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Abstract

Adolescence is a phase of development during which many physiological and behavioral changes
occur, including increased novelty seeking and risk taking. In humans, this is reflected in
experimentation with drugs. Research demonstrates that drug use that begins during adolescence is
more likely to lead to addiction than drug use that begins later in life. Despite this, relatively little
is known of the effects of drugs in adolescence, and differences in response between adolescents
and adults.

PCP and ketamine are popular club drugs, both possessing rewarding properties that could lead to
escalating use. Drug sensitization (or reverse tolerance), which refers to an increase in an effect of
a drug following repeated use, has been linked with the development of drug cravings that is a
hallmark of addiction.

The current work investigated the acute response and the development of sensitization to PCP and
ketamine in adolescent and adult rats. Periadolescent Sprague-Dawley rats (30 days or 38 days of
age), and young adults (60 days of age) received PCP (6 mg/kg IP) or ketamine (20 mg/kg IP)
once every three days, for a total of five drug injections. Adolescents and adults showed a
stimulant response to the first injection of either drug, however the response was considerably
greater in the youngest adolescents and lowest in the adults. With repeated administration, adults
showed a robust escalation in activity that was indicative of the development of sensitization.
Adolescents showed a flatter trajectory, with similar high levels of activity following an acute
treatment and after five drug treatments. The results demonstrate important distinctions between
adolescents and adults in the acute and repeated effects of PCP and ketamine.
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1. Introduction

Recreational drug use often begins in adolescence and drugs of abuse can alter the brain and
behavior during this vulnerable phase of life. Age of first exposure to an addictive substance
is a large contributing factor to future dependence and abuse, with earlier onset translating to
greater abuse potential later in life (Anthony and Petronis, 1995). Approximately 9% of
individuals aged 12-17 are current users of some illicit substance (SAMHSA, 2015). The
transition from drug use to addiction is not clearly understood; however, it is widely
accepted that repeated administration of addictive drugs results in changes to the brain that
increase motivation to seek drugs, ultimately contributing to compulsive use (Chambers et
al., 2003; Dale et al., 2015; Robinson and Berridge, 1993, 2000, 2001, 2003; Trujillo and
Akil, 1995; Trujillo et al., 2008; Wise and Bozarth, 1987; Zarate et al., 2006).

Two drugs of abuse that are often used by youth are Phencyclidine (PCP) and ketamine,
especially in dance clubs and party settings (Dillon et al., 2003; Hopfer et al., 2006; Trujillo
etal., 2011). These drugs are referred to as dissociatives because of their unique
psychoactive effects, including alterations in visual perception and out-of-body experiences.
Some of the desired effects of dissociatives are an increase in empathy, religious ecstasy, and
transcendence of time and space; however, psychotomimetic effects, anxiety, panic,
paranoia, and cognitive impairments can also ensue (Jansen, 2000; Kleinloog et al., 2015;
White and Ryan, 1996).

Aside from their recreational use, PCP and ketamine have medical applications that include
analgesia and anesthesia (Jouguelet-Lacoste, et al., 2015; Nalini et al., 2016; White and
Ryan, 1996). Ketamine produces fewer dissociative effects than PCP and the effects are
shorter lived, allowing for broader clinical use. Ketamine is better tolerated in children than
adults. Children exhibit decreased psychotomimetic effects that are characterized by bad
dreams and hallucinations (Cho et al., 2014; Green et al., 2009; Green et al., 2011). Aside
from applications in pain relief, ketamine is also a fast-acting antidepressant that has been
used with notable success in cases where traditional antidepressants are not effective. PCP
and ketamine both produce schizophrenic-like symptoms that make them useful in the
laboratory as pharmacological tools in animal models of schizophrenia (Elsworth et al.,
2015; Jentsch et al., 2000; Jentsch and Roth, 1999; Laruelle et al., 2003; Morgan et al.,
2006; Olney and Farber, 1995; White and Ryan, 1996; Xu et al., 2015).

PCP and ketamine share a mechanism of action as non-competitive antagonists of AV-methyl-
D-aspartate (NMDA\) receptors. Ketamine has a lower affinity at this site and a shorter
duration of action, thus exerting fewer undesirable effects than PCP (Corssen and Domino,
1966; Tricklebank et al., 1989; Wong et al., 1986). NMDA receptors increase during early
development, peak in adolescence and then begin to decline, reaching a stable number in
adulthood (Colwell et al., 1998; Henson et al., 2008; Insel et al., 1990; Luo et al., 1996). In
humans, this phenomenon may help explain age-dependent disorders that involve glutamate
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and that often emerge during the teenage-years, such as schizophrenia, depression, and drug
abuse. Additionally, because NMDA receptors are late to reach maturity, the drug response
to drugs that act at NMDA receptors may differ between adolescents and adults.

One important behavioral endpoint in the neuroplasticity of drug abuse is sensitization
(Castellani and Adams, 1981; Nabeshima et al., 1987; Robinson et al., 1998; Robinson and
Becker, 1986; Robinson & Berridge, 1993; Trujillo, 2002; Trujillo and Akil, 1995; Trujillo
et al., 2008; Uchihashi et al., 1993; White and Kalivas, 1998; Xu and Domino, 1999).
Behavioral sensitization occurs when repeated administration of a drug leads to an increased
behavioral response, such as increased locomotor activity. Sensitization is produced by
neural changes that are also thought to be involved in the development of drug cravings.
Drug cravings are considered to be a key component in the transition from casual drug use to
compulsive abuse (Robinson and Berridge, 1993, 2000, 2001; 2003; Trujillo and Akil, 1995;
Wise and Bozarth, 1987).

Similarly to other drugs of abuse, repeated administration of PCP and ketamine produces
locomotor sensitization in animal models (Abekawa et al., 2002; lwamoto, 1986; Phillips et
al., 2001; Scalzo & Holson, 1992; Trujillo et al., 2008; Uchihashi et al., 1993; Xu &
Domino; 1994a; 1994b).

Age differences in the development of sensitization have been examined for several drugs of
abuse. Specifically, adolescents show reduced locomotor stimulation and less sensitization
than adults to psychostimulants such as cocaine (Laviola et al., 1995; Izenwasser and
French, 2002; Wiley et al., 2008; Zombeck et al., 2009) and methamphetamine (Zombeck et
al., 2009). Age differences in the development of sensitization to dissociatives have not been
well studied and are therefore less understood.

Given the popularity of club drugs in adolescents, the present work examined age-
differences in the acute response and development of sensitization to PCP and ketamine.
Because the acute response and the development of sensitization to psychomotor stimulants
are reduced in adolescents, it was hypothesized that a similar pattern would occur in
response to PCP and ketamine.

2. Methods

2.1. Animals

Twelve periadolescent (30 days old at the start of the experiment), 12 adolescent (38 days
old at the start of the experiment), and 12 adult (60 days old at the start of the experiment)
male Sprague-Dawley rats (Harlan Laboratories) were used in these studies. Ages were
selected based on previous literature indicating that early adolescence appears at
approximately 28-30 days of age and early adulthood by 60 days (Laviola et al., 1999;
Spear and Brake, 1983; 2000; 2004). Animals were allowed to acclimate to the vivarium for
at least one week prior to testing. A 12-hour light/dark cycle was maintained. Animals were
group housed and had ad /ibitum access to food and water. The experimental protocol was
approved by the California State University San Marcos Institutional Animal Care and Use
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Committee (IACUC) and is in compliance with the National Institutes of Health Guide for
Care and Use of Laboratory Animals.

2.2.1—Phencyclidine hydrochloride (6 mg/kg; National Institute on Drug Abuse Drug
Supply Program) was dissolved in 0.9% saline and injected intraperitoneally (IP) at a
volume of 1 ml/kg.

2.2.2—Ketamine hydrochloride (20 mg/kg; Sigma-Aldrich) was dissolved in 0.9% saline
and injected intraperitoneally (IP) at a volume of 1 ml/kg.

2.2.3—No saline control groups were included; the primary purpose of this work was to
compare the response in adults and adolescents. However, there were no baseline differences
prior to drug administration for ambulations between ketamine-treated adults and
adolescents (177+26.65 vs 131.8+29), £10)=1.147, n.s.; nor between PCP-treated adults and
adolescents (190.8+40.77 vs 134.5+61.77), £10)=0.7611, n.s. There were also no baseline
differences in fine movements between ketamine-treated adults and adolescents (344.7+45.6
Vs 248.5+44.14), {10)=1.515, n.s.; nor between PCP-treated adults and adolescents
(337.2+76.6 vs 176.3+62.25), {10)=1.628, n.s. Moreover, previous research from our
laboratory and others (Collins and Izenwasser, 2004; Spear and Brake, 1983) has shown no
differences in activity between adolescents and adults in response to an injection of saline.

Doses were selected based on previous work in the laboratory demonstrating a moderate
stimulant response at the respective doses (Garcia & Trujillo, 2007a; Sullivan & Truijillo,
2007a; Trujillo et al., 2006; Trujillo & Warmoth, 2005).

2.3. Apparatus

A Kinder Scientific Motor Monitor System was used to assess locomotor activity. This
system consists of eight plexiglass enclosures (16” X “16 X ”15). Each enclosure has an
array of photocells (sixteen in each dimension) placed 5 cm above the floor. The enclosures
are interfaced with a personal computer for data collection. The computer collects photocell
beam breaks (activity counts) and calculates different types of activity, including
ambulations (interruptions of successive photocell beams leading to displacement of the
animal horizontally, typically associated with forward movement) and fine movements
(repeated interruptions of the same photocell beams, associated with short repetitive
movements, as seen with stereotypic activity such as head-bobbing).

2.4. Procedures

Rats (n=6/group) were handled once daily for three days prior to the study. On test days,
they were habituated to the testing room for 30 minutes followed by habituation in the
locomotor chambers for an additional 30 minutes. Animals were then injected with either
PCP or ketamine and placed once again into the chambers and activity was assessed for 120
minutes post-injection. Drug administration and locomotor testing occurred on an
intermittent schedule, once every three days (note that the PND 38 group was tested only
following the first injection).
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2.5. Data Analysis

Ambulation counts (interruption of successive photocell beams representing horizontal
movements throughout enclosure) and fine movement counts (repeated interruption of the
same photocell beams representing repetitive stereotypic movements) were the dependent
measures used to examine locomotor activity of the animals.

Given differences in the duration of action between the drugs, the analyses for PCP focused
on 120 minutes post injection, while for ketamine, the analyses focused on 10 minutes post
injection. Acute (Day 1) differences between animals at postnatal day (PND) 30 and PND
38, and adults at PND 60 were compared using a 2-way mixed-model ANOVA (Group by
Time) followed by Fisher’s LSD post-hoc analyses. Responses to the drugs after the first
(Day 1) and the fifth drug administration (Day 5) were compared using a 2-way Repeated
Measures ANOVA to examine sensitization (Day by Time).

Behavioral observations of the animals suggested that the adolescents showed more
horizontal activity and less stereotypy in response to PCP and ketamine than adults. The
Kinder Scientific system offers a measure of horizontal locomotion (ambulations) and a
measure of stereotypy (fine movements), thereby offering an opportunity to compare the
relative contributions of the two types of activity. When divided, these measures offer
potential differences in the pattern of locomotion (ambulations/fine movements = locomotor
index). For the locomotor index, a bias toward horizontal locomotion would be reflected in a
numerical value greater than 1, while a bias toward stereotypy would be reflected in a value
less than 1. The locomotor index for adolescents and adults in response to the drugs was
compared by a 1-way ANOVA followed by Fisher’s LSD post-hoc analysis.

3. Results

3.1. STUDY 1: PCP 6.0 mg/kg (Adult vs. Periadolescent)
3.1.1. Day 1

3.1.1.1. Ambulations: Adult (PND 60) animals showed a modest increase in ambulations in
response to administration of PCP (6 mg/kg) on Day 1 of treatment. By comparison,
periadolescents at postnatal day (PND) 30 and PND 38 showed a much stronger locomotor
response to the acute administration of PCP. PND 30 animals exhibited the highest
locomotor activity and remained high throughout the session. PND 38 animals reached an
initial peak similar to the PND 30 group and gradually declined to adult levels. A 2-way
mixed-model ANOVA of ambulations showed significant effects of Group and Time, as well
as an Interaction [Group: A2, 15)=11.18, p <.01; Time: A11, 165)=4.376 p< .0001; Group
x Time: A22, 165)=4.536, p< .0001]. Post-hoc analyses showed differences in ambulations
between the PND 30 and PND 38 groups at 60-120 minutes; between PND 38 and PND 60
groups at 20-50 minutes and between PND 30 and PND 60 groups at 30-120 minutes (o< .
05). There was no difference between PND 30 and PND 38 groups (o> .05) (Fig 1A). A 1-
way ANOVA comparing total ambulations post-injection showed a difference among the
groups [A2,15)=11.18, p< .01] that was significant between PND 60 and either PND 30 or
PND 38 groups, but was not different between PND 30 and PND 38 groups (Fig 1B).
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3.1.2.2. Fine Movements: Fine movements, a measure of stereotypy, showed a pattern
similar to ambulations. After an acute injection of PCP, fine movements in PND 30 animals
were the highest, and remained high throughout the session, but in PND 38 animals declined
after an initial peak. Activity was lowest in the PND 60 group. A 2-way mixed-model
ANOVA showed significant effects for Group, Time and Interaction [Group: A2, 15)=11.79,
p<.001; Time: A11, 165)=14.77 p< .0001; Group x Time: A22, 165)=4.368, p< .0001].
Post-hoc analyses showed differences in fine movements between PND 30 and PND 38
groups at 60-120 minutes; between PND 38 and PND 60 groups at 20-50 minutes and
between PND 30 and PND 60 groups at 30-120 minutes, p< .01. There was no difference
between PND 30 and PND 38 groups (©> .05) (Fig 2A). Total fine movements for the
session were highest for PND 30, followed by PND 38 animals, and lowest for adults
[A2,15)=11.79, p< .001] (Fig 2B).

3.1.2.3. Locomotor Index: A locomotor index was assessed as ambulations/fine
movements. In response to the first injection of PCP, the locomotor index was greater than
1.0 for PND 30 and PND 38 animals indicative of a bias toward horizontal activity. For PND
60 animals, the locomotor index was less than 1.0 indicative of a bias toward steretotypy. A
1-way ANOVA showed significant differences [ A2,15)=12.95, p= 0.0005] reflecting a bias
toward horizontal activity relative to stereotypy in both groups of adolescents when
compared to adults. Post-hoc analyses showed a significant difference between PND 60 and
either PND 30 or PND 38 groups (p< .01), but no difference between PND 30 and PND 38

groups, (p> .05) (Fig 2C).

3.1.3. Day 5, PCP 6.0 mg/kg (Adult vs. Periadolescent)

3.1.3.1. Ambulations: After 5 injections, both the PND 30 group (now 42 days of age) and
the PND 60 group (now 72 days of age) showed rapid increases in response following drug
administration. Although the response in the adolescent group was greater than that in the
adults, the difference was considerably less than that seen following the first injection
(compare Figs 1A and 3A). A 2-way mixed-model ANOVA of ambulations on Day 5
showed a significant effect of Time [A11, 110)=9.234 p< .0001], but no effect of Group or
Interaction (©>.05). Post-hoc analyses showed differences in ambulations between PND 30
and PND 60 animals at 40-50 minutes (p< .05) (Fig 3A). Total ambulations post-
administration did not significantly differ between the two groups, although the adolescent
group appeared to show a greater response (o> .05) (Fig 3B).

3.1.3.2. Fine Movements: After 5 injections, the PND 30 group (now 42 days of age) and
the PND 60 group (now 72 days of age) showed very similar responses following drug
administration. A 2-way mixed-model ANOVA of fine movements showed a significant
effect of Time [A11,110)=18.67, p< .0001], but no Group effect or Interaction (o> .05) (Fig
3C). Analysis of the total response post-administration showed no significant difference
between groups (o> .05) (Fig 3D).
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3.1.4. Comparison of Day 1 and Day 5, PCP 6.0 mg/kg (Adult vs.
Periadolescent)

3.1.4.1. Ambulations: A comparison of the first session (Day 1) to the fifth session (Day 5)
showed an interesting pattern in adolescents. Day 1 ambulations remained moderately high
throughout the session, while on Day 5 activity was significantly higher early in the session
and showed reduced effects later in the session. A 2-way Repeated Measures ANOVA of
PND 30 animals comparing Day 1 and Day 5 ambulations showed a significant effect of
Time [A11,55)=4.253 p<.0001] and an Interaction [A11,55)=5.743 p< .0001], but no effect
of Day (p> .05). Post-hoc analyses showed notable differences in the first 30 minutes post-
injection (p< .05) (Fig 4A).

In the adult group, ambulations showed a steep increase from the first session to the fifth
session. A 2-way Repeated Measures ANOVA comparing Day 1 and Day 5 showed a
significant effect of Time [H11,55)=4.724 p< .0001] and an Interaction [ A11,55)=2.587
p<.0001], but no effect of Day. While there was not a main effect of Day, there were
differences in simple effects. Post hoc analyses showed that Day 5 was consistently higher
than Day 1 for the first 70 minutes post-injection (p< .05) (Fig 4B).

3.1.4.2. Fine Movements: Comparing Day 1 to Day 5 for fine movements in the adolescents
showed modest differences across days. A 2-way Repeated Measures ANOVA showed a
significant effect of Time [AH11,55)=10.78 p< .0001] and an Interaction [A11, 55)=7.447

p< .0001], but no effect of Day (p> .05) (Fig 4C).

In the adult group, fine movements showed an increase from the first session (Day 1) to the
fifth session (Day 5). A 2-way Repeated Measures ANOVA showed a significant effect of
Time [A11, 55)=13.25, p< .0001] and an Interaction [A11,55)=2.130, p< .05], but no effect
of Day (p> .05). While there was no main effect of Day, post-hoc analyses showed that Day
5 was consistently higher than Day 1 for 90 minutes post-injection (p< .05) (Fig 4D).

3.2. STUDY 2: Ketamine 20.0 mg/kg (Adult vs. Periadolescent)

3.2.1.Day 1

4.1.2.1. Ambulations: After the first injection of ketamine (20 mg/kg), PND 30
periadolescents showed the strongest locomotor response, with considerably less activity in
the PND 38 and PND 60 animals. Ambulations in the PND 30 group peaked slightly later
than both PND 38 and PND 60 groups, but at a much higher level. A 2-way mixed-model
ANOVA showed significant effects for Group, Time and Interaction [Group: A2, 15)=11.77,
p<.001; Time: A14, 210)=17.06, p< .0001; Group x Time: A28, 210)=2.877, p< .0001].
Post-hoc analyses showed differences in ambulations between PND 30 and PND 60 groups
at 4-14 minutes and between PND 30 and PND 38 groups at 4-12 minutes post-
administration, p< .05. Ambulations were not significantly different between PND 38 and
PND 60 groups, > .05 (Fig 5A). Since the ketamine response was so short-lived further
analyses focused on the first 10 minutes post-administration. During this timeframe, PND 30
animals showed a response that was more than double that of PND 38 and PND 60 groups
H2,15)=10.63, p< .005; PND 38 animals were similar to PND 60 animals (p> .05) (Fig 5B).
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4.1.2.2 Fine Movements: The pattern for fine movements was similar to that seen for
ambulations. After the first injection of ketamine, activity was highest for PND 30
periadolescents and showed a similar low response in PND 38 and PND 60 animals. The
PND 30 group peaked later than both PND 38 and PND 60 groups, but at a higher level. A
2-way mixed-model ANOVA showed significant effects for Group, Time and Interaction
[Group: A2, 15)=4.710, p<.05; Time: A14, 210)=36.87, p<.0001; Group x Time: A28,
210)=3.227, p< .0001]. Post-hoc analyses showed differences between PND 30 and PND 60
groups between 2—-12 minutes and between PND 30 and PND 38 groups between 2—-12
minutes (p< .05); PND 38 and PND 60 groups did not differ (> .05) (Fig 6A). Analysis of
the total response during the first 10 minutes post-administration showed that PND 30
animals were highest and significantly greater than the other groups, A2, 15)=3.119, p<.05;
activity in PND 38 and PND 60 groups did not differ (o> .05) (Fig 6B).

4.1.2.3. Locomotor Index: Only PND 30 animals showed a locomotor index (ambulations/
fine movements) greater than 1.0, indicative of more horizontal activity relative to
stereotypy. The PND 38 and PND 60 groups were considerably less than 1.0. PND 60
animals showed the greatest bias toward stereotypy. A 1-way ANOVA showed differences in
the locomotor index across groups [A2, 15)=10.68, p= 0.0013]. Post-hoc analyses showed a
significant difference between PND 30 animals and either PND 38 or PND 60 (p< .05), but
no differences between PND 38 and PND 60, p> .05 (Fig 6C).

4.1.3. Day 5, Ketamine 20.0 mg/kg (Adult vs. Periadolescent)

4.1.3.1. Ambulations: On Day 5, adolescents (now 42 days of age) and adults (now 72 days
of age) showed a rapid increase in ambulations that peaked at 4 minutes post-administration.
A 2-way mixed-model ANOVA showed a significant effect of Time [Time: A14,
140)=24.40, p< .0001], but no effect of Group or Interaction, p< .05. Post-hoc analyses
showed greater ambulations in PND 30 animals than PND 60 animals at 4-6 minutes post-
administration (p< .01) (Fig 7A). In comparing adolescents and adults during the first 10
minutes post-administration, it appears that the adolescent group was more active than the
adult group, however the difference did not achieve statistical significance (o> .05), (Fig
7B).

4.1.3.2. Fine Movements: After 5 injections, the PND 30 group (now 42 days of age) and
the PND 60 group (now 72 days of age) showed virtually identical responses following drug
administration. A 2-way mixed-model ANOVA showed a main effect of Time [A14,
140)=48.04, p< .0001], but no effect of Group or an Interaction, (o> .05), and no differences
as determined by post-hoc analyses (o> .05) (Fig 7C). Comparison of fine movements for
the first 10 minutes post-administration further showed no significant difference between
adolescents and adults (o> .05), (Fig 7D).

4.1.4. Comparison of Day 1 and Day 5, Ketamine 20.0 mg/kg (Adult vs.
Periadolescent)
4.1.4.1. Ambulations: Comparing Day 1 to Day 5 in the adolescents, there appeared to be

little difference following repeated administration. A 2-way Repeated Measures ANOVA of
the first 10 minutes post-injection showed a significant effect of Time [A14, 70)=56.04, p< .
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0001], but no Interaction or Day effect (o> .05). Post-hoc analyses showed greater
ambulations on Day 5 than on Day 1 at 4 minutes post-injection (o< .01) (Fig 8A).

In the adult group, there was a potent increase in ambulations from Day 1 to Day 5. A 2-way
Repeated Measures ANOVA of the first 10 minutes post-injection showed a significant
effect of Time [A14,70)=19.43, p< .0001], of Day [A1,5)=23.74, p< .005], and an
Interaction [ A{14,70)=9.263, p< .0001]. Post-hoc analyses showed higher ambulations on
Day 5 than on Day 1 from 2—6 minutes post-injection (p< .05) (Fig 8B).

4.1.4.2. Fine Movements: Comparing Day 1 to Day 5 in the adolescents, there appeared to
be little difference following repeated administration. A 2-way Repeated Measures ANOVA
of the first 10 minutes post-injection showed a significant effect of Time [A14, 70)=45.13
p<.0001] and an Interaction [A14, 70)=2.429, p<.01], but no effect of Day (> .05). Post-
hoc analyses showed higher fine movements on Day 5 than on Day 1 between 2—4 minutes
post-injection (o< .01) (Fig 8C).

In the adult group, there was a potent increase in fine movements from Day 1 to Day 5. A 2-
way Repeated Measures ANOVA of the first 10 minutes post injection showed a significant
effect of Time [A14,70)=31.45, p< .0001], a significant effect of Day [A1,5)=43.26, p< .
05], and an Interaction [H14,70)=3.231, p< .001]. Post-hoc analyses showed greater fine
movements on Day 5 than on Day 1 between 2—-8 minutes post-injection (p< .05) (Fig 8D).

5. Discussion

The present studies compared the stimulant effects of phencyclidine or ketamine, and
sensitization to these drugs, in adolescents and adults. Since previous work demonstrated
reduced locomotor stimulation in adolescents to psychostimulants such as cocaine (Laviola
etal., 1995; Izenwasser and French, 2002; Wiley et al, 2008; Zombeck et al., 2009) and
methamphetamine (Zombeck et al., 2009), it was hypothesized that periadolescent animals
would exhibit reduced stimulant effects to PCP or ketamine when compared to adults.
Surprisingly, young periadolescent animals (PND 30) exhibited a greater stimulant response
to an acute administration of either PCP or ketamine when compared to older adolescents
(PND 38) or adults (PND 60). PCP- or ketamine-induced activity in the older adolescent
(PND 38) animals approximated the activity observed in adults, indicating maturation in
response to these drugs between PND 30 and 38 of adolescence. Previous research has
demonstrated a reduced response to psychomotor stimulants in adolescents, when compared
to adults (Laviola et al., 1999; Spear, 2000). Because PCP and ketamine at the doses used in
the present experiments produce psychomotor stimulation, we expected that differences
between adolescents and adults would be similar to those obtained with amphetamine,
cocaine and related drugs.

The finding that animals at 38 days of age begin to approximate behavior of adults at 60
days of age narrows the range at which adolescents transition to an adult-like response.
Following an acute injection of PCP, PND 38 adolescents initially peaked at levels similar to
PND 30 animals, but then decreased and approximated lower patterns of activity observed in
adults halfway through the testing session. Similarly, following an acute injection of
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ketamine, an adult-like response emerged by 38 days of age. Adolescent PND 38 and adult
PND 60 animals paralleled each other in overall response and behavioral patterns.

Dissociative drugs are not typically used daily, but instead are used on occasion by people at
raves and party settings. The present study used intermittent administration to model an
intermittent pattern of human use (Trujillo et al., 2008). It is possible that repeated daily
administration would produce different results. Of relevance to this point, Venniro et al.
(2015) demonstrated that resistance to extinction of ketamine self-administration is greater
with intermittent sessions than with daily sessions. It is unclear if adolescents and adults
would differ in sensitization following daily versus intermittent administration.

A comparison of locomotor activity after an acute (Day 1) injection and after 5 intermittent
(Day 5) injections reflects an increase in behavior, indicative of sensitization in adults, but
no increase in activity in adolescents. At first glance the results suggest that adolescents are
not as susceptible to sensitization as adults. However, an alternative interpretation is that
sensitization in adolescents is masked by maturational processes that diminish the response
to PCP and ketamine. By the fifth injection, the periadolescent group was 42 days of age,
older than the PND 38 animals tested on Day 1, and yet shows a response similar to PND 30
animals. In the absence of sensitization, at 42 days of age their activity in response to an
acute dose of PCP or ketamine should have been similar to PND 38 and adult animals. The
fact that the activity remained very high, equivalent to their response as young adolescents
and similar to sensitized adults, reflects a sensitized response relative to the response
expected of animals at 42 days of age. This leads us to conclude that the young adolescents
were indeed sensitized by repeated administration of the dissociatives.

In addition to measuring ambulations and fine movements, a ratio of these two measures of
activity was calculated. The locomotor index served as an assessment of the relationship
between horizontal activity (ambulations) and stereotypy (fine movements). A higher
locomotor index indicates more horizontal locomotion in relation to stereotypy, while a
lower locomotor index indicates more stereotypy in relation to horizontal activity. After an
acute administration of PCP or ketamine, PND 30 animals showed the highest Locomotor
Index and PND 60 animals showed the lowest Locomotor Index. Thus, consistent with our
qualitative observations during the experiments, adolescents had more horizontal locomotion
and less dissociative-induced stereotypy and ataxia than adults. Considering potential
clinical implications, the greater stimulant response may reflect more reinforcing aspects of
drug response, since the brain substrates of locomotor stimulation are closely tied to those of
reward (Wise and Bozarth, 1987; Li and Markou, 2015; Trujillo et al., 2006; Watson et al.,
1989). On the other hand, stereotypy and ataxia may be more indicative of negative side-
effects of the dissociatives. If this is the case, then the subjective experience in adolescence
may be more positive and less negative than in adults, a pattern that has been reported for
nicotine (Adriani et al., 2003; Bjork et al., 2004; Chambers et al., 2003; Dahl, 2004; Dawes
et al., 2000; Jamner et al., 2003; Laviola et al., 1999; O’Dell et al., 2006; Smith, 2003; Spear
2000, 2004; Witt, 1994; Yuan et al., 2015). This may help to explain why dissociatives are
particularly attractive to adolescents.
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Parise et al. (2013) obtained results consistent with the current finding that adolescents
produce a greater locomotor response to ketamine (20 mg/kg) than adults. On the other
hand, Wiley et al. (2008) reported reduced stimulant effects of ketamine in adolescents, and
Wilson et al. (2007) reported negligible differences in ketamine-induced locomotor activity
between adults and adolescents (both used a 10mg/kg dose). Consistent with our results and
those of Parise et al. (2013), Pesic and coworkers (2010), found that an acute dose of
MK-801 (a highly potent and selective NMDA receptor antagonist), induced a greater
increase in locomotor behavior in adolescents compared to adults. Differences in
experimental approaches, including dose, time course of testing, habituation, animal strain,
specific ages of the animals and other variables may be responsible for the differing results.
Thus, although there have been some differences reported, there is increasing evidence that
dissociatives produce a greater locomotor response in adolescents at low to moderate doses
(Garcia and Trujillo, 2007a; Garcia and Trujillo, 2007b; Hartfield and Trujillo, 2006; Heller
and Trujillo, 2007; Sullivan and Trujillo, 2007a; Sullivan and Trujillo, 2007b; Trujillo et al.,
2006; Trujillo and Warmoth, 2005).

Related to the current findings, there are other critical differences in response to
dissociatives between adolescents and adults. When awakening from ketamine anesthesia,
adult patients often experience an emergence reaction characterized by bad dreams and
psychotomimetic effects, while this is less prominent in children or adolescents (Cho et al.,
2014; Green et al., 2009; Green et al., 2011). Similarly, while adult laboratory rats show
neurotoxic effects of high doses of dissociatives, this is not seen in young adolescent animals
(Farber et al., 1995; Farber and Olney, 2003; Noguchi et al., 2005; Olney and Farber, 1995).
Moreover, antidepressant effects of ketamine are seen in adult rats, but not in adolescents
(Nosyreva et al., 2014). The differences in responses to PCP and ketamine at the different
ages offers potential insight into the neurobiological systems that underlie the effects of
these drugs, suggesting that glutamatergic NMDA receptors and/or downstream systems
rapidly mature during adolescence. For example, NMDA receptors increase during early
development, peak in adolescence and then begin to decline, reaching a stable number in
adulthood (Colwell, et al., 1998; Insel et al., 1990; McDonald et al., 1990; Simeone et al.,
2004; Spear, 2000; Henson et al., 2008; Luo et al., 1996). It is notable that changes in
locomotor response to PCP and ketamine parallel changes in receptors. The greater
concentration of NMDA receptors in adolescence may allow for more pronounced effects of
the antagonists.

Other developmental differences in glutamatergic function during adolescence have been
found that may contribute to the greater response in adolescents to the dissociatives. For
example, electrophysiological parameters related to NMDA receptor/dopamine interactions
in the forebrain are immature in early adolescence, and the adult pattern does not emerge
until late adolescence (Flores-Barrera et al., 2014; O’Donnell, 2011; Tseng and O’Donnell,
2005; Tseng et al., 2007; Wahlstrom et al., 2010). In addition, differences in other
neurotransmitter systems in adolescence have been identified that may also contribute
(Andersen and Navalta, 2004; Monti et al., 2005; Smith 2003; Spear 2000, 2004, Yuan et al.,
2015). Given the many systems that are changing during adolescence, it is not surprising that
psychoactive drugs would produce different behavioral responses during this vulnerable
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developmental phase (Andersen and Navalta, 2004; Collins and Izenwasser, 2004; Laviola et
al, 1999; Monti et al., 2005; Spear 2000, 2004, Yuan et al., 2015).

An alternative explanation that needs to be considered in the differences between
adolescents and adults is pharmacokinetic factors (such as differences in drug metabolism).
For example, the current findings could potentially be explained by reduced metabolism of
the dissociatives in adolescents, resulting in higher brain concentrations of the drugs.
However, evidence suggests that differences in response across age groups are not simply
due to metabolism or to differences in brain concentrations of drug. Although relatively little
work has been done exploring differences in pharmacokinetics of psychoactive drugs
between adolescents and adult laboratory animals, there is some relevant work. Similar to
research in humans showing more rapid elimination of a variety of drugs in adolescents
when compared to adults (de Wildt et al., 1999; Geller, 1991; Kearns, 2000; Vitiello and
Jensen, 1995), evidence shows lower plasma levels of cocaine (McCarthy et al., 2004),
nicotine (O’Dell et al., 2006; Trauth et al., 2000) and ethanol (Little et al., 1996) following
administration to adolescents in animals. Although similar work has not yet been completed
for ketamine or PCP, lower levels of ketamine are seen in young adult rats, when compared
to older adults (Veilleux-Lemieux et al., 2013). Thus, there is a general tendency for
adolescents (both humans and laboratory animals) to have lower blood levels of
psychoactive drugs than adults following equivalent doses. In this regard, research in
humans has revealed lower plasma levels and greater dose requirements for ketamine in
younger individuals (Grant et al., 1983; Lockhart and Nelson, 1974). If this holds for PCP,
the greater effect in periadolescents occurs despite reduced levels of the compounds. Of
importance to this discussion, other behavioral responses to ketamine are reduced in
adolescents when compared to adults. For example, ketamine anesthesia emergence
reactions (Cho et al., 2014; Green et al., 2009; Green et al., 2011), antidepressant effects of
ketamine (Nosyreva et al., 2014) and ketamine-induced conditioned taste aversion (Gochez
et al., 2012) are reduced in adolescence. A pharmacokinetic difference could not easily
explain why some dissociative-induced responses are greater in adolescents than adults,
while others are reduced. Further research will clarify the potential role of pharmacokinetics
in the differences between adolescents and adults in response to these dissociatives.

Age differences in behavioral endpoints of drug administration are of interest in the
scientific community as they offer potential strategies for prevention and treatment of drug
abuse and addiction. Once drug use is initiated, it often continues and transitions to addiction
in older populations. It remains unclear whether adolescents are more resilient or more
vulnerable to the neurobiological impacts of psychoactive drugs. Neuroanatomically, during
adolescence, the prefrontal cortex is not fully developed, the limbic system is increasing in
volume, and the dopamine fiber density peaks and begins to decline to adult levels. Repeated
use of psychoactive drugs is likely to alter these circuits in ways that can put the individual
at risk for later drug dependence (Andersen and Sonntag, 2014; Crews et al., 2007; Volkow
and Li, 2004; Yuan et al., 2015).

Because use of club drugs, including PCP and ketamine, is prevalent in teens and young
adults (Bachman et al., 2011), it is critical to gain a better understanding of how use of these
drugs during adolescence may differ from that in adults. The current results suggest that
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adolescents experience greater stimulant effects of PCP and ketamine, and that they are
sensitized by repeated use.
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Highlights
. Drug-induced locomotor stimulation and sensitization are closely tied to
reward and addiction.
. PCP or ket produce stronger stimulation in adolescent than adult rats after a
single injection.
. Following either repeated PCP or ket, adults sensitize more than adolescent

rats.
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Highlights, PBB_2017_64

. Ketamine and phencyclidine are abused by young people

. Behavioral effects of the drugs were compared in adolescent and adult rats

. Young adolescents showed the greatest initial response to the drugs

. Behavioral sensitization occurred and differed between adolescents and adults
. The results have implications for drug abuse and addiction
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Figure 1.
Ambulations (horizontal locomation) in response to PCP (6.0 mg/kg). (A) Time course of

response. Activity was highest for PND 30 animals and lowest for PND 60 animals. PND 38
animals showed an initial peak similar to PND 30 animals that gradually declined to adult
levels. (B) Total ambulations over the 120-minute session. There were significant differences
between the PND 60 group and either PND 30 or PND 38 groups, but no difference between
PND 30 and PND 38 groups.

Significant differences between PND 30 and PND 60 animals (*, p<.05); PND 38 and PND
60 animals (+, p<.05); PND 30 and PND 38 animals (#, p< .05); Fisher’s test.
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Figure 2.
Fine movements (stereotypy) in response to PCP (6.0 mg/kg). (A) Time course of response.

Fine movements were highest for PND 30 animals, lowest for PND 60 animals, and PND 38
animals showed an initial peak similar to PND 30 animals that gradually declined to adult
levels. (B) Total fine movements over the 120-minute time course. There were significant
differences between the PND 60 group and either PND 30 or PND 38 groups, but no
difference between PND 30 and PND 38 groups. (C) Locomotor Index (ambulations/fine
movements) determined the relative types of movement induced by PCP. PND 30 and PND
38 animals showed a bias toward horizontal locomotion reflected in a numerical value
greater than 1.0, while PND 60 animals showed a bias toward stereotypy reflected in a value
less than 1.0.

Significant differences between PND 30 and PND 60 animals (*, p< .05); PND 38 and PND
60 animals (+, p< .05); PND 30 and PND 38 animals (#, p< .05); Fisher’s test.
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Locomotor response in adolescents and adults after five injections of PCP (6.0 mg/kg). (A)
Time course of ambulations (horizontal activity). Ambulations in animals that began
treatment at PND 30 were slightly higher than in animals that started at PND 60. (B) Total
ambulations over the 120-minute session illustrate the similarities in activity between PND
30 and PND 60 animals. (C) Time course of fine movements (stereotypy). Fine Movements
in animals that started at PND 30 were similar to animals that started at PND 60. (D) Total
fine movements over the 120-minute time course illustrate the similarities in activity

between PND 30 and PND 60 animals.

Asterisks reflect differences between PND 30 and PND 60 animals (p<.05).
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Figure 4.

Minutes

Changes in locomotor activity after five injections of PCP (6.0 mg/kg). (A) Time course of
ambulations in adolescents. In animals that started at PND 30, PCP produced a shift in the
time course of activity from Day 1 to Day 5. (B) Time course of ambulations in adults. In
animals that started at PND 60, PCP produced increases in ambulations from Day 1 to Day
5, indicative of sensitization. (C) Time course of fine movements in adolescents. In animals
that started at PND 30, PCP produced a shift in the time course of activity from Day 1 to
Day 5. (D) Time course of fine movements in adults. In animals that started at PND 60, PCP
produced increases in fine movements from Day 1 to Day 5, indicative of sensitization.
Asterisks reflect differences between PND 30 and PND 60 animals (p<.05).
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Ambulations (horizontal locomotion) in response to ketamine (20.0 mg/kg). (A) Time course
of response. Activity was highest for PND 30 animals and lowest for PND 60 animals. PND
38 activity approximated that of PND 60 animals. (B) Total ambulations during the first 10
minutes post-administration. There were significant differences between the PND 30 group
and either PND 38 or PND 60 groups, but no differences between PND 38 and PND 60

groups.

Symbols reflect differences between PND 30 and PND 60 animals (*, p<.05); PND 38 and
PND 60 animals (+, p< .05); PND 30 and PND 38 animals (#, p< .05); Fisher’s test.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2018 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rocha et al.

Page 26
A.
s .3 35380
ays
E : # #® 60 Days Old
7]
H
2
=1
-]
o
[&]
2
2
L
(&]
<
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30
Minutes
B C
1250, *
= s
E 10004 g
@ )
- £
o 750 @
g 2
3 8
> 5004 g
% o
o
< 2504 3
o !
30 38 &0 30 38 60
Age (Days) Age (Days)

Figure 6.
Fine movements (stereotypy) in response to ketamine (20.0 mg/kg). (A) Time course of

response. Activity was highest for PND 30 animals and lowest for PND 38 and PND 60
animals. PND 38 and PND 60 animals closely followed the same pattern of behavior. (B)
Total fine movements during the first 10 minutes post-administration. There were significant
differences between the PND 30 group and either PND 38 or PND 60 groups, but no
difference between the PND 38 and PND 60 groups. (C) Locomotor index (ambulations/fine
movements) determined the relative types of movement induced by ketamine. PND 30
animals showed a bias toward horizontal locomotion reflected in a numerical value greater
than 1.0, while PND 38, and to a greater extent, PND 60 animals showed a bias toward
stereotypy reflected in a value less than 1.0.

Significant differences between PND 30 and PND 60 animals (*, p< .05); PND 38 and PND
60 animals (+, p< .05); PND 30 and PND 38 animals (#, p< .05); Fisher’s test.
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Locomotor response in adolescents and adults after five injections of ketamine (20.0 mg/kg).
(A) Time course of ambulations (horizontal activity). Ambulations in animals that started at
PND 30 were higher than in animals that started at PND 60. (B) Total ambulations over the
first 10 minutes post-administration illustrate differences in activity between PND 30 and
PND 60 animals that do not reach statistical significance. (C) Time course of fine
movements (stereotypy). Fine movements in animals that started at PND 30 were similar to
animals that started at PND 60. (D) Total fine movements during the first 10 minutes post-
administration illustrate the similarities in activity between PND 30 and PND 60 animals.
Asterisks reflect differences between PND 30 and PND 60 animals (p<.05).
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Figure 8.
Changes in locomotor activity following five administrations of ketamine (20.0 mg/kg) (A)

Time course of ambulations in adolescents. In animals that started at PND 30, ketamine
produced little change in ambulations from Day 1 to Day 5. (B) Time course of ambulations
in adults. In animals that started at PND 60, ketamine produced increases in ambulations
from Day 1 to Day 5, indicative of sensitization. (C) Time course of fine movements in
adolescents. In animals that started at PND 30, ketamine produced little change in fine
movements from Day 1 to Day 5. (D) Time course of fine movements in adults. In animals
that started at PND 60, ketamine produced increases in fine movements from Day 1 to Day
5, indicative of sensitization. Activity was consistently higher at more time points for PND
60 animals compared to PND 30 animals, indicative of more potent sensitization.

Asterisks reflect differences between PND 30 and PND 60 animals (p<.05).
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