SR141716 (Rimonabant) was co-injected (0.1 mg/kg, i.m.) in the Bimanual Task to
determine receptor specificity. For injection, ASTHC and SR141716 were suspended in a
vehicle of absolute ethanol, Emulphor and saline in a 1:1:18 ratio. The ATHC was
provided by the U.S. National Institute on Drug Abuse.

Eight of the subjects had received acute, subtoxic doses of 3,4-
methylenedioxymethamphetamine (MDMA) 4 months prior to the Reversal/
Extradimensional Shift studies. These studies were conducted across an interval of 6 months
with interspersed acute doses of compounds for telemetric and behavioral studies which
included THC (0.1-0.5 mg/kg i.m.), MDMA (1.78-2.4 mg/kg, i.m. and/or p.0.), Caffeine
(5-10 mg/kg p.o.), SCH23390 (0.032-0.056 mg/kg, i.m.), raclopride (0.032-0.056 mg/kg,
i.m.), 8-OH-DPAT (0.056-0.1 mg/kg, i.m.). MDMA was administered no more frequently
than once per week and total active drug challenges did not exceed twice per week at 3-4
day intervals. There was an eighteen month interval without any other experimental drug
challenges that preceded the Spatial Delayed-Response study.

2.4 Plasma Sampling

Monkeys were treated with ATHC (0.2 or 0.5 mg/kg, i.m.) in their home cage and then
immobilized with 10 mg/kg ketamine (i.m.) 20 or 80 mins after treatment with ASTHC. The
0.5 mg/kg dose was chosen because in pilot studies for our ongoing work (Taffe 2012a; b), a
subset of the populations were still behaviorally responsive after this dose and it therefore
reflects the outside range.

Once sedated, the monkeys were transferred to the procedure room where blood samples
were drawn. Monkeys were boosted with an additional 5 mg/kg dose of ketamine if sedation
waned during the course of the 30-minute blood draw session. Blood samples, which were
drawn at 30 and 60 mins or 90 and 120 mins after A°THC administration, were then
centrifuged at 2200g for 5 mins. After centrifugation, 500 microliters of plasma was
transferred from each sample to siliconized eppendorf tubes containing 25 microliters of a 1
micromolar cannabidiol solution (in methanol) and refrigerated at —20C. Cannabidiol was
used as an internal standard to control for possible drug degradation while samples were in
storage. Each monkey was treated with both doses of ASTHC over the course of 4 weeks,
with the treatment order balanced across subjects. The study was conducted following prior
administration of THC (0.1-0.5 mg/kg i.m.) and 4-methylmethcathinone (1.78-2.4 mg/kg,
i.m; see (Wright et al. 2012b) in the 2 month interval proceeding, with washout intervals
ranging from 1 week to 1 month. Inspection of the individual plasma data revealed no
apparent effects of the pre-study drug challenges/washout interval, nor of treatment order
within the plasma sampling study.

After thawing, 50 microliters of plasma from each monkey was transferred to a siliconized
eppendorf tube containing 10 nanograms of (-)ASTHC-D3, an internal standard.
Subsequently, 500 microliters of an ethyl acetate/acetonitrile mixture was added and the
tube was vortexed briefly. The tubes were then centrifuged in a cold room (4C) for 10
minutes at 3000 g. The organic top layers were transferred to labeled culture tubes and dried
in a vacuum centrifuge at room temperature (~22C). After drying, the tubes were sealed with
parafilm and refrigerated at —20C until analyzed. Prior to analysis, samples were thawed and
reconstituted with 50 microliters of methanol.

Samples were analyzed by liquid chromatography with triple-quadrupole mass spectrometry
(LC-QgQ MS). During analysis, a 6 pt curve was run from 200 femtograms/microliter to
500 picograms/microliter. The 200 femtograms/microliter standard was at the level of
detection. All standards were run at the beginning of the analysis, in the middle, and at the
end. Individual standards were analyzed every 10 samples to check calibration.
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2.5 Data Analysis

3. Results

Analysis of the behavioral data employed randomized block analysis of variance (ANOVA)
with a consistent within-subjects factor of drug treatment condition. Analysis of the BMS
data employed an additional repeated measures factor of time post-injection. The Reversal
Learning data included two additional repeated measures factors for discrimination vs
reversal stages and for the first and second pairings within a session and the Extra-
dimensional task included a second repeated measures factor for stage. The Spatial Delayed-
Response data were analyzed with a second repeated measures factor of retention interval.
Post-hoc analyses of any significant main effects in the multi-factor ANOVAS were
conducted using the Fisher LSD test including all pairwise comparisons. The criterion for
significance in all tests was p< 0.05. Analyses were conducted with GB-STATV7.0;
Dynamic Microsystems, Silver Spring MD

3.1 Reversal Learning Task

The monkeys (N=10) made more errors-to-criterion (ETC) in reversal learning compared
with learning the original novel discriminations (Figure 1). There was a significant main
effect of stage type (discrimination versus reversal) in the ANOVA [Fy 9 =73.91; p <
0.0001] and an interaction of this factor with the block factor (first vs second discrimination/
reversal pair) in the session [Fq g = 8.23; p < 0.05]. The post hoc test confirmed significant
differences between the second discrimination and reversal pairs (0.1, 0.2 and 0.3 mg/kg
A®THC) and between the first discrimination and reversal pairs after 0.3 mg/kg A°THC
only. In addition, more ETC were made on the first discrimination stage and the second
reversal stage following 0.2 mg/kg A®THC compared with the respective vehicle condition
stages.

3.2 Extra-Dimensional Shift Task

Monkeys (N=7) performance in this task depended on the component of the task as was
confirmed by a significant main effect of stage in the ANOVA [F3,18=26.9; p<0.001]. The
post hoc test likewise confirmed that animals made significantly more errors before reaching
criterion in the EDS stages compared with the IDS stages under every treatment condition,
but there were no differences between treatment conditions in the EDS stage confirmed.
Post-hoc analysis also confirmed that more ETC were made in the EDR compared with EDS
stage after 0.3 mg/kg THC but not under any other treatment condition.

3.3 Spatial Delayed-Response

The monkeys (N=7) accuracy in the spatial delayed response task was detrimentally affected
by ASTHC in a manner that interacted with retention interval as depicted in Figure 2. The
ANOVA confirmed a main effect of drug treatment condition (F3 15=7.5; p<0.002) as well
as trial retention interval (F3 15=31.5; p<0.0001). Post hoc analysis of the behavior
confirmed that significant decreases in the percent correct were obtained relative to the
standard, 1-sec retention interval after the administration of vehicle (10 sec delay trials), 0.1
mg/kg (5, 10 sec), 0.2 mg/kg (5, 10 sec) and 0.3 mg/kg (3, 5, 10 sec) ASTHC. Furthermore,
performance on the 10 sec delay trials was significantly lower than for the 3-sec (all
treatment conditions) and 5-sec (all conditions except 0.3 mg/kg A9THC) trials. The post
hoc test further confirmed that THC impaired performance relative to the vehicle condition
for retention intervals of 5 sec (0.1, 0.3 mg/kg doses) and 10 sec (0.1, 0.2 mg/kg doses); the
performance of the 1 and 3 sec trials was not reliably different from the vehicle condition
under any A9THC dosing condition. These data show that short-term memory for spatial

Neuroscience. Author manuscript; available in PMC 2014 April 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wright et al.

Page 7

location is specifically impaired by A9THC since other task demands (perception, attention,
motor responses, etc) are similar for all trial types.

3.4 Bimanual Motor Skill Tasks

3.5 Plasma

Animals (N=8) were assessed on the Bimanual Motor Skill task immediately prior to
injection and then repeatedly at 60, 90 and 120 min post-injection (Figure 3). These
assessments were done in combination with a telemetry study previously reported (Taffe
2012a) and the conditions included injection with vehicle, 0.3 mg/kg A°THC, 0.1 mg/kg
SR141716 and the combination of 0.1 mg/kg SR141716 and 0.3 mg/kg A°THC. The
ANOVA confirmed that raisin retrieval speed was altered by treatment condition [F3 21 =
4.80; p < 0.05] and time post-injection [F3 21 = 6.70; p < 0.005]. The post-hoc analysis
further confirmed that this was because 0.3 mg/kg A°THC significantly slowed retrieval
relative to the baseline observation when administered alone (60-120 min) or in
combination with SR (90-120 min); no effect of time post-injection were confirmed for the
other treatment conditions. Similarly, retrieval speed was slower after the administration of
0.3 mg/kg A®THC compared with similar times post-injection in the vehicle (60-90 min),
0.1 SR (90-120) and 0.1 SR + 0.3 A°THC (120 min) treatment conditions.

The mean (N=10) peak concentration of 69.3 ng/ml (SEM= 29.3) after 0.2 mg/kg A°THC
was achieved in the first 30 minutes as is depicted in Figure 4. Mean peak plasma levels
(121.3; SEM=23.4 ng/ml) of ASTHC observed after the 0.5 mg/kg dose were reached at the
60 min time point. In both cases a gradual linear reduction in plasma levels was observed
after the peak. The statistical analysis confirmed a main effect of dose [F1,10=12.29;
p<0.01] and a trend for an effect of time post-injection [f3,30=2.6; p=0.07]. The post-hoc
analysis confirmed that plasma levels differed between the dose conditions from 60-120
min post-injection.

4. Discussion

This study distinguished the effects of A°-tetrahydrocannabinol (ASTHC) on tasks which
depend on intact function of distinct frontal cortical mechanism. Using the same set of tasks,
Dias and colleagues (1997) reported that marmosets with orbitofrontal lesions were spared
on extra-dimensional shifts (EDS) but were impaired on reversal learning and, conversely,
marmosets with lateral frontal lesions were impaired on EDS but spared in reversal learning
(Dias et al. 1997). The present data show no effect of acute ATHC on EDS but a dose-
dependent effect on reversal learning. Consequently it is inferred that the effects of THC
were more profound on orbitofrontal function than on dorsolateral prefrontal cortical
function. Expression of the CB1 receptor is relatively high throughout frontal cortex but may
be slightly higher in dorsolateral prefrontal compared with orbitofrontal regions of the
macaque brain, although this difference only amounted to 7 versus 8 on a 10 point scale
(Eggan and Lewis 2007).

The relatively modest effect of ASTHC on spatial working memory, as documented in the
scientific literature, is consistent with the effects on the reversal and extra-dimensional shift
tasks observed here. Although evidence suggests that dorsolateral regions are particularly
important for spatial delayed-response performance in macaque monkeys, it is clear that
orbitofrontal regions are involved as well (Inoue et al. 2004; Mao et al. 1999; Oscar-Berman
1975). Electrophysiological investigations suggest that orbitofrontal regions are more
associated with the evaluation of reward expectancy versus the spatial information
processing (Ichihara-Takeda and Funahashi 2006; 2007; 2008; Tremblay and Schultz 1999)
and are more oriented to stimulus-reward associations than to response-reward associations
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(Rudebeck et al. 2008). These findings are relevant because both reversal and EDS tasks
utilized in the present experiments feature changes in reward association but have minimal
spatial component. Verrico and colleagues found peri-pubescent monkeys were more
impaired by intravenous THC on a spatial delayed-response task than they were on a pattern
delayed match-to-sample task (Verrico et al. 2012). Similarly, monkeys were impaired by
THC on tasks of spatial working memory and visuo-spatial associative learning and memory
in a dose- and task-difficulty dependent manner (Taffe 2012b). Together these results
suggest that the retention of information across time is perhaps less affected by THC than is
the original storage of that information. The present reversal and extra-dimensional shift
results are consistent with that prior study was well. The Self-Ordered Spatial Search task of
working memory and the visuo-spatial Paired Associate Learning task both require the
flexible alteration of responses based on ongoing within-trial contingencies. A previously
correct response becomes incorrect on a response-by-response or trial-by-trial basis,
matching the demands of the reversal learning task in the present study.

Interpretation of regional selectivity of behavioral findings must be tempered by the
recognition that broader circuitry is likely involved. This is particularly important given that
expression of the CB receptor is high in hippocampal regions (Eggan and Lewis 2007),
including the parahippocampal and perirhinal areas associated with object-in-scene memory
(Buffalo et al. 2006; Malkova and Mishkin 2003). A classic paper found that medial
temporal lesions in macaque monkeys impaired concurrent discrimination learning and
spatial delayed-response in addition to the better-remembered effects on delayed non-match
to sample (Zola-Morgan and Squire 1985). Conversely, functional imaging data show
delayed match-to-sample activates dorsolateral prefrontal regions (Hampson et al. 2009) that
are better known for involvement in spatial delayed-response performance in monkeys
(Ichihara-Takeda and Funahashi 2007; Mao et al. 1999). As noted above, monkeys are
impaired by THC on a task which requires associating a specific pattern with a given spatial
location in a dose- and task-difficulty dependent manner (Taffe 2012b). The Spatial
Delayed-Response task in this study may possibly engage temporal mechanisms which were
affected by THC. Finally, there was a hint of a biphasic dose-effect of THC on the initial
discrimination learning since errors in the first CD stage were significantly higher than
vehicle after 0.2 mg/kg THC for the Reversal study and numerically higher than vehicle in
the Extradimensional shift study. This effect would have the tendency to obscure reversal
effects at that dose since if the initial discrimination is not as well-established, reversing the
association may be easier (Wright et al. 2010). The present data also confirm that the 0.02—
0.5 mg/kg range injected intramuscularly produced blood levels of ATHC in the monkeys
comparable to what would be expected in humans smoking marijuana. Humans typically
achieve peak plasma A9THC levels between 60 — 200 ng/ml after smoking MJ (Azorlosa et
al. 1995; Azorlosa et al. 1992; Cone and Huestis 1993; Gorelick et al. 2006; Huang et al.
2001). Marijuana smoke inhalation in monkeys produced 59 ng/ml (Slikker et al. 1991)
while 0.03 mg/kg i.v. produced 140 ng/ml peak plasma levels (Schulze et al. 1988) and 0.3
mg/kg. i.v. produced 1419 ng/ml peak plasma three minutes after dosing (Bailey et al.
1987). Most rodent studies have employed considerably higher 10 — 20 mg/kg doses (Ali et
al. 1989; Biswas et al. 1975; Breivogel et al. 1999; Corchero et al. 2004; Landfield et al.
1988; Romero et al. 1998; Rubino et al. 2000; Sagredo et al. 2006; Wu et al. 2008), though
few data are available regarding the plasma A°THC levels attained.

The outcome of the repeated Bimanual Motor Skill testing for up to 2 hours after injection
was consistent with the plasma study and confirmed that ASTHC effects on behavior were
reasonably consistent across the testing interval. Test sessions in this study, and a prior
investigation (Taffe 2012b), were completed within approximately 60-90 min of initiation
of the task. This experiment further supported the conclusion that the effects of A°THC on
behavior were mediated by the CB; receptor since the SR141716/Rimonabant antagonist
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reversed the slowing of raisin retrieval. This latter result is consistent with a similar reversal
of A9THC-induced hypothermia by Rimonabant (Taffe 2012a); together these results
confirm the specificity of both behavioral and thermoregulatory effects of ASTHC in
monkeys despite a different time-course for effects to develop.

In summary, this study used refined and validated memory procedures to assess the
cognitive effects of the primary psychoactive constituent of marijuana in a controlled
nonhuman primate model. The data verify some aspects of complex cognition are impaired
by acute intoxication with ASTHC including reversal learning and short-term spatial
working memory. Other aspects of similarly complex function, such as discrimination
learning and extra-dimensional attentional shift may be spared. These selective effects
reinforce understanding that effects of this drug on cognition are not an all-or-none
phenomenon.
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Figure 1.

The mean errors-to-criterion are presented for Reversal Learning (upper panel; N=10) and
Extradimensional Shift (lower panel; N=7) tasks. A significant difference from the vehicle
condition within stage is indicated by *, between IDS and EDS stages by & and a difference
between a reversal and the prior discrimination by #. Error bars indicate SEM. Task/stage
abbreviations: Compound Discrimination, CD; Compound Reversal, CR; Intra-dimensional
Shift, IDS; Extra-dimensional Shift, EDS; Extra-dimensional Reversal; EDR.
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Spatial Delayed Response Task
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Figure 2.

The mean (N=7; £SEM) trial completion accuracy on the Spatial Delayed Response task is
given under baseline conditions (upper panel) and following drug challenge (lower panel). A
significant difference from the standard 1-sec retention interval (within treatment) is
depicted by shaded symbols and from both the 1-sec trials within treatment and the vehicle
condition for a given retention interval by open symbols. A difference from the 5-sec and
10-sec trials is depicted by # on the upper panel.
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Bimanual Motor Skill Task

100

B Vveh + veh
90 9 [Jo.1 SR + Veh i
80 4 No.3THC + 0.1 SR
% 20 - [J 0.3 THC + Veh
S 60 -
8 50 -
7 40 -
30 -
20 -
10 -
0 -
Baseline 60 min 90 min 120 min

Figure 3.

The mean (N=8; +SEM) latency to retrieve 15 raisins in the Bimanual Motor Skill task is
depicted for the four treatment conditions. A significant difference from the baseline is
depicted with the # and a difference from the vehicle condition at a given timepoint by *. SR
= SR141716 (Rimonabant).
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