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Abstract

Objective—Epidemiological findings suggest that, relative to adults, adolescents are more

vulnerable to the adverse persistent effects of cannabis on working memory. However, the

potential confounds inherent in human studies preclude direct determination of a cause-and-effect

relationship between adolescent cannabis use and heightened susceptibility to persistent working

memory impairments. Consequently, the authors examined the effects of repeated exposure to Δ9-

tetrahydrocannabinol (THC) on performance of spatial and object working memory tasks in

adolescent monkeys.

Method—Seven pairs of male adolescent rhesus monkeys, matched for baseline cognitive

performance, received vehicle or THC intravenously 5 days/week for 6 months. Performance on

spatial and object memory tasks was assessed 23 or 71 hours after drug administration throughout

the study. In addition, acute effects on working memory were also assessed at the beginning and

end of the 6-month period.

Results—Relative to the vehicle-exposed control animals, those with repeated THC exposure

had a blunted trajectory of accuracy improvements on the spatial working memory task in a delay-

dependent manner. Accuracy improvements on the object working memory task did not differ

between groups. Relative to the acute effects of THC on working memory at the beginning of the

study, neither sensitivity nor tolerance was evident after 6 months of THC exposure.

Conclusions—Because maturation of performance is later for spatial than for object working

memory, these findings suggest that persistent effects of THC on cognitive abilities are more

evident when exposure coincides with the developmental stage during which the underlying neural

circuits are actively maturing.
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Working memory impairments are well-established acute effects (i.e., occurring within 6

hours of exposure) of cannabis in adult users (1), and these impairments are associated with

altered activation of the prefrontal cortex (2–4). However, persistent effects (i.e., occurring 7

hours to 20 days after exposure) of cannabis on working memory appear less consistently in

adult users than in adolescent users (5–8). Initiation of cannabis use during adolescence has

also been associated with lower IQ in adulthood (9) and an increased risk for the later

appearance of schizophrenia (10), a disorder characterized by working memory impairments

(11). Although these studies suggest that adolescents may be more vulnerable to the adverse

effects of cannabis on executive functions, the prevalence of cannabis use among youths

aged 12 to 17 continues to increase (12).

In both humans and monkeys, performance on working memory tasks improves from

childhood until the end of adolescence (13, 14). Age-related working memory improvements

reflect, in part, refinements in prefrontal cortex circuitry (15, 16). Consistent with this

relationship, the time course of circuitry maturation in distinct pre-frontal regions is

positively correlated with performance on working memory tasks that are most closely

associated with neuronal activity in that region. For example, both spatial working memory

performance and dorsolateral prefrontal cortex circuitry mature later than object working

memory performance and ventrolateral prefrontal cortex circuitry (17, 18). Therefore, spatial

working memory may be particularly susceptible to the adverse effects of cannabis use

during adolescence. Consistent with this interpretation is our recent report that acute

administration of Δ9-tetrahydrocannabinol (THC), the main psychoactive molecule in

cannabis, to rhesus monkeys at an age when spatial working memory performance is

continuing to improve and becoming increasingly dependent on dorsolateral prefrontal

activity (14, 19, 20) selectively impaired the accuracy of spatial working memory, relative to

object working memory, in a dose- and delay-dependent manner (21). An important aspect

of this finding was that the effects occurred at THC doses that are comparable to those

obtained by smoking an average cannabis cigarette; indeed, the profile of THC plasma

levels produced after smoking a cannabis cigarette and intravenously injecting THC are very

similar (22). However, whether spatial working memory is also more sensitive to the

persistent adverse effects of repeated THC administration has not been examined as far as

we know. Moreover, adults who heavily use cannabis demonstrate tolerance to some acute

cognitive effects (23), but whether repeated exposure during adolescence causes tolerance to

the acute effects of cannabis on spatial working memory is unknown.

Studies in monkeys provide the opportunity to control for individual and environmental

factors that can affect working memory performance, as well as the ability to examine the

effects of repeated THC administration in a controlled manner. We examined in adolescent

rhesus monkeys whether 6 months of repeated intravenous THC administration, compared

with vehicle administration, would 1) result in persistent adverse effects on performance

improvements of spatial versus object working memory tasks and 2) alter sensitivity to the

acute effects of THC on these tasks.

Verrico et al. Page 2

Am J Psychiatry. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Method

Subjects

Experimentally naive Chinese-origin rhesus monkeys (Macaca mulatta), 14–18 months of

age, were obtained as a cohort (N=14) and singly housed in cages with environmental

enrichment in the same room. Because of group size limitations, only males were studied to

minimize sources of variance, such as potential differences due to gender. At a mean age of

23.9 (SD=0.6) months, the animals were placed on a water-regulation regimen and trained to

respond to cues on a touch-screen monitor, as previously described (24). None of the

monkeys showed evidence of dehydration at any time, and all of the monkeys gained weight

(~0.1 kg/month) throughout the study period. All procedures were conducted in accordance

with U.S. Department of Agriculture and National Institutes of Health guidelines and with

the approval of the University of Pittsburgh’s Institutional Animal Care and Use Committee.

Working Memory Tasks

Details of the tasks were described previously (21). Briefly, the working memory and

control trials for both the spatial and object memory tasks (Figure 1) had delays of 1, 4, 8,

and 16 seconds. The spatial memory task was always performed before the object memory

task to ensure that floor effects, which could be induced by partial satiation associated with

water reinforcement, did not confound the spatial memory measures. In an effort to offset a

potential order effect, the object memory task had two reinforcement conditions,

distinguished by color. The animals were paired to counterbalance assignments to THC or

vehicle (see below); therefore, blue or yellow objects indicated double reinforcement for

three pairs of monkeys while red or green objects indicated double reinforcement for the

other four pairs of monkeys. Baseline accuracy on the spatial memory and double-

reinforcement object memory trials was better than on the single-reinforcement object

memory trials, demonstrating the effectiveness of this design. For both tasks, the trials were

divided evenly into two blocks and within each block, all delays, reinforcement conditions,

and working memory and control trials were randomized.

THC and Vehicle Administration

At least 2 months before THC or vehicle administration, a polyethylene catheter was

inserted into a jugular vein, tunneled subcutaneously, and attached to a vascular access port

at the center of the animal’s back (24). Monkeys resumed training following a 10-day

recovery period.

The National Institute on Drug Abuse’s Drug Supply Program provided THC (in 100%

ethanol). Each day (~15 minutes before administration), the ethanol was evaporated under a

stream of purified nitrogen and the THC was suspended in a vehicle containing ~1%

Tween-80 and 0.9% saline (25). The THC and vehicle solutions were stored in light-

protected test tubes on ice until administered through the indwelling vascular access ports.

Study Design

Figure 2 shows the number of weeks each monkey pair participated in each of the four study

periods (baseline, acute 1, repeated dosing, and acute 2). At a mean age of 27.6 months

Verrico et al. Page 3

Am J Psychiatry. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(SD=1.1), the monkeys began 4–5 weeks of the baseline training period, during which no

THC was administered (24). Performance during the last week of the baseline period (week

0 of the persistent effects study) was used to counterbalance group assignments, which

ensured that the mean levels of baseline performance accuracy were not significantly

different between the THC and vehicle groups on the spatial memory trials (t=0.47, df=12,

p=0.64), double-reinforcement object memory trials (t=−0.94, df=12, p=0.36), or single-

reinforcement object memory trials (t=−1.04, df=12, p=0.32) (21).

During week 1 of the persistent effects study, at a mean age of 28.6 months (SD=1.2), the

monkeys began 5–10 weeks of acute period 1, during which various doses of THC (15–240

μg/kg, generally in an ascending order) or vehicle were administered (for details, see

reference 21 and the methodological information in the data supplement accompanying the

online version of this article). During acute period 1 (and acute period 2) working memory

performance was measured immediately before and 30 minutes after administration of THC

or vehicle. Acute period 1 revealed the dose at which each monkey in the THC group

became acutely intoxicated, as reflected by a marked decline of performance across tasks.

On the basis of these findings, during the 17–22 weeks of the repeated-dosing period the

monkeys assigned to the THC group received either 120 (N=3) or 240 (N=4) μg/kg of THC

5 days a week. For weeks 1–27 of the persistent effects study, working memory

performance was measured 23 hours (Tuesday–Friday) or 71 hours (Monday) after the most

recent administration of THC or vehicle. At week 28, the monkeys began 2 weeks of acute

testing (acute period 2), during which two doses of THC (120 and 240 μg/kg), common to

acute period 1 and the repeated-dosing period, were administered.

Statistical Analyses

For each task and delay, seven performance measures were obtained. Results for the primary

measure of interest, working memory accuracy rate (correct trials as a percentage of those

completed), are reported here. The remaining measures (initiation latency, control trial

accuracy rate, and completion rate and reaction latency for both working memory and

control trials) are presented in the online data supplement for the spatial working memory

task.

The primary analysis was done separately for each task and delay by week because no

significant effects of day were detected in preliminary analyses. For accuracy rates, the

number of correct trials out of completed trials was modeled by a binomial distribution with

a logit link function and with monkey treated as a normal random effect. A subsequent

summary measure, area under the curve (AUC), for accuracy rates was computed as the

weekly average of the daily AUC: 1.5 multiplied by the accuracy rate at the 1-second delay,

plus 3.5 multiplied by the accuracy rate at the 4-second delay, plus 6 multiplied by the

accuracy rate at the 8-second delay, plus 4 multiplied by the accuracy rate at the 16-second

delay. AUC was assumed to follow a normal distribution, and monkey was treated as a

normal random effect. Based on the observed weekly accuracy rates (Figure 3 parts A, C,

and E), a segmented linear model over weeks was implemented, with response at baseline

(week 0) used as a covariate. As illustrated in Supplemental Figure 1 (in the online data

supplement), two connected line segments (referred to subsequently as phase 1 and phase 2)
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were used to model the logit of response and the AUC (online Supplemental Figures 2A and

2B show the goodness of fit for the segmented line in comparison to the smoothed data). A

second model that combined delays was implemented to allow comparisons across delays.

The primary analyses allowed separate segmented linear models fitted to the THC group and

to the vehicle group for both logit of weekly accuracy rates and also for weekly AUCs. Each

model had an initial slope representing linear accuracy improvement (phase 1) followed at a

particular change point by a possibly different slope of linear accuracy improvement (phase

2) for the remainder of the 27 weeks. The parameters for each model, taking into account the

repeated observations within each monkey over the weeks of the study, were estimated by

the method of maximum likelihood, which is a commonly used, effective method of

estimation in complex models. These estimates provided the basis for Figures 3 and 4, as

well as the basis for related inference. The maximum likelihood estimation for this nonlinear

repeated-effects model was implemented in SAS with the NLMIXED procedure (SAS

Institute, Cary, N.C.). A more detailed justification of this method is given in the online data

supplement, which also contains additional study details.

Analysis of the second acute period was similar to that used for the first acute period (21).

The percentage change of accuracy rates, from before to after THC or vehicle

administration, was computed for the THC doses administered repeatedly and was assumed

to follow a normal distribution, while period, group, delay, and their interactions were

treated as fixed effects.

Results

Persistent Effects

Figure 3 parts A and B display observed and estimated accuracy rates over time for the

spatial working memory trials. Accuracy rates increased significantly for both groups on all

delays during phase 1 (t≥4.83, df=13, p≤0.001 in all cases). However, the improvement

during phase 1 was significantly slower for the THC group on the 4-, 8-, and 16-second

delays (t≤−4.16, df=13, p≤0.001 in all cases). Additionally, the length of phase 1 was

significantly longer for the THC group by 3.2, 9.5, and 8.4 weeks for the 1-second (t=2.60,

df=13, p=0.03), 4-second (t=5.10, df=13, p<0.001), and 8-second (t=4.34, df=13, p=0.001)

delays, respectively. For the 16-second delay, the difference was 9.0 weeks (t=1.59, df=13,

p=0.14). During phase 2 the only significant slope effects were on the 1-second delay for the

THC group, which was negative (t=−2.37, df=13, p=0.04), and on the 4-second delay for the

vehicle group, which was positive (t=2.67, df=13, p=0.02). The estimated difference

between the THC and vehicle groups at the change point (Figure 3 part B) was negative for

all delays but not significant (p>0.14 in all cases), and the phase 2 slopes (i.e., the rate of

change in accuracy between the change point and week 27) did not significantly differ for

the 4-, 8-, or 16-second delay (p>0.19 in each case). However, for the 1-second delay the

difference was significant (t=−2.63, df=13, p=0.03).

Figure 4 parts A and B display observed and estimated AUCs for the spatial task. Compared

with vehicle, THC 1) significantly slowed the rate of improvement during phase 1 (t=−2.76,

df=12, p=0.02), 2) significantly extended (by 8.4 weeks) the length of phase 1 (t=2.59,
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df=12, p=0.03), 3) significantly lowered accuracy at the change point between phases (t=

−2.60, df=12, p=0.03), but 4) did not significantly affect phase 2 slopes (p=0.71).

In order to compare performance across delays, we fit a model that included all four delays.

The difference between change points was significantly smaller for the 1-second delay than

for the 4-second (t=2.53, df=55, p=0.02) and 8-second (t=2.43, df=55, p=0.02) delays. For

technical reasons, the 16-second delays could not be compared (see the supplemental results

in the online data supplement).

Figure 3 parts C and D display observed and estimated accuracy rates for the double-

reinforcement object working memory trials. Accuracy rates increased significantly (t≥2.27,

df=13, p≤0.04 in all cases) for both groups during phase 1 on all delays except the 1-second

delay for the vehicle group (t=2.14, df=13, p=0.06) and the 4-second delay for the THC

group (p=0.24). The only significant difference between groups was on the 8-second delay.

Compared with vehicle, THC 1) significantly slowed the rate of improvement during phase

1 (t=−3.09, df=13, p=0.009), 2) significantly extended the length of phase 1 (t=6.50, df=13,

p<0.001), but 3) did not significantly affect accuracy at the change point between phases

(p=0.18), and 4) did not significantly affect phase 2 slopes (p=0.13).

Figure 4 parts C and D display observed and estimated areas under the curve for the double-

reinforcement object memory trials. These data revealed no significant differences between

groups. The model with all four delays showed that the difference in change points between

groups did not depend on delay. These results indicate that THC had no consistent effects on

performance of the double-reinforcement object working memory trials.

The observed and estimated accuracy rates (Figure 3 parts E and F) and AUC (Figure 4 parts

E and F) for the single-reinforcement object working memory trials also indicate that THC

had no consistent effects on performance in these trials (see supplemental results in the

online data supplement).

Performance on the other six performance measures did not differ between the THC and

vehicle groups, and there were no apparent trends in p values (see Supplemental Tables 1–6

in the online data supplement).

Acute Effects

THC impaired spatial, but not object, working memory accuracy in a delay-dependent

manner during the first acute period (21). This same pattern was observed during the second

acute period (Figure 5 parts A, B, and C), and the spatial working memory impairments did

not differ significantly between the two acute periods (group-by-period interaction: F=0.22,

df=1, 70.9, p=0.64; group-by-period-by-delay interaction: F=0.07, df=3, 69.8, p=0.97).

Consistent with a delay-dependent effect of THC on spatial working memory, the combined

results from the two acute periods revealed an overall significant group-by-delay interaction

(F=2.73, df=3, 70.1, p=0.05).
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Discussion

The present study in adolescent male rhesus monkeys was designed to determine 1) if the

persistent effects of repeated THC administration during adolescence would differentially

influence improvements on spatial versus object working memory tasks and 2) if repeated

THC exposure would affect sensitivity to the acute effects of THC on working memory

performance. We found that 1) relative to vehicle exposure, repeated THC administration

impaired the age- and practice-related improvements in accuracy on the spatial working

memory task in a delay-dependent manner but did not impair improvements in accuracy on

the object working memory task at any delay or reinforcement level and 2) neither tolerance

nor sensitivity developed to the acute effects of THC on working memory performance after

6 months of repeated exposure.

The persistent effects of THC on the spatial memory task were observed between ~29 and

35 months of age (roughly equivalent to the early teen years in humans), which corresponds

to the developmental stage when spatial working memory ability increasingly depends on

dorsolateral pre-frontal cortex circuitry in rhesus monkeys (14). For example, temporarily

disrupting neuronal activity in the dorsolateral prefrontal cortex (by reversible cooling)

while a monkey performs a spatial working memory task does not significantly impair

performance until monkeys are ~30 months of age (19), and the percentage of dorsolateral

prefrontal cortex neurons that are active during the delay period when a monkey performs a

spatial working memory task doubles between 12 and 36 months of age (20). Although the

neural mechanisms underlying the selective effect of THC on spatial working memory

reported here remain to be determined, it is interesting that levels of cannabinoid-1 receptor

(CB1R) protein are higher in monkeys’ dorsolateral prefrontal cortex than in their

ventrolateral prefrontal cortex (26) and that the density of CB1R-containing axons in

monkey dorsolateral prefrontal cortex changes during adolescence (27). Moreover,

electrophysiological and lesion studies have revealed that spatial working memory

preferentially activates the dorsolateral prefrontal cortex, whereas object working memory

preferentially activates the ventrolateral prefrontal cortex (28–30). This neuroanatomical

dissociation suggests that spatial and object working memory may have different

developmental trajectories in monkeys, as they do in humans (18), with object working

memory reaching adult levels of performance earlier in development.

Our finding of a persistent THC effect selective for spatial working memory, under well-

controlled experimental conditions in adolescent monkeys, is consistent with previous

reports in humans that heavy cannabis use during adolescence has a more profound effect on

cognitive functions than similar use during adulthood. For example, relative to cannabis use

during adulthood, adolescent cannabis use is associated with greater neuropsychological

deficits (6–8, 9, 31), altered neural activation patterns in the prefrontal cortex during

working memory task performance (3, 4, 32), and an increased risk of developing

schizophrenia (10), a disorder characterized by working memory impairments (11). In

concert, these findings support the hypothesis that immature cognitive abilities are

particularly vulnerable to the deleterious effects of THC and suggest that adolescent

cannabis use is an important public health concern. This concern is heightened given recent

reports that the proportion of 12–17-year-olds who are experimenting with cannabis is
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increasing while the proportion who regard smoking cannabis as carrying a great risk of

harm is declining (12).

Tolerance/Sensitivity to THC Following Repeated Exposure

Repeated exposure of monkeys to THC for 6 months did not appear to affect sensitivity to

the acute impairing effects of THC on spatial working memory previously observed when

the monkeys were drug naive (21). Although rodents demonstrate tolerance to cannabinoids

(33), evidence from human studies is inconsistent (23), which is likely due to between-study

differences in the extent of prior cannabis use (i.e., amount, frequency, and years of use), the

interval between most recent cannabis use and the testing day (i.e., withdrawal effects), and

the within-study intervals between cannabis or THC exposure and testing (i.e., time of

testing relative to peak THC level). However, when THC concentrations and levels of

subjective high were similar in groups of occasional versus heavy users, tolerance to the

acute impairing effects of THC was more evident in the heavy users (34). The current study

controlled the extent of previous THC exposure, the interval between the most recent

exposure and testing, and the interval between THC administration and testing. Thus, our

finding that repeated exposure does not produce tolerance to the acute impairing effects of

THC on working memory suggests that adolescents might remain susceptible to the acute

cognitive deficits caused by cannabis regardless of their history of use.

Limitations

It is possible that completing the spatial task before the object task could confound

comparisons of performance across tasks. Nonetheless, the motivational demand (i.e.,

thirst), reinforcer (i.e., water), motor requirements (i.e., responding to stimuli on a touch

screen), and attentional requirements (i.e., attending to the sample stimulus by touching it in

each trial) were identical for both tasks. In fact, the selective impairment of performance on

the spatial task is particularly striking given that the object task 1) was always completed

after the spatial task, when motivation might have been reduced owing to partial satiation of

thirst and 2) placed a greater load on mnemonic processes associated with recalling the color

and shape of a stimulus, versus recalling the location of the stimulus. That is, because

accuracy on the more difficult object working memory task, which required similar

nonmnemonic processes but greater motivation, was not impaired by THC at any delay, our

findings suggest that THC selectively disrupted the mnemonic processes required to

maintain visuospatial information transiently. In fact, many studies concerning the effects of

cannabinoids on memory tasks in humans, monkeys, and rodents used a fixed order, did not

counterbalance the order of task presentations among subjects, or did not specify an order of

presentation (35–41). Moreover, THC impairs spatial working memory at doses that do not

affect motor or other cognitive processes in adolescent rodents (42). Thus, it seems unlikely

that counterbalancing the tasks or always presenting the object task before the spatial task

would have altered the current findings. Our findings also suggest that the selective

impairment on spatial working memory was not due to impaired motor, motivational, or

attentional processes. Indeed, cannabinoids do not cause acute impairments (1) or persistent

impairments (43, 44; but see 40) on purely attentional tasks in human cannabis users. Thus,

although adolescence is characterized by protracted refinements in mesolimbic incentive-

motivational circuits (45), our findings suggest that THC-induced effects on motivational
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processes are not likely to account for 1) the persistent spatial working memory deficits

observed in adolescent cannabis users (41) or 2) the adverse effects of cannabis on

educational performance (46).

It is important to note that intravenous THC administration is not isomorphic to smoking

cannabis. Cannabis contains other cannabinoids (e.g., cannabidiol), as well as terpenoids and

flavonoids (47), some of which could enhance or offset the effects of THC (48, 49).

Potential Clinical Implications

Our findings provide well-controlled experimental data indicating that repeated THC

exposure during adolescence causes persistent impairments in working memory processes

that 1) are selective for spatial memoranda, 2) persist during the period of exposure, and 3)

do not alter the acute cognitive effects of THC. These findings suggest that cannabis use

during adolescence may result in poorer academic performance (50) even in the absence of

acute drug use, which heightens concerns associated with the increasing use of cannabis

among adolescents (12). In addition, these findings provide support for adolescent cannabis

use as a risk factor for the later appearance of schizophrenia, since abnormalities associated

with adolescent cannabis use (e.g., working memory impairment and altered dorsolateral

prefrontal cortex functioning) may be present before the onset of psychosis in individuals

with schizophrenia (51, 52).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Spatial and Object Working Memory Tasks Performed by Adolescent Monkeys Exposed Repeatedly to THC or Vehicle
a In the spatial working memory trials (part A, top), a sample stimulus appeared at one of the four corners of the touch screen.

The monkey had to touch it. Immediately following this response, a fixation cue stimulus appeared at the center of the screen.

The monkey had to touch the fixation cue stimulus and thus could not remember the target location by continuing to touch it. A

randomly selected delay (1, 4, 8, or 16 seconds) ensued. At the end of the delay period, choice probes appeared at each corner of

the screen. The monkey had to touch the probe at the location occupied by the sample stimulus appearing earlier in the trial.

Spatial memory control trials (part A, bottom) were distinguished by the appearance of a single probe at the same location

occupied by the sample stimulus appearing earlier in the trial.
b In the object working memory trials (part B, top), a sample stimulus appeared at the center of the touch screen. The monkey

had to touch it. A randomly selected delay (1, 4, 8, or 16 seconds) ensued. At the end of the delay period, choice probes

appeared at the corners of the screen, distinct in color and shape. The monkey had to touch the probe that matched the sample

stimulus appearing earlier in the trial. Object memory control trials (part B, bottom) were distinguished by the reappearance of

the sample stimulus at the center of the screen. In an effort to offset a potential order effect, the object memory task had two

reinforcement conditions, distinguished by color. The animals were paired to counterbalance assignments to THC or vehicle;

therefore, blue or yellow objects indicated double reinforcement for three pairs of monkeys while red or green objects indicated

double reinforcement for the other four pairs of monkeys.
c For all trials and both tasks, the monkeys were allowed 20 seconds to respond to the sample stimulus and 20 seconds to

respond to the choice probes. If a monkey failed to respond during the allotted times, the trial was recorded as an omission.
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FIGURE 2. Number of Weeks in Each Study Period for Pairs of Adolescent Monkeys in Comparison of THC and Vehicle Exposure
a Within each pair, one monkey received THC and the other received vehicle.

b Acute effects were determined by assessing performance immediately before and 30 minutes after administration of THC or

vehicle.
c Persistent effects were determined by assessing performance 23 or 71 hours after administration of THC or vehicle.
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FIGURE 3. Observed and Estimated Mean Rates of Working Memory Accuracy in Adolescent Monkeys Repeatedly Exposed to THC
or Vehicle

a Left panels show the mean observed working memory accuracy rates by week and delay for the vehicle and THC groups on

the spatial task (panel A) and on the double-reinforcement (panel C) and single-reinforcement (panel E) trials of the object task.
b Right panels show the mean estimated working memory accuracy rates derived from the two-phase statistical models of the

observed data for the spatial task (panel B) and for the double-reinforcement (panel D) and single-reinforcement (panel F) trials

of the object task.
c For both groups on both tasks and both object reinforcement conditions, accuracy rates increased for an initial period of time

(phase 1) and then reached a point (change point) before the rate of increase substantially slowed, flattened, or slightly declined

(phase 2).
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FIGURE 4. Observed and Estimated Mean Rates of Working Memory Accuracy, Expressed as Area Under the Curve (AUC), in
Adolescent Monkeys Repeatedly Exposed to THC or Vehicle

a Left panels show the mean observed area under the delay curves by week for the vehicle and THC groups on the spatial task

(panel A) and on the double-reinforcement (panel C) and single-reinforcement (panel E) trials of the object task.
b Right panels show the mean estimated area under the delay curves derived from the two-phase statistical models of the

observed data for the spatial task (panel B) and the double-reinforcement (panel D) and single-reinforcement (panel F) trials of

the object task.
c For both groups on both tasks and both object reinforcement conditions, accuracy rates increased for an initial period of time

(phase 1) and then reached a point (change point) before the rate of increase substantially slowed, flattened, or slightly declined

(phase 2).
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FIGURE 5. Mean Acute Change in Working Memory Accuracy From Pre- to Postinjection of THC or Vehicle in Adolescent Monkeys
Before and After 6 Months of Repeated Exposurea

a During the first acute period, increasing doses of THC (or vehicle) were administered in order to determine the dose at which

each monkey in the THC group became acutely intoxicated, as reflected by a marked decline of performance across tasks. Acute

period 1 preceded the 6-month repeated-dosing study, which used stable doses, and acute period 2 came after the repeated-

dosing study. During the second acute period, performance (measured as the percentage change in accuracy from pre- to post-

drug administration) of monkeys in the THC group was assessed following administration of the same THC doses used

throughout the repeated-dosing study, either 120 μg/kg of THC (three monkeys) or 240 μg/kg of THC (four monkeys).
b Panel A: independent of delay, performance on the spatial task during the first acute period was similar to performance during

the second acute period for both the THC and vehicle groups.
c Panel B: performance on the double-reinforcement trials of the object task during the first acute period was similar to

performance during the second acute period for both the THC and vehicle groups.
d Panel C: performance on the single-reinforcement trials of the object task during the first acute period was similar to

performance during the second acute period for both the THC and vehicle groups.
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