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Abstract

Traditionally, ketamine was considered useful as a dissociative anesthetic.
More recently, ketamine has been examined for its effects as a fast-acting an-
tidepressant, for treatment-resistant depression, and as a non-opiate treat-
ment of chronic pain. Unfortunately, ketamine has enjoyed popularity as a
recreational drug among both adolescents and young adults. While some re-
search suggests the use of this drug during neurodevelopment is not without
consequence, relatively little work has been conducted to examine the chronic
effects of ketamine on the adolescent brain at different stages of neural de-
velopment. Using a rodent model of development, we probed the effects of
early adolescent exposure to ketamine. Between postnatal days 22 to 40, a pe-
riod comprising early to mid-adolescence, rats were exposed to one of two
doses of ketamine or saline. Beginning at 90 days of age and drug free for 50
days, a series of neuropsychological assessments were employed to examine
general activity, spatial navigation, as well as nonspatial response learning.
Contrary to prediction, except for differences in general activity levels, no
spatial or nonspatial impairments were found among the drug- and sa-
line-treated animals. The present results are considered in light of keta-
mine-associated effects found in a related study with older adolescent rats
and the role of drug exposure during different points in adolescent brain de-
velopment.
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1. Introduction

Originally developed and approved for use in the early 1960s, the drug ketamine
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[(£)-2-(2-chlorophenyl)-2-(methylamino)-cyclohexanone)], has remained pop-
ular as a veterinary anesthetic with dissociative properties. Ketamine (KET) has
proven efficacy in disrupting pain awareness without the accompanying side ef-
fects associated with depression of autonomic reflexes associated with opiates
[1]. Further, the drug has a number of desirable qualities such as rapid onset ef-
fects when an IV injection is required, and an elimination half-life of from two
to three hours [2] [3].

In recent years, KET has been administered off-label for MDD (major depres-
sive disorder) and chronic pain conditions subsequent to first-line medication
ineffectiveness or conventional treatment failure [4] [5] [6] [7] [8], with its
S-isomer esketamine developed as an intranasal spray for TRD (treatment-resistant
depression) [9]. When used as a dissociative anesthetic, the effects of KET in-
volve a number of well-described out-of-body experiences, that include an indi-
vidual observing one’s own body and the experience of pain as a third-party ob-
server [10]. While the exact mechanism of action of KET for its antidepressant
effects is still being elucidated, research suggests the antidepressant effects may
be independent of its antagonistic NMDAR action [11].

More important, because of its effects, KET has become recognized as a recre-
ational drug of abuse among not only adults, but among preadolescent and ado-
lescent individuals as well [12]. Recreational use of KET began in the United
States, spreading to other countries usually as part of the “rave” culture [13] [14]
[15]. With street names such as special K, jet, cat valium, vitamin K, K-hole, Kit
Kat, and liquid E, KET use became more prominent in the 1980 and 1990s not
only as a “club drug” and also due to use in drug-facilitated sexual assault [2].

While past research suggests considerable variability in the patterns of use
(e.g., [16] [17]), the prevalence may be largely underreported [18]. This may be
especially true for teens and young adults which attend dance parties or raves,
where the use of drugs such as LSD, Ecstasy, (MDMA), and KET, alone or in
various combinations is common [19] [20]. Given the recent spike in media
coverage regarding KET, there may well be an increase in deliberate consump-
tion for recreational purposes as well as possible inadvertent exposure through
use of adulterated drugs [18].

Given that KET acts as a noncompetitive antagonist at NMDA receptors,
found throughout the cerebral cortex and the hippocampus, and these receptors
likely play a role in long-term potentiation, effects on memory could be pre-
dicted. In fact, these predictions were supported by the evidence [21]. According
to the Lofwall and colleagues, KET appears to produce a selective impairment to
encoding and working memory. However, there appears to be little in the way of
a KET associated deficit on memory recall or attention [21]. This has been
demonstrated in other studies where episodic and working memory impair-
ments were dose-dependent [22] [23]. In addition, larger doses of KET produce
a reduction in the speed of semantic processing, impairing recognition memory
and procedural learning, while largely sparing perceptual priming and executive

functioning [22].
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There have also been reports that KET can cause semantic memory impair-
ments up to three days after ingestion for recreational use [23] [24]. While in
use, KET seems to cause dissociative effects and impairment of working, episod-
ic, and semantic memory similar to the impairments associated with schizoph-
renia [23] [25]. Further, under the influence of KET, individuals also display
problems with spatial working memory and reduced activity in the lateral pre-
frontal cortex when compared to individuals not dosed with KET [26]. Last,
long-term KET use has been linked a number of depressive, dissociative, and
delusional thought processes [27] [28] [29].

In the rodent model of development, adolescence is normally delineated as the
period from the 21st postnatal day (PND) until PND 60. As developmental pe-
riods, mid-adolescence encompasses PNDs 34 to 46, including PNDS 46 to 59
[30]. In addition, PNDs 34 to 46 and 46 to 59 are considered analogous to pe-
riadolescence and late adolescence/early adulthood, respectively [30]. As a model
of rodent development, this framework has proven useful for comparative eval-
uation and extrapolation to humans [31].

As a period of development, adolescence is marked by a number of alterations
in the brain [32]. While there is variation across species, mammalian neurode-
velopmental changes across adolescence follow a similar pattern [33]. For exam-
ple, the period is noted as one of continued maturation of myelination, substan-
tial synaptic pruning, and a concomitant decrease in both cortical and subcortic-
al gray volume [34] [35]. Further, there is considerable evidence that drug expo-
sure during adolescence is associated with consequences that differ from those
often seen with exposure in adulthood. As such, such drug exposure has the po-
tential to have a profound impact on the neural, cognitive, and behavioral level
that persists long after the exposure period [32] [36]. Thus, exposure to sub-
stances that have the potential to alter permanently key neuropsychological
processes—many of which are highly addictive—is of considerable import.

Past research in our lab examined the effects of KET exposure in adolescent
animals at ages that generally included late adolescence, including the boundary
of early adulthood. Depending on the demands of the task, the results suggested
a variety of cognitive deficits that varied in severity [37] [38]. Here, we consi-
dered repeated KET exposure in younger adolescent rats on cognition in adult-
hood, long after the period of drug exposure. Adolescents are not only more
susceptible to substance abuse but are also at risk of mental illness [39]. Since
KET may provide an effective way to treat mental illness, it is important to un-
derstand what effects KET may have on adolescent individuals. Thus, in the
present study, the long-term effects on spatial and nonspatial memory caused by

KET exposure during early to mid-adolescence were examined.

2. Method
2.1. Subjects

The subjects were 22-day-old male (n = 21) Sprague-Dawley rats, purchased
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from Charles River, (Wilmington, MA). The rats were housed in standard (~864
sq cm) polycarbonate cages in a climate-controlled facility. Housing was main-
tained on a 12-hour light/dark cycle, with food (Mazuri Rodent Chow) and wa-
ter provided ad libitum. The rats were maintained in a manner consistent with
the appropriate care of laboratory rodents, under a research protocol approved
by the Institutional Animal Care and Use Committee of Palm Beach Atlantic
University.

An overview of rat developmental periods and the experimental plan is pre-
sented in Figure 1. Before the experiment began, the rats were randomly as-
signed to one of three-drug treatment conditions: KET 40 mg/kg (2= 7), KET 10
mg/kg (1= 7), or a saline control group (22 = 7). Drug exposure began when the
rats were in the mid-adolescent period of development (Ze., 39 days old). All rats
received a total of 10 injections of either 10 mg/kg or 40 mg/kg of Ketamine
HCL (Henry Schein, Melville, NY) or a corresponding volume of isotonic saline.
Injections were delivered IP at a volume of 2.5 ml/kg. During the period of all
drug exposure sessions, the ambient temperature was maintained at approx-
imately 24°C with the humidity between 50% and 56%. Drug exposure occurred
during PNDs 22 to 40, a period largely comprising early into mid-adolescence
[30]. Behavioral testing occurred in adulthood when the rats were 90 days old
and had been drug free for 50 days.

Before the beginning of the data collection, one saline rat died due to the
stress of transportation. Prior to the start of the study, each rat was randomly as-
signed to one of three-drug treatment conditions: KET 40 mg/kg (2= 7), KET 10
mg/kg (1= 7), or a saline control group (22 = 6). Drug exposure began when the
rats reached the mid-adolescent period of development (43 days old). All rats
received a total of 10 injections of either 10 mg/kg or 40 mg/kg of Ketamine HCL

(100 mg/ml; Henry Schein, Melville, NY) or a corresponding volume of isotonic
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Figure 1. A timeline of the main steps of the study. See Tirelli et a/. [30] for additional information on rat adolescence.
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saline. Intraperitoneal injections were delivered at a volume of 1 ml/kg. During
all drug exposure sessions, the ambient temperature was maintained at approx-
imately 24°C with the humidity between 45% and 50%. Drug exposure occurred
during postnatal days 43 to 57. Behavioral testing occurred once the rats reached
adulthood and had been drug free for approximately 42 days. A timeline of

phases of the experiment can be seen in Figure 1.

2.2. Apparatuses

2.2.1. General Activity
The general level of activity in the rats was evaluated across two five-minute ses-
sions (one per day) in an open-field chamber 60.96 cm x 60.96 cm chamber

consisting of 10.16 cm squares.

2.2.2. Morris Water Maze (MWM)

With the exceptions of general activity and the last phase of the experiment (see
below, WRAM), the assessment of spatial learning and memory included the use
of a standard Morris Water Maze. The maze was a circular white acrylic plastic
swimming pool with a diameter of 183 cm. Different extra-maze cues and escape
parameters were used as a function of current task demands. The depth of the
water was held constant at 30 cm and made opaque white using a nontoxic wa-
ter-based paint (Sargant Art, Hazelton, PA). The swimming pool was located in
a quiet testing space approximately 36.88 square meters in size. On two sides, a
white curtain panel served as a barrier from the larger space while the remaining
two walls consisted of a neutral white color with a computer, monitor, and other
stimuli present and approximately two meters beyond the pool. This limited the
external stimuli available to aid navigation when viewed from the surface of the
pool. Except for free swim “probe” trials, a 15 cm X 15 cm flat white escape plat-
form was used throughout all the assessment phases of the MWM. For the cued
water maze task described below, the escape platform projected 15 mm above
the surface of the water. For the remaining phases of the MWM assessments, the
escape platform was submerged to a depth of 15 mm below the surface of the
water. Last, the platform was always located at a distance of 18 cm from the wall
of the swimming pool.

2.2.3. Water Radial Arm Maze (WRAM)

A water-motivated escape version of the standard eight-arm radial maze was
used for one phase of the experiment. Composed of white plastic 60.96 cm in
height, the maze consists of eight equally spaced 14 cm x 39.37 cm arms. All
arms could be partitioned off as needed from an octagonal 15.5 cm central
chamber. The water was made opaque using the same white non-toxic tempera
paint described earlier. A white removable escape platform 9 cm (square) was
used and submerged just below the water surface at a depth of approximately 15
mm. With the WRAM task employed here—a nonspatial response learning
task—four arms were blocked by Plexiglas barriers leaving open alleys in the

standard plus configuration. Finally, a variety of extra-maze cues were available
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on two of the four walls of the testing room.

2.3. Procedure

2.3.1. Assessment of General Activity

The general level of activity in the rats was evaluated in five-minute sessions
across two consecutive days in a 60.96 cm x 60.96 cm checkerboard chamber
consisting of 10.16 cm squares. Each session was recorded and scored by teams
of two raters. The dependent measures of activity included the number of
squares crossed and the number of times the rats rose onto their hind legs dur-
ing the five-minute session. Last, consideration of sensorimotor and motivation-
al deficits, if any, were examined using a cued version of the MWM task de-

scribed in the following section.

2.3.2. Morris Water Maze Tasks
The series of water maze tasks used as part of the present protocol were chosen
in order to provide a neuropsychological assessment of rodent learning and
memory performance following KET exposure without the necessity of food de-
privation required for traditional appetitive tests of memory. For the first phase
of MWM testing—cued memory phase—the escape platform was visible, pro-
jecting 15 mm above the water’s surface. For the remaining place and spatial
learning set phases in the MWM, the escape platform was submerged 15 mm
below the surface of the water. The spatial assessment phases of the experiment
involved gently placing the rat into the pool at one of four cardinal compass
points, with a designated ceiling of 60 seconds per trial to locate the escape plat-
form. The location of the escape platform varied among one of four compass
positions—southeast, southwest, northeast, northwest. If the rat did not locate
the escape platform within 60 seconds, it was gently placed on the platform and
permitted to rest for 15 seconds. Escape latencies were recorded with a stop-
watch and quadrant crossings, operationally defined as crossing one of four qu-
adrants associated with the four cardinal compass points, were tabulated by
teams of no fewer than two experimenters.

1) Simple (Cued) Place Learning

The cued place learning MWM navigation task was administered after the
drug recovery period and following the assessment of general activity and ex-
ploration. Given the potential for a number of sensorimotor and/or motivational
changes [40], the cued place learning phase was included to determine whether
such nonassociative influences developed, especially those that could potentially
influence performance on the subsequent place learning, learning set, and
WRAM response learning tasks. Therefore, in this phase of testing, the cued
place learning phase included the use of a visible platform in order to assess
general swimming capability, compromised motivation, and nondeclarative
memory ability that could influence performance on other phases of the experi-
ment. The rats received 10 trials per day for two days of testing. On each trial,

the escape platform was located in one of four possible locations. After success-
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fully locating the platform, the rats were allowed to rest on the platform for
about 15 seconds at the completion of each trial.

2) Spatial Water Maze Tasks

The next two phases following the cued place learning assessment, involved an
examination of spatial reference memory in the MWM. Each phase is considered
a test of spatial reference memory. However, the latter of these two is considered
more challenging, because quite often only minor deficits are found using the
standard version of this test [40] [41]. Since the more complex version has been
shown to be sensitive for detecting spatial learning/memory impairments fol-
lowing adolescent drug exposure to other drugs such as MDMA or Foxy [41], it
was considered prudent to include this phase in the present study.

With a number of extra-maze cues and a well-lit environment, the simple ver-
sion of the place-learning task involved testing the rats for 10 trials a day for two
days. Between each trial, the rats were allowed to remain on the platform for 15
seconds. In addition, a probe trial with the escape platform removed was used as
a test of retention on the second day of this phase. The probe, followed no less
than two hours after the last place learning trial, included testing the subject for
a 60 second “free swim”. Both the time spent swimming in the target quadrant
and the number of crossings over the former platform location were recorded.

Difficult place learning testing was the next phase in the experiment. Here, the
conditions were altered in order to provide a marked reduction in the availabili-
ty of cues to aid navigation. Specifically, the room was indirectly lit by a single
60-watt red light bulb located beyond the curtain and below the horizon of the
pool, at approximately three meters from the water maze. As in previous phases,
a curtain was placed around the water maze. As a result, few visual cues re-
mained to aid navigation. For this phase of place learning, the rats were trained
four consecutive trials per day for five consecutive days. As in previous MWM
phases, the rats were allowed to remain on the platform for 15 seconds after the
completion of a trial. Daily probe trials were administered no less than two
hours after the last trial of the preceding four trials. Spatial learning set acquisi-
tion, where successful escape included the daily requirement that the rat learn a
different escape platform location, was the final MWM assessment phase. In this
phase, efficient escape latencies on trial 2 required that the rat recall its prior trial
1 response including the new location of the platform. All the animals received
four consecutive trials per day, with testing continuing for five consecutive days.
Used as an index of working (short-term) memory, daily Trial 1 and Trial 2 es-
cape latencies and response accuracy were compared. The rats were allowed to

rest on the platform for 15 seconds at the completion of each trial.

2.3.3. Water Radial Arm Maze Task

The final phase included the WRAM and involved the use of a plus maze re-
sponse-learning task. In this task, successful escape required that the rat learn to
choose from three possible response alternatives—to turn right, to turn left, or to

swim straight ahead. However, the escape platform was always located in an arm

DOI: 10.4236/jbbs.2021.111003

33 Journal of Behavioral and Brain Science


https://doi.org/10.4236/jbbs.2021.111003

S. O’Brien et al.

that required either a right or left turn. Using a Fellows [42] series, we chose two
possible starting points. Consistent with all earlier tests, assessment in this phase
began by gently lowering the animal to the surface of the water facing the rear
wall of the start arm. As a result, in order to escape, the rat was required to turn
180° and swim towards the three choices located at the center of the plus maze.
Here, the configuration of the task requirements was designed to assess both
nonspatial response learning as well as perseverative behavior. Thus, within a
given set of trials the animal began at one of two possible starting points and the
configuration of the available allocentric information differed as a function of a
given trial. Successful mastery of the task (ie, learning to “turn right vs. left”)
required that the rat learn a rule to turn in a specific direction regardless of the
specific starting location [43]. The goal remained fixed for each animal until a
criterion of 9 out of 10 correct, where after the platform location was reversed.
We have found that the ability to adjust flexible behavior as a function of availa-

ble allocentric cues has proven to be useful in detecting perseverative behavior.

2.4. Data Analyses

For all MWM tasks and the plus maze response learning task escape latencies
and navigation errors or response accuracy were the primary measures of per-
formance. For the WRAM plus maze phase of the experiment, total errors were
divided into working and reference memory errors. Last, the number of trials to
first reversal was also assessed (see below, nonspatial response learning section).

When exploring the data associated with MWM tasks, depending on the start
and escape loci, the optimal swim path distances differed considerably. There-
fore, the recorded escape latencies for the start and goal locations were norma-
lized. Normalization involved computation of the ratio of the minimum swim
distance in cm for each of the longer swim paths to the escape platform to the
minimum swim of the two shorter swim paths trials in cm [44].

All data analyses were performed using SPSS [45]. Generally, the statistical
analyses involved mixed analysis of variance (ANOVAs), with drug groups as
the between-subjects factor and days, or blocks of trials and days as with-
in-subjects factors. For WRAM plus maze analysis, multivariate analysis of va-
riance with drug group as the factor. Post-hoc analyses were performed using
paired £tests with a Bonferroni correction or Tukeyyg, as appropriate to control

for multiple comparisons. The alpha level for acceptance was set at p < 0.05.

3. Results
3.1. General Activity

In the first set of analyses, we examined the general exploratory activity of the
animals by assessing the number of rearings and squares traversed across the
two days of the assessment period. The relevant results are presented in Figure
2. Although the number of squares reversed did not differ by groups or days, a
significant group X days interaction was detected, A2, 18) = 6.60, p = 0.007, 7712,
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30 T
mmm KET (40 mg/kg)
mmm KET (10 mg/kg)
25 71 I Saline Control

Mean Quadrants Crossed

Mean Number of Rearings

Figure 2. Mean quadrants crossed and number of rearings across the two days of the as-
sessment of general activity. *Significantly different, p < 0.05.

= 0.423. Multiple comparisons of the group means with Tukeyy, by each day
revealed similar levels of activity on the first day. However, on the second test
day, both KET groups traversed significantly more squares than the saline con-
trol animals. The activity of the two KET drug groups was comparable. Similar
results were obtained when the number of rearings was considered. Here, the
main effect of group was significant, H2, 18) = 4.62, p = 0.024, 77127 = 0.339, as
was the group X days interaction, A2, 18) = 4.88, p = 0.020, ni = 0.352. Once
again, no differences were observed on the first assessment day but on day two, a
significantly higher number of rearings was detected in the two-drug groups

than animals in the control group. As before the two drug groups did not differ.

3.2. Morris Water Maze Assessments

3.2.1. Cued Place Learning

The first phase of MWM testing involved a cued place learning test. The data
were collapsed into two blocks of five trials each and assessed for the two days of
testing. Using a mixed (1-between (drug), 2-within (days, blocks of trials) ANOVA,
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both escape latencies and the number of quadrants crossed were considered.
Examination of the escape latencies revealed no differences as a function of drug
group. While the main effect of days was nonsignificant, the main effect of blocks
- - 2 _ . .
H1,18) = 16.63, p=0.001, 7, =0.480, was, suggesting that escape latencies de-
creased within but not between sessions. All possible interactions were nonsigni-

ficant.

3.2.2. Simple Place Learning

Consideration of escape latency data from the simple (Ze., high available cues)
place-learning phase revealed similar outcomes. Analysis of the escape latency
data with 1-between (drug), 2-within (days, blocks of trials) mixed ANOVA re-
vealed comparable escape latencies across drug groups, with only the main effect
of blocks of trials significant, A1, 18) = 16.63, p < 0.001, r]f] = 0.480. Thus, un-
surprisingly, escape latencies improved as a function of block within a given day
(Myencies = 3-66, SD = 0.39 vs. Miypncies = 3.00, SD = 0.51) but not across days of
testing. All possible interactions were nonsignificant.

When the number of quadrants crossed were considered, a somewhat differ-
ent yet expected pattern emerged. Unlike the escape latency data, both a main
effect of days, H(1, 18) = 4.68, p = 0.004, 7]; = 0.206, and blocks were found,
A1, 18) = 21.44, p< 0.001, 7]127 = 0.544. Thus, the animals improved both with-
in blocks (M y,4rants = 4-86, SD = 0.96 V8. M_,4r0nis = 3.28, SD = 1.10) and between
days (M, = 4.40, SD = 0.69 vs. M, = 3.74, $D = 1.25). However, a sig-

nificant main effect of the drug was not found. Once again, this was the case for

uadrants uadrants

all possible interactions.

The simple place learning phase of testing included one daily probe trial.
Here, the platform was removed and the time spent in the formerly correct qua-
drant and the number of quadrants crossed were considered. As before, the data
were analyzed with 1-between (drug), 1-within (probe) mixed ANOVA. Exami-
nation of the time data revealed that the animals spent a similar amount of time
in the location associated with the previous location of the escape platform with
no change across probe trials. However, when the quadrants crossed data were
considered, a main effect of drug group was found, A2, 18) = 10.48, p = 0.001,
77;27 = 0.536. Pairwise comparisons revealed that the high KET dose rats crossed
significantly fewer quadrants (A = 5.64, SD = 3.30) than the low dose and con-
trol rats. The latter two groups were not significantly different (Ms = 13.43 &
11.29).

3.2.3. Difficult Place Learning

Task difficulty in this phase was increased by using a single 60-watt light bulb
located behind the maze curtains. Thus, there was a considerable reduction in
the number of allocentric cues. For this phase, all trials were normalized and the
four daily trials averaged. Examination of the resulting escape latency data using
a 1-Between (drug groups), 1-Within (days) ANOVA revealed the following.
The main effect of the drug group and the group X days interaction were both
nonsignificant. Animal performance improved across days of testing, (4, 72) =
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8.10, p < 0.001, 7712, = 310. However, post hoc examination of the escape laten-
cies support the observation that performance remained stable, with higher es-
4.32, SD = 0.43) and 5 (4

atency —

cape latencies observed on days 2 (Meney =
4.01, SD = 0.52) of testing (vs. M, =3.10, 3.24, & 3.53, on days 1, 3, & 4).

A similar pattern—with one notable exception—was found in an examination

latencies

of the accuracy data. Once again, the 1-Between (drug groups), 1-Within (days)
ANOVA yielded only a main effect of day of testing, H4, 72) = 8.45, p < 0.001,
7712, = 329. However, swim accuracy improved across the days of testing with the
= 0.634, SD = 0.11) superior relative to that of
= 0.494, SD = 0.09) and 2 (4,
0.379, $D = 0.10). Last, consideration of the probe data revealed no significant
effects.

performance on day 5 (A,

accuracy score

performance on days 1 (A,

accuracy score accuracy score

3.2.4. Spatial Learning Set Acquisition Testing

Examination of the spatial learning set data involved a comparison of trial one
versus two performance for the first day of testing with the data from days two
through five collapsed across the remaining four days assessment period. Analy-
sis of the resulting data using a 1-between (drug), 2-within (days, trials) ANOVA
produced the following findings. The main effect of drug group and day as well
as the group X days and group X trials interactions were nonsignificant. On the
other hand, a main effect of trials (Ze, trial 1 versus trial two escape latencies
was found, A1, 18) = 32.85, p < 0.001, 77; = 0.646, reflecting a difference be-
tween trial 1 versus trial 2 escape latencies across the assessment period. Of
greater importance, a group X days X trial interaction was found, A2, 18) = 4.81,
p=0.021, 77; = 0.348. The pertinent results are presented in Figure 3.

8 +—
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k] B KET (10 mg/kg)
Cc’ I Saline Control
&
387
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(72]
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Figure 3. Mean escape latencies on trial 1 vs. trial 2 of day one and trial 1 vs. trial 2 for
the data collapsed across days through 5. *Significantly different from trial 1, p < 0.05.
*Significantly different from KET (40 mg/kg rats).
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Paired sample decomposition of the interaction revealed the following results
of interest. On day one of testing, both drug groups had significantly shorter es-
cape latencies on trial 2 than trial 1 a trend that continued for the collapsed data
from days 2 through 5. This was not the case for the control animals. However,
the control animals quickly adapted, with lower response latencies on trial 2 on
the collapsed days 2 through 5 data. This result was consistent with the observa-
tion that escape latencies among the high dose KET was higher than control
animals on trial 2 of days two through four of testing. Once again, consideration
of the accuracy data revealed only a significant main effect of trial, A1, 18) =
39.11, p< 0.001, 772 = 0.697. Thus, although the escape latency performance of
the control animals was disrupted in early testing, this nonetheless, did not

translate to group differences in accuracy.

3.3. Water Radial Arm Maze Assessment

Plus Maze Response Learning

The final phase the assessment involved consideration of (nonspatial) response
learning performance using a plus maze version of the standard MWM. Each
day of training consisted of ten trials and continued five days per week for a total
of 100 trials. Using the operational framework elucidated elsewhere [46], the to-
tal errors were subdivided into working and reference errors. Reference memory
errors were scored whenever an animal initially entered one of three incorrect
alleys while working memory errors were operationally defined as a re-entry into
an incorrect alley not containing the escape platform.

Within the present framework, working memory errors can be suggestive of
perseverative behavior, leading to longer escape latencies and impaired perfor-
mance. Escape latencies were analyzed using a 1-between (drug group), 1 within
(days) ANOVA. In addition to an examination of escape latencies, additional
dependent measures included the number reversals (if any), the number of trials
to reach the criterion for a reversal (Ze, 9 out of 10 error-free trials), working
memory errors, and reference memory errors. The data were initially analyzed
using a one-way between-subjects multivariate analysis of variance MANOVA,
with subsequent univariate F Tests if necessary.

The resulting MANOVA for the effect of the drug group was nonsignificant,
WilK’s A = 0.558, approximate A8, 30) = 2.37, p= 0.041, 7712, = 0.388. Follow-up
univariate analyses revealed that the trials to criterion differed among the three
groups H2, 18) = 3.78, p = 0.043, 772 = 0.296, with the high dose KET (M =
21.43, SD = 3.78) animals reaching criterion significantly fast than control (A =
34.29, $D = 13.97) animals. The trials to criterion among the low dose KET ani-
mals were intermediate between that of the other two groups. Perhaps more
importantly, a drug effect was found for the working memory measure, F2, 18)
=4.84, p=0.021, 77; = 0.350. Here, the high dose KET animals (M = 21.43, SD
= 2.90) made significantly more working memory errors than either the low
dose KET (M = 10.86, SD = 2.88) or control (A = 10.00, SD = 3.04) rats. When

escape latencies were explored, only a main effect of days was found, H9, 162) =
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9.16, p< 0.001, 7712, = 0.915. Thus, in considering escape time, the rats improved

but the groups did not across the assessment period.

4. Discussion

In the present study, various methods were used to determine if ketamine expo-
sure during a period that generally encompassed early adolescence had any effect
on spatial and nonspatial learning and memory in adulthood. For most of the
cued place learning trials, both the drug groups and the control group improved
significantly over time. Similarly, these groups had improved performance over
time for both the simple and difficult place learning with no significant differ-
ences among the three groups on the rate of improved performance. The rats’
ability to improve their performance across trials suggests that the ketamine ad-
ministration had no persisting effect on the rats’ spatial learning ability, at least
in regard to these tasks. The improvement rate between the two ketamine groups
and the control group were similar, further suggesting spatial learning was not
compromised by ketamine exposure.

When considered from the standpoint of brain development, the period of
adolescence is marked by a number of both structural and functional changes in
synaptic plasticity [33] [47]. Such changes lead to a variety of changes, both cor-
tical and subcortical, with modifications observed in both gray and white matter
density [48] [49]. Further, alterations in key neurotransmitter systems lead to
considerable refinement of specific areas of the brain as well as neural circuits
[50]. Maturation patterns are not uniform, with limbic system structures devel-
oping faster than cortical regions. In fact, the prefrontal cortex, a region respon-
sible for a number of higher-order executive functions [51] is the final brain re-
gion to reach developmental maturity.

Considered across mammalian species, adolescent brain development is marked
by a series of alterations that differ in both terms of the timing of change as well
as overall functional differences [31] [47] [52]. Specifically, structures within the
brain differ markedly in terms of both growth rate and timing. During brain de-
velopment, greater connectivity and specialization are seen. Among the changes
is the relationship between areas of the brain associated with arousal and reward
and the frontal cortices and associated areas related to executive function, with
concomitant changes in cognition and behavior [52]. Finally, the plasticity asso-
ciated with adolescent developmental changes is required for learning and
judgment in adulthood. Thus, given the physical immaturity of the adolescent
brain, it is not surprising that it is highly vulnerable to the effects of drugs of
abuse [53]. As a consequence, adolescent exposure to a variety of compounds
can trigger dysfunction in critical maturating brain regions, that are associated
with a variety of long-term debilitations in cognitive and behavioral responses
[54]. However, developmental plasticity exposes the organism to greater vulne-
rabilities from disease or from compounds including drugs [47] [52].

Glutamate, usually considered the most important neurotransmitter with ex-
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citatory effects [52], via the NMDA receptor is a central component of fine-tuning
of neural circuitry during development [55] [56] [57]. Although ketamine may
have other effects [58], most of the interest in ketamine has been as a NMDA
receptor antagonist [11]. NMDA receptor sites increase throughout prepubes-
cence, peak during adolescent development, and is followed by a decrease in
adulthood [59] [60] [61] [62]. However, at least where ketamine is concerned,
the timing of adolescent exposure appears to be a critical variable. In the present
study, ketamine exposure did not appear to adversely impact performance in
rats tested in early adulthood. This finding is at odds with another investigation
in our laboratory, where ketamine exposure later in adolescence/early adulthood
had an adverse impact on the performance of drug-free rats subsequently tested
in adulthood [38]. Conversely, the present results are consistent with those of
Bates and Trujillo [63] who reported finding no cognitive deficits per se—although
evidence of a mild spatial learning deficit—following adolescent exposure. In the
present study, the drug washout period was considerably longer than the 20-day
abstinence period used by Bates and Trujillo. Nonetheless, future research is ne-
cessary to more clearly delineate the effects of ketamine and the associated neu-
rodevelopmental boundaries associated with differing effects.

Here, as elsewhere, the timing of exposure appears critical [47] [64]-[69]. For
example, nicotine or alcohol exposure as well as exposure to stressors during
early adolescence produces effects that are more profound when social/affective
measures or drug self-administration behaviors are considered [47]. On the oth-
er hand, alterations in cognitive performance are more likely following drug ex-
posure later in adolescence when the critical structures that drive successful
performance are undergoing maturation during the exposure period [47]. While
speculative, one possibility for the different time of exposure effects may lie in
consideration of the molecular signature [70] of relevant signaling pathways
[47]. As Spear noted, when the phenomenon of long-term potentiation is consi-
dered, there is evidence of a developmental difference in the role of the enzyme
protein kinase A (PKA), where PKA is required for hippocampal LTP in late
adolescent/early adult rats but not in rats in early/mid-adolescence [71]. Thus,
differences in the timing of exposure during development could impact later
measurements of behavior in adulthood. Specifically, late adolescent exposure of
ketamine may have an impact on slowly developing systems such as the pre-
frontal cortices, with effects seen in tasks that assess cognitive processes asso-
ciated with these systems.

Spatial and non-spatial memory appear to be dependent on different brain
substrates, with considerable support seen in studies demonstrating brain lesions
of a given area disrupting one type of memory, but sparing the other [72]. How-
ever, currently these is no consensus on the specific areas of the brain and con-
comitant networks that are associated with improvement in specific cognitive
capabilities during adolescent development [73]. At least from a neuropsycho-

logical standpoint, correlations with specific regional activation patterns will be
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impacted by such variables as the type of test and its difficulty, environmental
factors, and a variety of methodological considerations [73].

Given the present results as well as others described earlier, our knowledge of
the potential for ketamine to produce persisting alterations in behavior and cog-
nition following adolescent exposure remains incomplete. Indeed, the effects of
ketamine are complex, with interactions among multiple neurotransmitter sys-
tems [63], including those cholinergic, aminergic, and opioid-ergic in nature
[74]. Further, a variety of non-NMDA mediated effects on glutamate receptors
have been reported [75] [76]. In addition, an issue in need of resolution is the
question as to whether adolescent ketamine exposure contributes to persisting
alterations in brain development subsequently compromising adult behavior. In
this regard, a nonhuman primate model may produce additional insight. At any
rate, individuals during late adolescence are susceptible to both substance abuse
as well as mental illness [39]. This should be taken into consideration if keta-
mine becomes a treatment option for mental illnesses. Using ketamine thera-
peutically may put these individuals at a greater risk for long-term impairments

caused by repeated doses of ketamine.
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