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Abstract

It is well known that most people who use psychoactive drugs started as teenagers. In spite of this,
there has been little preclinical research on the effects of psychostimulants during adolescence.
Recently, however, a number of laboratories have begun to focus on drug effects in adolescents as
compared to adults. The data show that there are unique responses to drugs during this period of
development. This review will focus on our current understanding of neurochemical and behavioral
drug effects during adolescence.
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Introduction

Most research using animal models of drug abuse has focused on the effects of drugs on brain
neurochemistry and behavior in adult, prenatal, or preweanling animals. Until recently, there
has been little research focusing on the effects of drugs like psychostimulants or cannabinoids
in adolescent rats. However, it is well known that a large number of people who use drugs
started as teenagers. The average age of first use is 12-14 years of age, and there has been a
recent increase in the use of multiple drugs by adolescents L. In addition, illicit drug use by
adolescents (eighth graders) nearly doubled between 1991 (11%) and 1995 (21%) 1 Thecbc

reported that 9.9% of students report initial use of marijuana prior to age 13. Similarly, the
mean age of first nicotine use is 12.5 years, and of first alcohol use is 12 years 3. Between 1997
and 1999 nearly 2 million new users of MDMA were between the ages of 12 and 17, and
approximately 900,000 people in this age group tried cocaine for the first time, according to
the National Household Survey on Drug Abuse 4,

It has been suggested that unique maturational changes occur in neurotransmitter systems and
behavioral repertoires during late childhood/young adulthood and that these changes could
affect a subject’s response in a way that is different from those that are juvenile or adult
animals, levels of pre- and post-synaptic dopamine (DA) content and other neurochemlcal
markers of transmitter activity in the strlatum exhibit a gradual increase until the time of
puberty, when adult levels are reached ©. It has been suggested that cocaine may have a greater
addictive potential among adolescents than adults 7 , perhaps because of the difference in
neurochemical make-up throughout puberty. In fact, young humans around the time of puberty
report negllglble effects after snorting cocaine so they are encouraged to do more to see what
happens
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It has long been questioned whether nicotine leads to cannabinoid use, and similarly, whether
cannabinoid use leads to the use of other drugs, such as cocaine or amphetamine. Recent data
suggest that the age of first marijuana use may be a critical factor in answering this question.
An Australian twin study concluded that early marijuana plays a causal role in the use of other
illicit drugs 9 although others have questioned the conclusions of this study based upon the
fact that twins, while genetically equivalent, do not necessarily experience the identical
environment for review seel0,

The National Survey on Drug Use and Health showed that adults who used marijuana before
age 15 were 6 times more likely to be dependent on an illicit drug than adults who first used
marijuana at age 21 or older 11 In addition, of adults who first used marijuana before age 15,
62% reported lifetime cocaine use, 9% reported lifetime heroin use, and 54% reported
nonmedical use of pharmacotherapeutics. By comparison, among marijuana users who
reported first smoking the drug after age 20, some 16% used cocaine, 1% used heroin, and 21%
used pharmacotherapeutics nonmedically in their lifetime. Among those who had never used
marijuana, 0.6% reported lifetime cocaine use, 0.1% reported lifetime heroin use, and 5.1%
reported lifetime nonmedical pharmacotherapeutic use. These data show that the earlier the
first marijuana use, the more likely one is to use other illicit drugs. If the first use is earlier than
age 15, there is about a four-fold greater likelihood of cocaine use, and a 9-fold greater
likelihood of heroin use than if the initiation was at a later age. While these studies do not
unequivocally show causality, the data suggest that there may be fundamental differences in
the effects of marijuana in preadolescents and young adolescents compared to adults.

It also appears that early use of marijuana can lead to alterations in physical characteristics.
MRI and PET studies show that first marijuana use prior to age 17 leads to smaller whole brain
cortical gray matter and a larger percent of white matter 12 addition, males who begin
marijuana use before age 17 had higher cerebral blood flow than other males. After early onset,
both males and females were smaller in height and weight, with the effect being greater in
males. The authors of this study concluded that “Early adolescence may be a critical period
for effects that are not present when exposure begins later” 12 1n spite of this information,
most of the animal studies that have been done with cannabinoids were done on adult animals.
These findings, along with the most recent data from the NSDUH, clearly show that it is
important to understand the effects of cannabinoids in the preadolescent and adolescent brain
as well as in the adult brain.

The focus of this review will be on laboratory animal studies of psychostimulant drugs
including cocaine, amphetamines and nicotine, and cannabinoid drugs administered during
adolescence. An attempt will be made to include comparisons to similar studies in adult
animals, and the focus will be on studies where direct comparisons were made. Unfortunately,
not all studies include a direct comparison between adolescent and adult animals, thus it is not
always clear whether the observed effects are specific to adolescence, or whether the adolescent
animals respond in a similar manner to adults. Although alcohol is another drug often used by
adolescence, there have been a number of recent reviews on animal models of alcohol use in
adolescence e.g. 13; 14-16 and alcohol studies will therefore not be included in this review.

One of the biggest difficulties in trying to assimilate the available information is that different
labs use different definitions of adolescence and of periadolescence. Since many studies

suggest that the age of treatment is an important factor in determining the outcome of studies,
this shift in the treatment period can alter the results. For the purposes of this review, the

definition of Spear and Brake 17 that periadolescence is approximately the 10 day period prior
to the onset of puberty (which occurs at about 40 days of age in the rat) will be used, and the
period of treatment will be provided for each study. Adolescence encompasses a longer time
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period, and generally rats are considered to be adolescent until approximately day 60, at which
point they are considered to be adults.

I. Psychostimulants

I.A. Behavioral effects—Pharmacologically, periadolescent rats exhibit a reduced
responsiveness to catecholaminergic agonists such as apomorphine 18, clonidine 19,
amphetamine 20, and cocaine 21 and show increased responsiveness to the catecholaminergic
antagonist haloperidol 22; 23, compared to younger or older rats. Spear and Brake 17 suggest
that this hyposensitivity to catecholaminergic drugs may be due to functional immaturity of
presynaptic dopamine autoreceptors in mesolimbic brain regions during the periadolescent
period. They suggest further the possibility that the development of inhibitory autoreceptors
during development may temporarily decrease mesolimbic dopamine function, with activity
levels returning]to normal as the nervous system adapts to the presence of the

autoreceptors1 .

The attenuated behavioral response to catecholaminergic agonists, accentuated behavioral
response to catecholaminergic antagonists, and general hyperactivity when observed in isolated
test conditions are behaviors similar to adult rats with lesions of the VTA, rich in dopamine
neurons projecting to the mesolimbic dopamine regions 17,24

The effects of repeated cocaine administration on locomotor activity and sensitization to the
locomotor-activating effects of cocaine in periadolescent and adult rats have been examined.
Periadolescent (PND 28-34) and adult (PND 60-66) rats were injected with cocaine or vehicle
for seven days and locomotor activity was measured daily 25 Ten days later (PND 44 or 76),
rats either were challenged with cocaine and locomotor activity was measured, or dopamine
transporter and receptor and serotonin transporter binding were examined. Adult rats became
sensitized to the locomotor-activating effects of cocaine during the seven-day treatment and
remained sensitized 10 days later. In contrast, no sensitization developed to the effects of
cocaine on locomotor activity during the treatment in adolescent rats, and a very small increase
in activity was observed 10 days later 25 Table 1 shows a summary of data comparing the
behavioral effects of drug administration in male rats during adolescence and adulthood.
Similarly, in mice, there was a smaller degree of sensitization to cocaine administration during
adolescence compared to adulthood 26 Ina separate study, periadolescent rats showed a
reduced sensitivity to the effects of acute cocaine administration on locomotor activity relative
to adults when tested on days 1 and 3 of a four-day treatment period 21 Two days after the
last treatment, a cocaine challenge injection was administered, and both periadolescent and
adult rats showed sensitization to the locomotor activating effects of cocaine, although it
seemed that the sensitization in the adolescents may have been due at least in part to
conditioning effects, and not solely due to the pharmacological actions of the drug 21,

The behavioral effects of amphetamine in periadolescent and adult male rats also have been
measured 27 28_ |t was found that periadolescent rats were responsive to the activating effects
of amphetamine in a linear dose-dependent fashion, but had a reduced response to the drug
compared to the adult rats. In addition, it has been reported that sensitization to amphetamine
occurred only if treatment was begun after postnatal day 49 29 While conditioned place
preference to amphetamine developed in adult (PND >60) rats, there was no reliable
conditioned place preference in adolescent (PND 30) rats trained with amphetamine 30, In
addition, the adolescent rats appeared to be more impulsive than the adult rats, suggesting a
pattern of greater impulsivity and lower reinforcing efficacy for amphetamine 30, Thus, it
appears that periadolescent rats have a lower reinforcement efficacy than adult rats for
amphetamine.
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There were no significant alterations in the spontaneous motor activity of adult rats that had
been treated with MDMA as adolescents 31. However, in adolescent mice treated daily with
MDMA, cocaine-induced conditioned place preference was not altered initially but was
increased in response to a cocaine challenge two weeks later 32 . Similarly in rats treated with
MDMA during adolescence, cocaine conditioned place preference was increased 31 days later,
when the rats were adults 33 . Similarly, it has been shown that MDMA administration to adult
rats led to increased cocaine self-administration 34. Thus, it may be that MDMA has similar
effects on subsequent cocaine administration in both adult and adolescent rats, although
currently there do not appear to be studies where direct age comparisons were made.

I.B. Neurochemical effects—There are considerable neurochemical changes occurring
during adolescence. In weeks 1-7 after birth (days 1-49) there are significant developmental
changes in the dopamine system 35, During this period, there is a 2-fold reduction in dopamine
turnover, but no change in the density of dopamine uptake sites. During the period of about
21-28 days of age, dopamine D, receptors and GTP inhibition of adenylyl cyclase activity
appear. In addition, dopamine D4 receptors are several fold higher in adolescents than adults
and undergo pruning prior to adulthood 36; 37 Thus the dopamine system in the periadolescent
brain is in a state of flux and is quite different from that seen in postnatal, or preweanling or
adult brains.

Serotonin transporter density in the frontal cortex decreased from periadolescence (PND 25)
until late adulthood, while norepinephrine transporters in the frontal cortex were hlghest at
PND 25, decreased by puberty (PND 50), and then remained stable until old age 8 Inthe
striatum and midbrain, both serotonin and norepinephrine transporter levels remained constant
from weaning (PND 25) through old age. In contrast, dopamine transporter density in the
striatum increased from day 25-50 and then decreased continuously until old age, whereas
densities remained constant in the midbrain 38

After seven days of cocaine injections, at which time adult rats were sensitized to the
locomotor-activating effects of cocaine, there were significant increases in dopamine
transporter density in the caudate putamen, and in serotonin transporter densities in the
ventromedial caudate putamen, nucleus accumbens shell, and the olfactory tubercle compared
to vehicle-treated adult rats 2°. In contrast, in periadolescent rats that did not show sensitization
to cocaine either during or after the treatment, there was no effect of cocaine on either dopamine
or serotonin transporter densities. Table 2 shows a summary of the neurochemical effects of
drug administration to male rats during adolescence and adulthood.

An important question about the different behavioral effects of cocaine in adult and adolescent
rodents is the question of whether differential pharmacokinetics can account for the differences
in behavior. There are a few studies that have begun to address this question. It has been
reported that plasma levels of cocaine subsequent to an acute injection are higher in adult than
in adolescent mice 39 and rats 40 after injection with cocaine. The brain levels of cocaine,
however, were not different in adults and adolescents in either rats 40 or in CD-1 mice 39
There do appear to be some strain differences, in that there were higher brain levels of cocaine
in C57/BL6 adult compared to adolescent mice 39 In both studies, the brain levels of cocaine
did not correlate with locomotor activity, suggesting that different pharmacokinetic properties
of cocaine inadult and adolescent rodents did not account entirely for the differential behavioral
effects of the drug in the two age groups. This is in contrast to studies in adult mice showing
that the concentration of cocaine in brain and locomotor activity levels are highly correlated

3. In contrast to the similarity between brain levels of cocaine in adult and adolescent
animals, methamphetamine levels in striatum are reported to be approximately twice as high
in adult as in adolescent rats in response to a challenge injection compared to adults 44,
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The effects of methamphetamine on dopamine ui)take and binding to the dopamine transporter
were different in periadolescent and adult rats 44, Periadolescent (PND 40) or adult (PND 90)
rats were administered four injections of methamphetamine in a single day and dopamine
transporter density, tyrosine hydroxylase, and dopamine uptake were measured seven days
later. All three measures were significantly decreased in the rats treated as adults, and none
were changed in the periadolescent rats. Similarly, daily injections of methamphetamine for
four days decreased the number of %/rosine hydroxylase-positive terminals in adult (PND 60),
but not adolescent (PND 40) rats 45 and reduced striatal dopamine in adults only 46 In
contrast, tryptophan hydroxylase activity ga measure of serotonin function) was significantly
reduced in both adult and adolescent rats 44.

Treatment with amphetamine for 3 days during periadolescence (PND 33-43) or adulthood
(PND >70) led to sensitization of amphetamine-stimulated dopamine release in adolescents
only 28 There were no differences between adolescent (PND 35) and adult (PND 60) rats in
the expression of c-fos in response to an acute injection of amphetamine 47 After chronic
administration for seven days, however, both cocaine and amphetamine upregulated DeltaFosB
in adolescent, but not adult mice 48.

One drug that has been studied more extensively than most in periadolescent rats is MDMA.
In adult rats, a repeated injection regimen (4 injections in a single day) of MDMA led to a 50%
decrease in striatal serotonin and significant reductions in locomotor activity seven days later
49 MDMA administered on PND 40 or PND 70 acutely increased dopamine levels in the
caudate putamen, but had no effect on dopamine on PND 10 50 Thus, this effect appears to
develop during adolescence.

Administration of MDMA on PND 40 or PND 70 led to decreased serotonin levels in multiple
brain regions, including the frontal cortex and striatum 50_ A similar effect was reported in rats
at PND 35, who exhibited long-term reductions in serotonin, while rats treated on PND 14, 21
or 28 did not have effects subsequent to an acute reduction 51 Rats treated repeatedly with
MDMA (7.5 mg/kg ip twice daily for 3 days) starting at PND 39 had no changes in serotonin
levels or cortical serotonin transporter density 12 days later 33 There was, however, increased
serotonin uptake in whole brain synaptosomes of adult rats treated with a repeated high dose
of MDMA (20 mg/kg ip, twice daily for four days) for at least 21 days after the end of the
treatment ©2. These studies suggest that the adolescent rat is less susceptible than the adult rat
to the neurotoxic effects of MDMA.

IILA. Behavior—Studies have shown that adolescent rats have a unique response to nicotine
compared with adult rats, although the results have varied. Nicotine injections for 10 days
during adolescence produced an increase in nicotine self-administration five weeks after
treatment ended, at which time the rats were adults 53, During treatment with nicotine,
locomotor sensitization did not develop in male 10 adolescent rats in response to repeated
nicotine treatment, although sensitization was observed in adult (PND 60-66) male and female
rats, and adolescent (PND 28-34) female rats 54,55 The same result was seen when adolescent
(PND 28-34) male rats were compared to older adult (PND 90-96) male rats and were tested
three days after the seven-day treatment period 56, Similarly, it has been reported that both
sensitization and nicotine cue-conditioning occurred in adult but not adolescent male rats
during a 10-day treatment period with nicotine 57 In contrast, it has also been reported that
sensitization occurred in both adults and adolescents over a 12-day period of continuous
infusion of nicotine 8. In addition, during continuous infusion of nicotine during PNDs 30—
47, fgénale, but not male, rats showed decreased grooming, the opposite of that seen in adult
rats °°.
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Nicotine self-administration rates are higher in adolescent (PND 50-62 at start) female rats
than in adult (PND 84-90 at start) female rats and this persists into adulthood if administration
is begun during adolescence 60_ 1n addition, adolescent male rats exhibited conditioned place
preference to nicotine at (training began on PND 28 and testing on PND 40), in contrast to
adult male rats (PND 58-70), who did not develop a significant conditioned place preference
to nicotine 61 . Similarly, it has been shown that rats only developed a conditioned place
preference to nicotine when treated early in adolescence (PND 28) but not in later adolescence
(PND 38) or adulthood (PND 90) 62 These findings suggest that adolescence, especially early
adolescence, may be a time of increased vulnerability to the reinforcing effects of nicotine.

Nicotine increased anxiety acutely 63 and this persisted ten days after the end of a five-day
transdermal nicotine patch in adolescent rats, and increased anxiety in mid-adolescent mice
when administered via drinking water for 12 days 53, In contrast to the increased anxiety on
an elevated plus maze test in adolescent rats (PND 30), nicotine appeared to have an anxiogenic
effectin adult rats (PND 60) . Thus, it appears that nicotine has the opposite effect on anxiety
in adolescent and adult rats.

Nicotine exposure in adolescence also has been shown to alter the subsequent behavioral
responses to other classes of drugs. Nicotine treatment for seven days produced cross-
sensitization to cocaine °4 and amphetamine 53 one day after treatment. These effects er5|sted
into adulthood and were evident in response to a challenge 30 days later on PND 65 5 These
effects were not seen in the adult rats or in the adolescent female rats. Similarly, nicotine
administration during PNDs 35-44 led to increased cocaine CPP during adulthood (PND 80)
66 The cross-sensitization in response to adolescent nicotine was not evident for
psychostimulants only, in that treatment with nicotine for 19 days during adolescence (PND
42-60) let to increased fentanyl self-administration during adulthood in male rats, but had no
effect in female rats 67. It is not known whether this effect is specific to the adolescent period,
since the effect of nicotine on opioid self-administration does not appear to have been studied
in adult rats. The increased fentanyl self-administration in males only does not appear to be
related to alterations in corticosterone or adrenocorticotropin hormone, since these hormones
were increased subsequent to nicotine treatment in both male and female rats 67

In another study, nicotine was administered twice daily to mice on PNDs 25-60 and cocaine
conditioned place preference studies were begun 12 days later on PND 72 68 The group that
had been treated with nicotine exhibited less cocaine conditioning than the group treated with
saline. A more recent study showed that there was a dose-effect relationship between the dose
of nicotine used during the treatment period and the effect on cocaine reinforcement 69 In this
study, mice were treated with nicotine on PNDs 25-57 and testing began 28 days later. In
contrast, in rats, treatment with nicotine on PNDs 35-44 produced increased cocaine
conditioned place preference on PND 80, compared to animals treated with water 66 Thus it
appears that treatment with nicotine during adolescence decreased the reinforcing effects of
cocaine in mice and increased it in rats.

[1.B. Neurochemistry—Daily administration of nicotine from PND 28-34 produced no
significant differences in nicotinic acetylcholine receptor (NAChR) densities, as measured by
autoradiography, in the rostral or caudal caudate putamen or nucleus accumbens core or shell
one day later compared to vehicle controls 25, Adult rats pretreated with nicotine for seven
days, however, had significantly greater NAChR densities in the rostral caudate putamen and
the nucleus accumbens core and shell compared to vehicle controls. Nicotine did not produce
any significant differences in the more caudal regions of the caudate putamen in either the
periadolescent or adult rats 25 . Although nACh receptors do not appear to be upregulated in
the adolescent rats treated with nicotine, there is evidence that there is an increased gene
expression of the a5, a6, and B2 nAChR subunits subsequent to 10 days (PND34-43) of
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nicotine administration 93. These changes were not seen in adult rats treated with nicotine
(PND 60-69).

In contrast to once-daily administration of nicotine, during continuous 70-72 o twice-daily
1 administration of nicotine beginning on PND 30 there was an increase in NAChR density
in the midbrain, cerebral cortex and hippocampus that persisted after treatment ended. The
effect was greater in males than in females, although, as the authors point out, this could be
due to the lack of control for dose /0. Since the drug was administered via osmotic minipump,
and the males gained more weight than the females over the treatment period, their effective
dose/body weight was approximately half the starting dose toward the end of the treatment
period than at the beginning. In addition, the female rats were receiving approximately 20%
more drug/body weight than the males. When rats were treated as adults starting on PND 90,
there were also significant increases in nACh receptor density in the same brain regions, and
they remained elevated for a period of time after treatment ended, although for less time than
in the adolescents /0. Again, since dose was not corrected for body weight, and the adults
gained less weight over time than the adolescents, their dose remained fairly constant over the
treatment period, in contrast to the diminishing dose in the adolescents. There was also a small
decrease in choline acetyltransferase activity in the midbrain of adolescent male rats treated
with nicotine, although this was not studied in the adults 3,

Daily injection of nicotine from PND 28-34 produced an increase in dopamine transporter
densities and a decrease in serotonin transporter densities in periadolescent rats, but no change
in dopamine D4 or D, receptor densities on PND 35 25 In adult rats pretreated with nicotine,
there were no changes in dopamine transporter, dopamine D1 or D, receptor, or serotonin
transporter densities.

It has been shown that treatment with nicotine during the periadolescent phase produces an
initial (3—10 days after the treatment) decrease in dopamine turnover in the midbrain, followed
by a later activation of these pathways (30 days after the treatment) “ Dopamine turnover
was altered in adolescent males and females by day 45 of a 2-week continuous infusion of
nicotine that began at PND 30, and some of these changes persisted into adulthood A Acutely,
nicotine did not increase DA levels in the nucleus accumbens of adolescent (PND 35, 45) rats
but did increase extracellular DA in adult (PND 60) rats 75 After 4 days of nicotine
administration, tolerance developed to the effect of the drug on DA release in the adults. This
finding is interesting, but may be confounded by the necessary use of anesthetic to implant the
microdialysis probes on the day before testing. It is not known whether the ketamine/xylazine
mixture has different effects in the adult and adolescent rats that may interfere with the
dopamine and/or nACh systems.

There also appear to be differences in the regulation of acetylcholine (ACh) release in
periadolescent compared to adult rats 27, Both cocaine and nomifensine inhibit ACh release
in vitro in striatal tissue from adult and periadolescent rats, with maximal inhibition occurring
at lower doses in periadolescent rats (i.e. a sensitized effect). Thus, it is possible that there is
an increased cholinergic tone that may mediate the decreased activity following dopaminergic
agonists in the periadolescent group. In periadolescent rats, a more efficient regulation of
cholinergic neurons by dopamine may lead to upregulation of post-synaptic striatal cholinergic
receptors. Behavioral subsensitivity in periadolescent rats could be attributed to increased
cholinergic transmission des_;)ite increased regulatory influence of striatal cholinergic
interneurons by dopamine 27,

Nicotine administration during adolescence has differential effects on early gene expression
than during adulthood. An acute injection of nicotine produced greater induction of arc in
prefrontal cortex, and decreased induction of arc, c-fos and NGFI-B in the somatosensory
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cortex of adolescent than adult rats /6. This suggests that the early gene response to nicotine
administration is different in adult and adolescent rats and may lead to a differential cascade
of events.

It has also been shown that nicotine can alter the serotonergic system in adolescent rats.
Continuous infusion with nicotine for 2 weeks (beginning at PND 30) in adolescent rats
produced an increase in serotonin transporter binding in female rats by day 45 and in male rats
at day 75 77 as well as a decrease in M, muscarinic receptors 78, Both basal and forskolin-
stimulated adenylyl cyclase activity were increased at the same time after this continuous
regimen 78 Further, after the same treatment regimen, there was an increase in 5HT> receptor
binding in male rats aged 45 and 60 that was not apparent in female rats 9,

An acute administration of nicotine on PND 37 or 99 increased plasma corticosterone levels
56 After repeated nicotine injections (PND 28-34, 90-96) for seven days prior, however, there
was tolerance to this effect in the adult but not the adolescent rats 6. Thus, it appeared that
the adults adapted to the repeated nicotine administration, while the response of the adolescents
did not change.

In adult rats, chronic nicotine (1 mg/kg base, s.c. daily for 7 days, killed 2 h later) had no effect
on CB1 receptors in the cerebral cortex, caudate putamen, nucleus accumbens, globus pallidus,
substantia nigra, hippocampus, or dentate gyrus 80, Similarly, there were no changes in CB;
receptor mMRNA, studied using in situ hybridization, except for a small decrease in the septum.
Chronic nicotine did, however, decrease levels of two endogenous ligands for cannabinoid
receptors (arachidonoylethanolamide, AEA, and 2-arachidonoyl-glycerol, 2-AG) in the
striatum and cerebral cortex, and increased these ligands in the brainstem ©*. In contrast,
chronic cocaine (15 mg/kg/twice daily for 10 days) had no effects on any of these measures
80 In studies from our laboratory, we found that chronic treatment with nicotine (0.4 mg/kg/
day base for 7 days) also produced no effect on CB receptors in male adult rats. In contrast,
however, there were significant increases in the medial prefrontal cortex, the dentate gyrus,
and the CA3 region of the hippocampus in adolescent male rats after the same treatment. Thus,
it appears that there are differential changes in the cannabinoid system after nicotine treatment
at different developmental stages.

Ill. Cannabinoids

[II.LA. Behavior—In adult rats, acute administration of low doses of the cannabinoid agonist
CP 55,940 produced decreases in locomotor activity, which persisted over two weeks of
treatment 81. When challenged with cocaine one week later, there were no differences in
cocaine-stimulated activity compared to rats pretreated with vehicle 81, Similarly, if CP 55,940
was co-administered with cocaine for two weeks, there were no differences in the development
of sensitization compared to the effects of cocaine alone. Studies from our laboratory fully
support the data obtained in the adult rats, but show different adaptations in adolescent rats.
We found that seven days of treatment with the cannabinoid agonist WIN 55212-2 (5 mg/kg/
day split into two daily doses) had no effect on the subsequent stimulation of locomotor activity
by cocaine inadult rats (Fig. 1), as reported by Arnold et al. as seen by 81, but led to a significant
increase in cocaine-stimulated activity in the adolescent rats. This finding is supported by a
recent study by Ambrosio and colleagues showing that treatment with CP 55,940 during early
adolescence led to an increase in cocaine self-administration once the rats became adults, and
this effect was greater in female than in male rats 82 Other behavioral changes were also found
in adults who had been treated with CP 55,940 as adolescents, with decreases seen in head
dipping on a hole board test in male rats 83, There were no changes in corticosterone levels in
response to CP 55,940 in any group, thus this could not account for differences seen in male
and female rats.
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[11.B. Neurochemistry—In addition to the behavioral differences between adult and
adolescent rats in response to chronic cannabinoid agonist treatment, there appear to be
differential alterations in receptor density. Cannabinoid receptor density ([3H]CP 55,940
autoradiography) was determined in brain sections from rats treated with WIN 55212-2 or
vehicle for seven days during either adolescence or adulthood. There were significant decreases
in CBy receptors in the CA3 region of the hippocampus in adolescent male rats and in the DG
and CAL regions of the hippocampus in adult male rats. No significant effects of cannabinoid
treatment were seen in the striatum, nucleus accumbens, or substantia nigra of either adolescent
or adult male rats. These findings are consistent with a number of studies in adult rats where
decreases in CB4 density were seen after treatment with A9-THC e.g.84? 85-87 |1 addition to
these changes in the hippocampus, there were significant decreases in the Cgl and Cg2 regions
of the prefrontal cortex in adolescent male rats treated with WIN 55212-2. Thus, both adults
and adolescents exhibited tolerance to the behavioral effects of repeated WIN 55212-2 and
both had changes in CB; receptors in the hippocampus, although the pattern of changes was
different. In contrast, only the adolescent rats had receptor changes in the prefrontal cortex.

Other studies have shown that treatment with WIN 55212-2 for 3 days led to a decreased
responsiveness of dopamine neurons to WIN 55212-2 two weeks later in both adult and
adolescent rats 88, In rats treated during adolescence, however, there was also cross-tolerance
to the increase in firing rate of ventral tegmental dopamine neurons in response to morphine,
cocaine and amphetamine. This cross-tolerance was not evident in the rats treated as adults.

Conclusions

These studies show that there may be an increased vulnerability to the effects of drugs during
adolescence. Nicotine in particular, appears to have more robust effects in adolescent than in
adult rats. The overall findings of the nicotine studies to date suggest that nicotine during
adolescence may lead to increased susceptibility to the subsequent effects of other
psychostimulants. In general, these studies suggest that it is important to examine the effects
of psychoactive drugs in the adolescent population and not to assume that drug effects will be
the same as in adults. To fully understand the response of the developing brain to drugs of
abuse, more studies need to be done where comparisons between adult and adolescent
responses are compared. An additional caveat is that the effects during adolescence appear to
vary greatly in males and females, thus, it is important to compare the two sexes. A greater
understanding of the differences between adult and adolescent drug responses will aid in the
development of appropriate age-specific treatments for substance abuse.
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Fig. 1.

Effects of the cannabinoid agonist WIN 55212-2 during periadolescence (PA) and adulthood
(AD). Rats were treated for 7 days with WIN 55212-2 or vehicle. On day 8, all rats were injected
with vehicle (saline), followed by 1.0, 3.0, 10.0 and 30.0 mg/kg cocaine (i.p.) in a cumulative
dosing regimen (actual injections of 1.0, 2.0, 7.0 and 10.0 mg/kg cocaine). Five min after each

injection, locomotor activity was measured for a total of 10 min for vehicle and for each

cumulative dose of cocaine.
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Table 1

Behavioral effects of treatment with drugs during adolescence vs adulthood. Male data only.

Page 16

Treatment Measure Results Reference

COCAINE

Cocaine 4 days, PND 34-39, 60-70 Locomotor activity Less sensitization in PA than AD 21

Cocaine PND 28-34, 60-66 Locomotor activity PA: no sens; AD: sens 25

AMPHETAMINE

Amp Locomotor activity PA: sens only after PND49 29

Amp 30, 60 CPP PA: no amp CPP; AD: amp CPP 30

NICOTINE

Nic 7 days PND 28, 60 Test 1 or 30 days later Locomotor activity PA: no sens; AD: sens 54,55

Nic 7 days, inj PND 28-34, 90-96, Test 3 days Locomotor activity PA: no sens; AD: sens 56

later

Nic 10 days, PND 28, 70 Locomotor activity, cue PA: no sens, cue conditioning; AD: 57

conditioning sens and cue conditioning

Nic continuous 21 days; PND 30, 60 Locomotor activity PA, AD: NC during tx 89

Nic continuous 12 days: PND 25, 55 Locomotor activity PA, AD: sens during tx 58

Nic continuous PND 30-47 Grooming PA: no change; AD: decreased 59

Nic acute or chronic Anxiety Nic produced anxiety in PA but not in 63-65
AD

Nic 7 days PND 28, 60 Test 1 or 30 days later Locomotor activity PA.: sens to cocaine days 1 and 30; 54
AD: sens to cocaine day 1 only

Nic 7 days PND 28, 60 Test 1 or 30 days later Locomotor activity PA: sens to amp; AD: no change 55

Nic 10 days — test 5 weeks later Nic S-A Increased after tx as PA 53

Nic PND 42-60 Self-administration 1 fentanyl S-A 67

Nic PND 28, 38, 90 Nic CPP CPP only at PND 28 62

Nic PND 28, 58 Test PND 40, 70 Nic CPP CPP only in PA, not in AD 61

Nic PND 25-60 (mice) Tested 12 days later Cocaine CPP | CPP 68

Nic PND 35-44, Test PND 80 Cocaine CPP 1 CPP 66

PA: periadolescent; AD: adult; sens: sensitization; Nic: nicotine; amp: amphetamine; CPP: conditioned place preference; S-A: self-administration; NC:

no change
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Neurochemical effects of treatment with drugs during adolescence vs adulthood. Male data only.

Table 2

Page 17

Treatment Results Reference
COCAINE
Cocaine PND 28-34, 60-66 Test 10 days later PA: NC; AD: 1 DAT, 1 SERT 25
Cocaine PND 35, 63, Test 15 min later (mice) AD had higher plasma coc levels than PA 39
Cocaine binge PND 28, 42, 65 Test 1.5 h later AD had higher plasma coc levels than PA, no diff in brain 40
levels
AMPHETAMINE
Amp PND 35 DA release is lower in PA than AD 27
Amp PND 35 PA more sensitive than AD to coc, nom 27
Amp PND 35, 60 No diff in c-fos in PA vs AD 41
Amp 3 days, PND 33-43, >70 PA: 1 amp stim DA release; AD: NC 28
M-A -4 inj x 1 day, Test 7 days later PA: NC; AD: | DAT, TH, DA uptake; 5-HT: PA, AD: | TPH 44
M-A — 4 days, PND 40,60 PA: NC; AD: | DA, | TH 45; 46
MDMA PND 40, 70, Test 7 days later | 5-HT, DA in both PA and AD 90
MDMA acute — PND 28 | 5-HT 51
MDMA 2 inj x 3 days — PND 39 — 41; Test 12 days later NC in 5-HT or SERT 33
NICOTINE
Nic from PND 28-34, 6066 daily inj PA: 1 DAT, | SERT, NC nAChR; AD: 1 nAChR, NC DAT, 25
SERT
Nic from PND 34-43, 60-69 daily inj PA: 1 05, a6, B2; AD: NC 53
Nic 2 wks, PND 30 PA only Initial 1 DA turnover in STR, PND 50-60 | DA turnover 74
Nic from PND 30-47 or 30-37 continuous PA, AD: 1 nAChR during tx; some persistence 30 days later 70-72
Nic continuous, PND 30-47.5, PA only 1 SERT PND 75; 1 5HT, PND 45, 60 7
Nic PND 30-47.5, PA only PA: | M2 muscarinic, 1 basal and FSK-stim AC 78
Nic PND 30, 70 Baseline arc and c-fos: PA>AD; > 1 in arc in PFC in PA than 76
AD after nic
Nic 4 days PND 31, 41, 56 Nic acutely did not 1 DA in PA; tolerance to 1 DA in AD 75
Nic 7 days, AD NC CB recs or mRNA 80
Nic from PND 28-34 daily inj PA: 1 CB recs in mPFC, hippo; AD: NC 55

Nic 7 days, inj PND 28-34, 90-96, Test 3 days later

AD: tolerance to elevation in corticosterone; PA: NC

PA: periadolescent; AD: adult; sens: sensitization; Nic: nicotine; amp: amphetamine; CPP: conditioned place preference; S-A: self-administration; NC:
no change; DAT: dopamine transporter; SERT: serotonin transporter; nAChR: nicotinic acetylcholine receptor; DA: dopamine; 5-HT: serotonin; coc:
cocaine; nom: nomifensine; TPH: tryptophan hydroxylase; STR: striatum; mPFC: medial prefrontal cortex; CB recs: cannabinoid receptors
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