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Abstract
Research suggests that not only is marijuana use prevalent among women of reproductive age, but
a significant number of women continue to use marijuana and its derivatives throughout
pregnancy. Many studies have shown, in both humans and animals, that marijuana exposure
during adolescence and adulthood is detrimental to normal cognition and memory. In this study,
we examined the effects of daily intravenous injections of 0.15mg/kg Δ9-tetrahydrocannabinol
(THC), given to pregnant dams throughout gestation, on cognitive function in the offspring.
Offspring were exposed to three tests: a passive avoidance test at postnatal day (PND) 22, an
active place avoidance test at PND 45, and an attention task at PND 60, which assessed learning
and long-term memory, spatial working memory and prediction, and attention, respectively. Other
offspring were also given a 1mg/kg amphetamine challenge at PND 60. Passive avoidance testing
showed that prenatal THC had no effect on acquisition but interfered with consolidation during
retention testing. The active place avoidance task showed no treatment-related effects on
acquisition but a significant treatment effect was observed in reversal performance in males. The
attention task showed that a smaller percentage of THC-exposed rats completed the test, although
the failure rate of both groups was quite high. Finally, THC exposed animals, both male and
female, showed a dampened locomotor response to amphetamine, but females were more active
than males overall. These results suggest that prenatal THC exposure has effects on certain aspects
of cognitive function in rats from weaning to adulthood. These effects suggest that prenatal
marijuana exposure could also alter cognitive function in humans and therefore have an impact on
school performance and dampen responses to psychostimulants as well.
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1. Introduction
Although it has been shown in both human and animal studies that prenatal marijuana
exposure poses significant threats to normal fetal development, behavior, executive and
cognitive functioning later in life (Bernard et al., 2005);(Campolongo et al., 2011); (Fried
and Smith, 2001); (Jutras-Aswad et al., 2009); (Schneider, 2009); (Richardson et al., 2002),
marijuana remains the illicit substance most commonly abused by pregnant women in the
western world. Estimates for the United States and United Kingdom range from 2–5% of
pregnant women continue to use cannabis and its derivatives throughout their pregnancies
(Jutras-Aswad et al., 2009).

Marijuana use during pregnancy is of utmost concern, as it is commonly thought that there
are few, if any, severely detrimental effects of the drug on fetal development. This
misconception undoubtedly contributes to the continued use of marijuana by young women
during pregnancy (Fried and Smith, 2001). However, it has been shown that THC, the
psychoactive component of marijuana, readily crosses the placenta and enters the fetal blood
supply (Harbison and Mantilla-Plata, 1972); (Hutchings et al., 1989) where it could have
detrimental effects on fetal development.

Studies in humans have shown that not all domains of executive and cognitive function are
affected equally by cannabis exposure. The greatest adverse effects are seen in tasks
requiring analysis and synthesis, planning, and integration in addition to basic
visuoperceptual abilities (Fried and Smith, 2001). Sustained attention has also been shown
to be altered in exposed children (Noland et al., 2005); (Fried and Watkinson, 2001).
Increased child behavior problems and delinquency have also been reported in adolescents
prenatally exposed to cannabinoids (Day et al., 2011); (Goldschmidt et al., 2000).

Previous studies in our lab have examined the effects of Δ9-tetrahydrocannabinol (THC)
administration in rats during various stages of development such as preadolescence (Dow-
Edwards and Zhao, 2008), early and late adolescence (Harte and Dow-Edwards, 2010). This
study aims to examine the effects, specifically on components of cognitive and executive
function, of THC when the exposure is prenatal. Since 200mg/kg of THC has been shown to
cause in utero deaths and reduced body weight in mice (Harbison and Mantilla-Plata, 1972),
we used a substantially lower dose, so as not to cause severe fetal effects. We wanted to
mimic as closely as possible the blood plasma levels of a light daily marijuana user, so we
chose to dose using an intravenous catheter, as IV administration most closely resembles the
pharmacokinetics of inhaled marijuana in humans (Spano et al., 2007).

In order to assess different domains of cognitive and executive function we have chosen a
set of behavioral tests: a passive avoidance test, an active place avoidance test, and an
attention test. As each test utilizes a unique set of cognitive abilities, using them in
conjunction will allow us to tease apart specifically which of the abilities are most affected
by prenatal marijuana exposure in a rat model.

Trezza et al. (2008) have recently reviewed literature concerning the effects of cannabinoid
exposure on developing brain and emphasized the role of endocannabinoids (the endogenous
ligand for the cannabinoid receptor) in neuronal signaling and plasticity throughout the
brain. For example, the endocannabinoid system has been shown to be involved in
development of reciprocal connections of pyramidal neurons in the cortex (Wu et al., 2010).
Additionally, prenatal cannabinoid treatment is associated with increased self-administration
of opiates in adulthood (González et al., 2003); (Spano et al., 2007), changes in social and
open field behavior (Newsom and Kelly, 2008), and changes in motor behavior and
nigrostriatal dopaminergic activity (Navarro et al., 1994). Finally, perinatal and prenatal
exposure to cannabinoids in rats is associated with changes in many neurotransmitter
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systems including DA, 5HT and GABA (Garcia-Gil et al., 1999); (Molina-Holgado et al.,
1996);(Bonnin et al., 1994; Bonnin et al., 1995; Rodriguez de Fonseca et al., 1991). In order
to determine if changes in DA and 5HT systems persisted into adulthood, we challenged
exposed adults with amphetamine. Amphetamine is a drug that targets multiple
neurotransmitter systems, including DA, NE and 5HT, and this broad spectrum of effects is
easily quantified by examining motor behavior in an activity moniter. Therefore, changes in
motor behavior may indicate persistent changes in the DA, NE and 5HT systems that could
be caused by prenatal THC exposure.

2. Methods and materials
All procedures were carried out in accordance with NIH-approved standards under IACUC
approval.

2.1. Subjects and drugs
Adult virgin female Sprague Dawley rats (Charles River, Wilmington, MA) were housed in
a 12-hour light/dark cycle with lights off at 7:00 pm and ad libitum access to food and water.
After 1 week of habituation to our housing conditions, a permanent intravenous catheter was
surgically implanted and secured to the right jugular vein as described in (Spano et al.,
2007). Beginning the day after surgery, the catheters were flushed daily with a Heparin
solution (100U/ml in saline) for 6 days. Pain medication (children’s Tylenol 3cc/100ml) was
mixed with the drinking water for 5 days. On day 7 post-surgery, the rats started receiving
daily intravenous injections of THC (0.15 mg/kg) or vehicle (pluronic acid in saline).
Females were allowed to mate with a male starting on day 9 post-surgery. A sperm positive
smear was considered gestational day 1 (GD1). Pregnant rats continued to receive daily
intravenous injections of 0.15 mg/kg THC from GD1 to GD21. Throughout the pregnancy
and drug treatment, maternal weight was recorded as well as gestational length, total number
of pups birthed, and male/female pup ratio.

Litters were culled to 10 pups, 5 males and 5 females, fostered on postnatal day (PND) 2 and
were moved on PND 5 to a 12-hour reverse light/dark cycle with lights off at 11:00 am.
Pups were weaned on PND 21 and housed in same-sex cages with ad libitum access to food
and water. Each animal was tested only once.

2.2. Passive avoidance
Passive avoidance tests were carried out in a Coulburn Shuttle Box with two equally sized
compartments divided by white Plexiglas and equipped with an electrified floor for foot
shocks and an activity monitor. Two males and two females from each litter were tested on
PND 22 in the task, which involved a 180-second habituation trial, 5 180-second training
trials with intertrial intervals of 60 seconds, and a 1-hour retention test on the same day. The
habituation trial was a 180-second trial with no shock, during which the animal could freely
cross between the illuminated and dark sides of the compartment. During each of the 180-
second trials, the half of the arena occupied by the animal was illuminated by a small light
bulb. The animal would receive a mild (0.5 mA) foot shock upon crossing over to the dark
half of the compartment. Latency to cross was measured for each of the 5 trials and used to
measure the ability of the animals to learn the task. The animals were returned to their home
cage. At 1 hr, the animals were tested for retention which consisted of a single trial with no
shock again using latency to cross as a measure of performance. Retention trials were then
run again at 24 hours and 1 week.
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2.3. Active place avoidance
Equipment used was a Bio-Signal Group (Denver, USA) active place avoidance monitor.
The experiment was conducted in a small (92″ × 77″ × 93″), darkened room. Visual cues
were located at 4 locations around the room which was covered by a black felt curtain. The
testing took place in an arena, a metal disc (32.5″ diameter) that rotated at a rate of 1 cycle
per minute. A tall Perspex wall to prevent the animal from escaping during testing enclosed
the arena but still allowed the animal to see the cues located around the room. The rotating
disc would carry a stationary animal into the shock zone which was a 60° wedge of the
circular arena that was fixed with respect to the room. Upon entering the shock zone, the
animal would receive a mild 0.3–0.5 mA footshock with duration of 500ms and an inter-
shock interval of 1500ms. An infrared camera, which monitored an LED light clipped to the
animal’s back, tracked the position of the animal on the arena. Animals were placed onto the
arena on the side opposite the shock zone. There were three phases to this task.

2.3.1. Acquisition—On PND 45, one male and one female from each litter were given
seven 10-minute acquisition trials (each separated by a 10-minute rest interval) in which to
learn to avoid the shock zone. Total number of entries into the shock zone, total number of
shocks received, and maximum time spent avoiding the shock zone were recorded and used
as measures of performance.

2.3.2. Retention—After a 24-hour period, the animals were given a single 10-minute
retention trial with the shock off. Total number of entries into the shock zone, total number
of shocks, time to first entry, and maximum time spent avoiding the shock zone were
recorded and used as measures of performance.

2.3.3. Reversal—After the retention trial, the animals were given a 10-minute rest period.
They were then given a 20-minute shift trial, with shock on, in which the shock zone had
been shifted 180° with respect to the room. Number of entries into the shock zone, total
number of shocks, and maximum time spent avoiding the new shock zone were calculated
for the first 10 minute interval and the second 10 minute interval of the 20-minute test as
measures of performance. The data from each 10-minute interval were analyzed separately
as the effects of reversal on performance are maximal during the initial reversal period.

2.4. Attention task
Beginning on PND 55, one male and one female from each litter were single housed,
weighed and then food deprived, receiving approximately 2 food pellets/day with ad libitum
access to water. Animals were weighed daily and food pellets adjusted to maintain 85%
(±3g) for males and 90% (±3g) for females of their original PND 55 body weight. Once
these target weights were attained, the rats were started on the attention task, maintaining the
reduced body weight throughout the duration of the task. All testing occurred in the animal’s
home cage, with the animal being held in an empty cage between trials. Wood boxes with
removable lids were used to conceal a food reward (Honey Nut Cheerios®, General Mills,
MN). The boxes were 9 L × 6 W × 4 H cm outside and 7.7 L × 4 W × 3.2 H cm inside. Two
boxes were plain wood and 4 boxes were covered with black rubber, sandpaper, green paper
or white rubber mesh. A thin layer of shavings from the home cage and ½ a crushed Cheerio
were added to the bottom of each box to mask olfactory cues. There was one plain wood lid
without weights (~9g) for pre-training. All other lids were made heavy (~20g) with weights.
The heavy lids consisted of two plain wood lids, one black rubber covered lid, and one
sandpaper covered lid. Each rat was tested for 6 consecutive trials per day with a maximum
trial duration of 5 minutes. Total number of trials to either failure or successful completion
was recorded. There were 4 phases involved in the attention task.
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2.4.1. Habituation and pre-training—The rat was first removed from its home cage and
placed in an empty holding cage. Then a small wooden box full of Cheerios was placed in
the center of the home cage. The rat was returned to the cage and allowed to explore for 5
minutes. After the 5 minutes, the rat was removed, and then the box of Cheerios was
removed and the rat returned to its home cage. After habituation, the animal had a 1-hour
rest until pre-training was started. During pre-training, the rat learned how to remove the lid
from the plain wooden box in order to receive ½ a Cheerio as a food reward. The rat was
randomly placed either to the left or right of the box and the same sequence of placement
was used for all rats being tested that day. The first combination was the plain wood box
with a plain wood lid that was placed slightly ajar. Once the rat was able to remove the lid
and put its whole head inside the box within 2 minutes or less, it was allowed to move on to
the next phase. In the second phase, the plain wood box was paired with the plain wood lid,
but the lid was no longer ajar. The criterion to move on was again to remove the lid and put
the whole head inside the box within 2 minutes or less. The final phase of pre-training
involved switching the plain wood lid to a heavy plain wood lid using the same criterion.
Most rats were able to complete pre-training in fewer than 7 trials. Rats which did not meet
criteria within 10 days (60 trials) were excluded from further testing.

2.4.2. Training—During the training phase, the rat learned to pay attention to cues on the
boxes. One black rubber covered box with a heavy plain lid and 1 sandpaper covered box
with a heavy plain lid were used. The ½ Cheerio reward was always placed in the black
rubber box and the placement of the box, either to the right or left, was randomly determined
by a coin flip and the same sequence was used for all rats being tested that day. The rat was
placed in the middle of the two boxes and given up to 5 minutes to choose a box to open.
Opening and putting its entire head in one of the boxes was considered a choice, and a
correct choice was picking the box containing the food reward. The rat was allowed to move
on to the next phase after making 12 correct choices within 15 consecutive trials. Rats who
failed to achieve this criterion within 60 trials were excluded from continuing the testing.

2.4.3. Extra-dimensional Shift—In the shift phase, the rat learned to shift its attention to
cues on the lids as opposed to the boxes. Two plain wood boxes were used with one heavy
black rubber covered lid and one heavy sandpaper covered lid. Again, the food reward was
always paired with the black rubber lid and placement on the left or right was randomly
determined as described above. The procedure and criteria are the same as for the training
phase. Again, rats that failed to reach criterion within 60 trials were excluded from
continuing the testing.

2.4.4. Distraction phase—The final phase involved introducing new stimuli (distracters).
Instead of the plain wooden boxes, one box was covered in green paper and one was covered
in white rubber mesh. The rats had to learn to ignore these cues and continue to pay
attention to the cues on the lids. The food reward, again, was always paired with the black
rubber lid. The placement of the black rubber lid was randomly determined as described
above. A separate coin flip randomly determined the placement of the white rubber mesh
box. This ensured that the pairing of the black rubber lid with either the green paper or white
rubber mesh box was random and therefore, the box could not provide any cues as to the
location of the food reward. The procedure and criteria were the same as described above
with rats that failed to reach criterion within 60 trials being excluded. Rats who did reach
criterion were considered to have successfully passed the task.

2.5. Amphetamine challenge
One male and one female from each litter were given an amphetamine challenge at PND 60.
Versamax activity monitors (VMRXYZ16; Accuscan instruments, Columbus, OH) were
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used to assess locomotor activity both before and after administration of amphetamine. A
clear Plexiglas box was placed inside the Accuscan recording chamber, which recorded
movement based on the interruption of photobeams. Animals were placed in the Plexiglas
box inside the monitor and locomotor activity was recorded for 3 5-minute time blocks (15
minutes), constituting the baseline activity level. After the baseline 15 minutes, animals
were removed from the chambers, injected with 1mg/kg amphetamine sulfate ip and
returned to the chambers. Locomotor activity was then recorded for 12 5-minute time blocks
(60 minutes).

2.6. Statistical analysis
Data for all tests were analyzed by SAS Statistical Software, v. 9.2 (SAS Institute Inc., Cary,
NC). For all tests, a significance level of p≤0.05 was used.

2.6.1. Passive avoidance analysis—A mixed linear model was constructed, with
power-transformed time to crossover as the dependent variable. About 15% of observations
involved crossover not having been made within the allotted 180 sec. Due to the overall
complexity of the analysis, these right-censored cases were treated simply as having values
of 180s. Fixed effects were treatment, sex, time, and their interactions. Litter was a random
effect. An unstructured intra-subject covariance matrix was modeled. Satterthwaite
corrections were made to denominator degrees of freedom. Model residuals were examined
for skew and for outliers. Three outlying observations (all with times <180s) were excluded
from analysis. Paired t-tests were conducted to compare crossing latency in trials 2–5 with
trial 1 latency.

2.6.2. Active place avoidance analysis
2.6.2.1. Acquisition: A generalized mixed linear model was constructed, with number of
entries as the dependent variable; a negative-binomial distribution was found to fit this
variable. Treatment, sex, trial and interactions among these terms were introduced as fixed
factors; litter as a random factor. A first-order autoregressive structure with homogeneous
variance was found to fit the intra-subject covariance matrix. Satterthwaite corrections were
made to denominator degrees of freedom. Model residuals were examined, and a single
outlying score excluded from analysis. A paired t-test was conducted to compare number of
entries in trial 7 with trial 1 entries.

2.6.2.2. Retention: Time to first entry into the shock zone was used as the dependent
variable. Since 9 of the 39 animals did not reach this endpoint within the allotted 10 min, a
positive stable frailty model was used to account for this right-censoring problem. Fixed
effects were treatment, sex, and their interaction. Litter was a random factor.

2.6.2.3. Reversal: A generalized mixed linear model was constructed, with number of
entries as the dependent variable; a Poisson distribution was found to fit this variable.
Treatment, sex, trial and interactions among these terms were introduced as fixed factors;
litter as a random factor. A first-order autoregressive structure with homogeneous variance
was found to fit the intra-subject covariance matrix. Satterthwaite corrections were made to
denominator degrees of freedom. Two-sample t-tests were performed to assess differences
between treatment groups with respect to mean number of entries into the shock zone for
each time period (0–10min and 10–20min).

2.6.3. Attention task analysis—For each animal, the phase at which failure occurred
was recorded as 1 (pre-training), 2 (training), 3 (shift), 4 (distract) or 5 (successful
completion of all phases). One animal was excluded from analysis for failing to habituate to
the task. A generalized mixed linear model was constructed, with failure phase modeled as a

Silva et al. Page 6

Neurotoxicol Teratol. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



negative-binomially distributed outcome; fixed factors were sex, treatment and their
interaction; litter was a random factor.

For the animals that successfully completed the task, a mixed linear model was constructed
with total number of trials as the dependent variable. Treatment was a fixed factor and litter
was a random factor. Finally, since the number of animals that successfully completed the
test was small, a Kruskal-Wallis non-parametric analysis of the distribution of scores was
also performed.

2.6.4. Amphetamine challenge analysis—A mixed linear model was constructed, with
distance traveled as the dependent variable. Separate analyses were conducted for pre- and
post-challenge conditions. Fixed effects were treatment, sex, and their interaction. Litter was
a random effect. Satterthwaite corrections were made to denominator degrees of freedom.
Model residuals were examined for skew and outliers. Two-sample t-tests were performed to
assess differences in treatment groups.

3. Results
3.1. Physical data

Dams were weighed weekly from gestational day (GD) 1 until GD 22. The difference in
weight gain (GD 22 – GD1) was analyzed with a student’s t-test. There was no significant
difference (t[19]=−0.381, p=0.707) in maternal weight gain between the vehicle and THC
treated dams. Additionally, there were no significant differences between treatment groups
in the birth weights of male pups (t[19]= 0.041, p=0.967) or female pups (t[19]= 0.013,
p=0.989), total number of pups per litter (t[19]= 1.267, p=0.220), or the percent of pups that
were male (t[19]=0.009, p=0.993). (Table 1).

3.2. Passive avoidance results
Passive avoidance was assessed using 82 animals. The vehicle pre-treated group contained
24 males and 24 females from 12 litters and the THC pre-treated group contained 18 males
and 16 females from 9 litters. All animals were able to learn to avoid the shock zone within
the 5-trial period (Figure 1A). Latency to crossing, in seconds, was analyzed for each of the
retention time periods (1h, 1d, 7d) and compared across time accounting for sex and
treatment. There was a significant treatment by time interaction; simple effects analysis
showed change over time in the vehicle pre-treated group (F[2,78]=17.32, p<0.001) but not
in the THC pre-treated group (F[2,75]=0.65, p=0.527). Tukey adjusted pair-wise
comparisons among time points for the vehicle group showed a significant difference
between latency to crossing during the 1d and the 7d retention test (t[78]=5.87, p<0.001),
but not between 1h and 1d or 1h and 7d. The vehicle group showed a significantly increased
latency to cross during the 1d retention test when compared to the 7d retention test (Figure
1B). The THC treated rats showed no change in latency across any of the retention trials.
There was no significant sex (F[1,56.8]=0.07, p=0.791) or litter effect (Z=0.62, p=0.268).

3.3. Active place avoidance results
Active place avoidance performance was assessed using 39 animals at PND 45. The vehicle
pre- treated group contained 11 males and 11 females and the THC pretreated group
contained 9 males and 8 females from 11 and 9 litters respectively.

3.3.1. Acquisition—All animals were able to learn the task so that by the 7th trial they
made fewer than 5 entries into the shock zone (Figure 2A). No significant treatment effect
(F[1,1]=0.14, p=0.773), sex effect (F[1,154]=0.03, p=0.865), or sex by treatment interaction
(F[1,154]=0.30, p=0.585) was seen for number of entries. There was only a main effect of
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trial (F[6,194]=6.60, p<0.0001), with mean number of entries decreasing monotonically
over time.

3.3.2. Retention—There were no significant treatment (p=0.336), sex (p=0.190), or
treatment by sex interaction (p=0.478) effects for time to first entry and so the data are not
shown. There were also no significant treatment-related differences in the maximum time
avoided on the last training trial and time to first entry on the retention test.

3.3.3. Reversal—For both time intervals, there were no significant effects of treatment
(F[1,32]=0.94, p=0.339), sex (F[1,25]=0.86 p=0.368), or treatment by sex interaction
(F[1,25]=0.47, p=0.498). There was only a significant main effect of time (F[1,35]=10.16,
p=0.003), with mean numbers of entries decreasing after 10 minutes for both sexes and
treatment groups. However, a two-sample t-test showed that THC pre-treated males made
significantly (t[18]=2.705, p=0.015) more entries into the shock zone during the first 10
minutes when compared to saline males (Figure 2B).

3.4. Attention task results
A total of 46 animals was used in the task. The vehicle pre-treated group contained 14 males
and14 females, and the THC pre-treated group contained 9 males and 9 females from 14
vehicle and 9 THC-treated litters respectively. An analysis of all the animals in the task
based on their point of failure yielded no significant sex by treatment interaction
(F[1,21]=0.01, p=0.094). There were also no significant treatment (F[1,18]=3.04, p=0.099)
or sex (F[1,22]=0.22, p=0.644) main effects. For the animals that did successfully complete
the task, further analysis was done comparing the total number of trials to completion
between the vehicle and THC pre-treated groups. The mixed linear model analysis showed
no significant litter effect (Z=0.75, p=0.227) and no significant treatment effect
(F[1,11]=4.03, p=0.071). However, these results suggest that there may be subtle differences
between the vehicle and THC pre-treated groups, with THC-pretreated animals tending to
take more trials to complete the task (Figure 3A). A Kruskal-Wallis analysis showed that the
distribution of scores was significantly different between the two treatment groups
(p=0.039) with the THC exposed rats performing more poorly than the controls. The
percentage of animals completing each phase of the attention test also suggested that the
THC treatment impaired performance on the attention task (Figure 3B).

3.5. Amphetamine challenge results
A total of 35 animals was used for the amphetamine challenge. The vehicle pre-treated
group contained 11 males and 8 females and the THC pre-treated group contained 9 males
and 7 females.

The amphetamine challenge was analyzed in two separate time blocks: baseline (minutes 0–
15) and post-challenge (minutes 15–75). For the baseline measurements, there was no
significant litter effect (Z=1.26, p=0.104). There was a significant main effect of sex
(F[1,17.3]=7.81, p=0.012), with females traveling farther than males overall but no
significant effect of treatment on baseline locomotor activity. Post-challenge, there was a
significant litter effect (Z=2.08, p=0.019). There was also a significant sex effect
(F[1,16.5]=28.30, p<0.001), with females traveling farther than males. Finally there was a
main effect of treatment (F[1,16.4]=5.23, p=0.036) indicating that pre-treatment with THC
dampened the locomotor response to amphetamine (Figure 4A &B). There was however, no
sex by treatment interaction, which suggests that although females traveled more than males
overall, the locomotor activity of both sexes was diminished by pre-treatment with THC.
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4. Discussion
Since multiple studies have shown deficits in cognitive function in both animals and humans
exposed to THC during perinatal periods (Campolongo et al., 2011); (Fried and Smith,
2001); (Jutras-Aswad et al., 2009); (Schneider, 2009), we examined the effects of prenatal
THC exposure on 3 measures of cognitive function in male and female offspring: passive
avoidance (acquisition, consolidation, extinction), active place avoidance (acquisition,
retention and learning flexibility) as well as a complex attention test with distracters. We
also examined the effects of prenatal THC exposure on locomotor activity in response to an
amphetamine challenge in adulthood. Generally the prenatal THC treatment did not impair
acquisition of avoidance behaviors but did impair consolidation and sustained attention.
Also, prenatal THC produced dampened motor responses to amphetamine, a response
reminiscent of the responses to psychostimulants in children with ADHD.

4.1. Passive avoidance
A passive avoidance task measuring long-term memory function was examined from PND
22–29, a time corresponding to pre-adolescence in humans (Spear, 2000). The passive
avoidance task is a common test of associative learning, and is also appropriate for use at
this age (Ehman and Moser, 2006). Animals that had been prenatally exposed to THC
showed normal rates of acquisition of the task but no change in latency to cross into the dark
chamber across the three retention tests. Controls, on the other hand, showed a significantly
increased latency to cross on the 1-day retention test, i.e., they exhibited consolidation of the
fear-based contextual memory, which subsequently extinguished during the 7-day retention
test. This was not seen in the THC-treated rats (Figure 1).

The passive avoidance task tests acquisition of an avoidance response and the long-term
memory of the fear association. All animals were able to learn to avoid the shock (noxious
stimulus) as seen by the increased latency to cross during the 5 trials for both treatment
groups. This indicates that prenatal THC exposure does not significantly affect acquisition
of an avoidance behavior and supports the fact that the shock stimulus used was sufficiently
noxious to elicit the avoidance response. Others have reported that developmental
manipulation of the cannabinoid system does not affect performance of similar spatial
learning tasks. For example, Varvel and Lichtman (2002) reported that CB1 knock-out mice
learned the Morris water maze as well as control mice, but showed impairments in reversal
learning. We also found THC-induced differences in behavior only following the acquisition
phase (i.e., during retention testing). While the vehicle treated rats showed an increased
latency to cross into the dark chamber on the 1-day retention test when compared with the
1hr and 7-day retention test, there was no significant change in latency to cross during any
of the retention trials in the THC treated group. Returning the animal to the chamber where
the avoidance training had taken place should produce an avoidance behavior similar to that
seen during acquisition. Interestingly, this was not seen in either group at the 1 hour
retention test (Figure 1B) perhaps due to limited consolidation of the fear response soon
after acquisition. On the other hand, at the 1 day retention test, the controls showed an
increase in latency to cross which suggests that they exhibited consolidation of the fear
response, a phenomena which usually requires 24 hr and benefits by a period of intervening
sleep (Chang et al., 2009). THC-treated rats did not show this increase in latency on the day
1 test suggesting that the prenatal THC treatment disrupted the normal function of the
circuits that mediate consolidation.

There is ample evidence for the involvement of the cannabinoid system in several phases of
learning and memory (see review by (Lutz, 2007). CB1 receptors and endocannabinoids
mediate short and long term modulation of synaptic transmission and have been shown to be
involved in neural plasticity mechanisms related to processing of fear memories in the
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amygdala (Marsicano et al., 2002); (Azad et al., 2004); (Chevaleyre et al., 2007) and
hippocampus (Chevaleyre et al., 2007); (Jutras-Aswad et al., 2009); (Lin et al., 2009);
(Belue et al., 1994). Both fear memories and extinction memories are acquired, stored and
retrieved in these brain areas but utilize distinct neuronal circuits (Herry et al., 2010).
Consolidation specifically has been shown to be enhanced by intra-hippocampal
administration of anandamide and impaired by intra-hippocampal injection of AM251, a
cannabinoid antagonist, in an inhibitory avoidance paradigm (Herry et al., 2010). However,
intrabasolateral amygdaloid administration of a cannabinoid agonist decreased consolidation
of a similar inhibitory avoidance task (Campolongo et al., 2009). Therefore, cannabinoid
receptors in both the hippocampus and the basolateral amygdala seem to be involved in
memory consolidation and failure to consolidate may suggest a relative decrease in the
effectiveness of the endogenous cannabinoid system (akin to an antagonist injection) in one
or both of these brain regions.

Also, glutamatergic projections from the infralimbic region of the prefrontal cortex have
been associated with the consolidation of context-based memories (Kaplan et al., 2011);
(Millan et al., 2011); (Quirk and Mueller, 2008). Since prenatal activation of the
cannabinoid receptor CB1, has been shown to have adverse effects on glutamatergic
neurotransmission (Antonelli et al., 2005), it is possible that abnormal development of this
glutamatergic projection from the prefrontal cortex may contribute to the disruption of
consolidation of contextual memories. Therefore, disruption of the endocannabinoid control
of synaptic activity in the key brain regions involved in consolidation of fear memories may
have been manifested in our study.

Failure to show consolidation (and extinction) in the THC-treated rats may also be related to
a delay in maturation of the response since normal PND 17 rats do not show long-term
extinction (24 hours following the initial extinction) while normal PND 24 rats do show this
response (Kim and Richardson, 2010). If the prenatal treatment induced a delay in the
maturation of the brain regions involved in consolidation and extinction, then we may
expect to see abnormal patterns. However, since the brain regions involved in acquisition of
the association of the context with the fear are intermingled with those regions involved in
consolidation and extinction learning, it is unlikely that a simple developmental delay could
account for the results obtained. Since none of our animals received postnatal cannabinoid
treatment, our results suggest that a developmental difference in the endocannabinoid
system due to prenatal exposure to THC could have persistent effects after birth and thus
alter both the consolidation of the fear memory and the subsequent extinction of this effect.
A more detailed assessment using classical methodologies across the life span should clarify
this potentially significant effect of prenatal THC exposure. Since strategies which enhance
extinction have been used clinically to treat post-traumatic brain disorders and chronic
anxiety, further understanding of the role of the endocannabinoid system and its disruption
by developmental cannabinoid exposure in consolidation and extinction is warranted.

4.2. Active place avoidance
Active place avoidance, which measures spatial working memory and predictive ability, was
tested on PND 45 and 46. Cimadevilla et al. (2001) showed that females were slower to
reach optimal performance than males. However, these sex differences disappear by PND
45, making active place avoidance an appropriate test of cognitive function at this age.
Active place avoidance (APA) tests the ability of the animal to use prediction, timing,
spatial navigation and working memory to avoid receiving a shock. Retention tests for long-
term memory and reversal tests for flexibility in learning and the ability to ignore a
previously learned strategy and establish a new one. Although there was some suggestion
that treated rats performed slightly better than controls during the acquisition phase, there
was no significant difference between the groups and both groups learned to avoid the shock

Silva et al. Page 10

Neurotoxicol Teratol. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



zone (Figure 2A). There was no treatment effect on the retention trial (data not shown). On
the contrary, Mereu et al. (2003) found that prenatal cannabinoid agonist, WIN 55,212-2
produced memory deficits following passive avoidance training at PND 40, a finding which
is not consistent with ours perhaps due to differences in the amount and potency of the
cannabinoid agonist given as well as the age of testing. Surprisingly, we also did not see a
treatment-related effect on consolidation of the active place avoidance test since the
relationship between the maximum time avoided on the last training trial and the time to first
entry on the retention trial (24 hours later) was similar in the controls and the THC exposed
rats. However, since consolidation of the avoidance response did not occur in the controls
(perhaps due to increased impulsivity at this age) we were unable to see any treatment-
related effects on this measure. On the reversal trial in our APA test, treated males
performed more poorly than the control males (Figure 2B). Studies with both humans and
animals exposed to cannabinoids prenatally and/or perinatally have shown deficits in these
abilities (Fried and Smith, 2001); (Moreno et al., 2003); (Schneider, 2009). Previous
findings in our lab using the APA paradigm have also shown that rats exposed to THC
during early adolescence demonstrated significant impairments compared to controls in the
reversal phase of the APA task but adolescent exposure impaired performance in both male
and female exposed rats (Harte and Dow-Edwards, 2010). A number of conditions could
have contributed to this difference.

Firstly, the age at which the THC exposure occurred was different in our 2 studies. The
present study utilized a prenatal exposure while the previous study utilized a periadolescent
(PND 22–40) exposure. Cannabinoid receptors are undergoing modification in brain regions
critical to learning and decision making, such as the hippocampus and cortex, throughout
postnatal development (Belue et al., 1994). Additionally, since adolescence is a period of
refinement in functional connections, drug administration during this period can have
different and/or greater effects than prenatal exposure particularly if the drug interacts with
the refinement process. Thus, THC exposure may be more effective in altering connections
in hippocampus and cortex necessary for the reversal learning of the APA task in adolescent
females compared to the prenatal period. We also found that females were more sensitive to
the locomotor altering effects of THC compared to adolescent males (Harte and Dow-
Edwards, 2010).

Secondly, the current study tested at PND 45, late-adolescence (Spear, 2000), while our
earlier work (Harte and Dow-Edwards, 2010) tested at PND 70, adulthood. The age of
testing could be a possible factor in the differences we found in the rats’ ability to perform
the reversal task. The findings of Cha et al. (2006) suggest that spatial and non-spatial
learning are more affected in adolescents than adult male rats by acute THC exposure,
however, chronic THC exposure during either age group showed no significant impairment
of either type of learning. However, Cha et al. (2006) do point out that adolescence is a time
of dynamic changes in the brain. Pruning, or the reduction of the connections between
neurons, occurs throughout the brain during adolescence and since our rats were still
developing during testing, we might see different effects in adulthood. It would be
advantageous to repeat the experiment at different testing ages to examine this possibility.

4.3. Attention task
The third test was the attention task, which utilized young adult rats (~ PND 60) (Spear,
2000) prenatally exposed to THC or vehicle. The attention task is designed to test sustained
attention through a complex series of phases, during each of which an animal must learn to
pay attention to one set of cues but not another in order to receive a food reward. At each
phase, the cues change, the only consistent factor being the pairing of the reward with the
black rubber stimulus, whether this be on the box containing the reward or on the lid of the
box. Because the rats must undergo multiple trials over multiple days, they must not only
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learn and remember the rules of the task, but also pay attention to the location of the cue in
order to receive a reward. While performance of all treatment groups was poor (many did
not complete the task), our data suggest that prenatal THC produces attention deficits as
shown by the increased number of trials to successfully complete the attention task
compared to the controls as well as a reduction in the percent passing each phase of the task
(Figure 3).

Disorders of attention and inattention in children prenatally exposed to marijuana have been
described (Fried and Smith, 2001); (Jutras-Aswad et al., 2009). Our results support the idea
that prenatal THC exposure, independent of polydrug and environmental factors, alters the
development of the circuits that mediate attention including the prefrontal cortex. We found
that our prenatal exposure impaired performance in this test since relatively more treated rats
failed early in the testing and the percent completing the entire task was lower (Figure 3).
One of the setbacks in this study was the relatively small number of animals that completed
the entire task. Our earlier experience with this task using adolescent animals suggested that
the task is relatively easy for younger rats (Harte and Dow-Edwards, 2010). Since it is
impossible to be sure an animal will successfully complete the task, it would be
advantageous to repeat the study with younger animals which seem to perform better overall
on the task.

4.4. Amphetamine challenge
Finally, we tested the locomotor responses of both treatment groups to an amphetamine
challenge at PND 60. The amphetamine challenge is not a test of cognitive function.
However, because numerous studies show abnormal development of the dopaminergic
system due to prenatal treatment with THC in animals (Garcia et al., 1996); (Moreno et al.,
2003); (Navarro et al., 1994); (Rodriguez de Fonseca et al., 1991) and humans (Wang et al.,
2004), as well as the potential clinical use of psychostimulants in the treatment of behavior
disorders, it becomes important to test the function of the dopaminergic system in animals
exposed to THC prenatally. While we found no alteration in baseline locomotor activity in
exposed adults, we did see first that females overall were significantly more active than
males in response to the amphetamine, and secondly that both males and females that had
been exposed to THC showed dampened locomotor responses to amphetamine when
compared with their vehicle exposed counterparts (Figure 4). Others have found that
perinatal exposure to cannabinoids alters the normal development of dopaminergic neurons
in the nigrostriatal, mesolimbic, and tuberoinfundibular pathways (Rodriguez de Fonseca et
al., 1991). Since dopaminergic neurons, especially in the nigrostriatal and mesolimbic
pathways, are involved with reward, motivation and the motor response to psychostimulants,
prenatal disruption of the normal development of these neurons could be the cause of the
motor differences we observed in adulthood. Perinatal exposure to oral THC also has been
reported to alter the behavioral responses to D1 and D2 agonists. That is, Moreno et al.
(2003) reported that oral THC throughout pregnancy dampened the locomotor responses to
apomorphine, a direct DA agonist although responses of DA autoreceptors were found to be
enhanced (Newsom and Kelly, 2008).

CB1 receptors are often co-localized with dopamine receptors on GABA and glutamate
containing neurons especially in the striatum (Herkenham et al., 1991) and the mesolimbic
pathway (Szabo et al., 2002), suggesting that actions at both of these receptors are involved
in both locomotor and reward responses. Although chronic THC treatment has been shown
to cause a loss of cannabinoid receptors in the adult rat (Breivogel et al., 1999), our data are
consistent with the report of Castelli et al. (2007) who found enhanced functional
responsivity of CB1 receptors in striatum in adult males exposed to the cannabinoid agonist
WIN 55,212-2 prenatally. Activation of CB1 receptors can dampen the increase in
amphetamine-induced dopaminergic output in the nigrostriatal pathway, and thus attenuate
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the locomotor response (Gorriti et al., 1999). Giuffrida et al. (1999) showed that
endocannabinoids may be important in homeostatic responses to psychostimulants since
cocaine increased the endogenous cannabinoid anandamide in the striatum which
subsequently dampened the response to cocaine. Although not thoroughly understood, there
are multiple examples of reduced motor activity following cannabinoid administration (see
review by (Giuffrida et al., 1999) supporting the suggestion that an enhanced responsivity of
basal ganglia CB1 receptors following prenatal THC exposure results in a relative increase
in the effects of the endocannabinoid system and a decrease in the response to
psychostimulants. The enhanced responsivity of endogenous cannabinoids produced by
prenatal THC could be the mechanism for the dampened locomotor response to the
amphetamine challenge we saw in adulthood.

Our findings also show that the time of exposure to THC can affect the behavioral response
to amphetamine. A study of rats exposed to THC or a CB1 agonist during adolescence, the
most common age of initiation of marijuana use in humans, showed no differences in
behavioral response to amphetamine between treated and untreated groups in either
adolescence or adulthood (Ellgren et al., 2004). This suggests that the effects of
cannabinoids on the development of the dopaminergic system during the prenatal period is
unique (effects differ from exposures at older ages) and may have an impact on behavioral
responses later in life as shown by the dampened response to the amphetamine challenge.

5. Conclusions
The results of these studies demonstrate that prenatal THC exposure has little effect on
acquisition of avoidance behaviors but rather impairs consolidation and reversal learning
during the juvenile and adolescent periods. The results also suggest that performance on an
attention test was impaired in adulthood, although the effect was subtle, perhaps due to the
age of the subjects at the time of testing. There was a robust decrease in the motor response
to amphetamine challenge in the prenatal THC exposed groups tested in adulthood. Further
testing at younger ages would be helpful in providing translational information relating to
ADHD. Clearly, the results indicate that prenatal exposure to relatively low doses of THC is
detrimental to the neurobehavioral development of the offspring and clinicians should advise
women to avoid marijuana consumption during pregnancy.
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Highlights

• Prenatal THC administration using a clinically-relevant rate of drug delivery has
long term effects on components of executive function in the rat offspring

• Juvenile rats exposed to THC prenatally show normal acquisition of avoidance
behaviors but impaired consolidation of this response

• Adolescent rats exposed to THC show normal acquisition of avoidance
behaviors but impaired ability in task reversal

• Adult rats exposed to THC prenatally show impaired attention throughout many
phases of the task (acquisition, reversal and distraction)

• Adult rats exposed to THC prenatally show normal behavioral responses to
novelty but dampened behavioral responses to amphetamine challenge
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Fig. 1.
Latency in seconds to cross to the dark chamber during each of the 5 acquisition trials (A)
and during the three retention tests (B). PND 22 rats received either prenatal vehicle or daily
THC exposure. In A, * indicates a significant difference from trial 1 latency assessed with
paired t-tests, all with p<0.001. In B * indicates a significant difference from latency at one
week (t[45]=5.265, p<0.001). There were no differences in latency across the retention tests
for the THC-exposed rats.
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Fig. 2.
Number of entries into the shock zone during active place avoidance acquisition assessed in
PND 45 vehicle or THC pre-exposed rats (A) * indicates a significant difference in number
of entries on trial 7 versus trial 1 (t[38]=6.210, p<0.001). (B) Number of entries in the shock
zone on the reversal trial (first 10 min and second 10 min) for males and females in the
vehicle and THC-exposed groups. * indicates a significant difference from control
(t[18]=2.705, p=0.015).
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Fig. 3.
(A) Total number of trials to completion for rats that successfully completed the attention
task for vehicle and THC pre-exposed rats.* indicates a significant difference between the
groups (p=0.039, Kruskal-Wallis) (B) Percent of each group passing each phase of the
attention task. Following the distractor phase, greater than 50% of the controls passed the
test while only 30% of the prenatal THC treated rats successfully completed this last phase
of the test.
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Fig. 4.
Locomotor activity (total distance traveled, in cm) during pre- and post-amphetamine
challenge for male (A) and female (B) vehicle or THC pre-exposed rats. *Denotes
significant difference between treatment groups (t[78]=5.87, p<0.001).
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