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Abstract

Ketamine is a dissociative anesthetic first developed in the 1960s but is increasingly used at
subanesthetic doses for both clinical and non-clinical purposes. There is evidence from human
recreational users of compulsive use and addiction. Sensitization is an increase in an effect of a
drug with repeated use that is thought to be important in the development of addiction. Research
on psychomotor stimulants has shown the development of sensitization in laboratory animals to be
modified by factors that influence addiction. In the current paper we describe four experiments on
the development of sensitization in laboratory rats aimed at determining if ketamine sensitization
is also influenced by factors thought to be important in addiction. Adult, male Sprague-Dawley
rats received ketamine (5, 10, 20 or 50 mg/Kkg i.p.) for five or more days and the development of
locomotor sensitization was followed. Experiment 1 examined the ability of low doses of ketamine
to produce sensitization and found sensitization at 5, 10 and 20 mg/kg. Experiment 2 examined the
influence of environmental context and found that ketamine sensitization (20 mg/kg) was greater
when administration occurred in a novel environment (the experimental apparatus) than in home
cages. Experiment 3 found that ketamine sensitization (20 mg/kg) did not occur when animals
were housed in social isolation but occurred readily in pair-housed animals. Finally, Experiment 4
found that ketamine sensitization (20 or 50 mg/kg) was similar whether drug was administered
daily or at 3-day intervals. Together, the results demonstrate that ketamine sensitization is robust
and reliable, occurring under a variety of circumstances. Moreover, ketamine sensitization is
influenced by factors that influence the development of addiction in humans. The current results
may lead to a better understanding of ketamine abuse and addiction and may help inform clinical
use of the drug.

Introduction

Ketamine was first developed as an anesthetic in the 1960s, however interest in the use of
this drug at subanesthetic doses has grown in recent years and continues to expand [1-5].
Among the therapeutic indications of subanesthetic ketamine are pathological pain (alone
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and in combination with opioids) [6-11] and major depression [12-16]. Most notably,
ketamine as a treatment for depression has generated considerable excitement in recent
years. Based on early successful studies, ketamine has been used off-label for treating
individuals with depression for several years, and in 2019 esketamine (the S(+) isomer of
ketamine), was approved by the Einited States Food and Drug Administration for the
treatment of depression [17-19]. Importantly, ketamine has a different mechanism of action
than other classes of antidepressants. Whereas most other antidepressants act via increasing
monoaminergic neurotransmission, ketamine is a non-competitive N-methyl-D-aspartate
(NMDA) receptor antagonist. Moreover, ketamine’s antidepressant effects can be seen in
minutes to hours (as opposed to traditional antidepressants, which require 3-6 weeks to act)
and it has the ability to treat severe depression in individuals who are refractory to traditional
antidepressants. The impact of this development is difficult to overstate, as ketamine
represents the first new neurochemical class of antidepressants identified in many years [18].

Early after the approval of ketamine as an anesthetic it was “discovered” by recreational
users who enjoy its rewarding and stimulating effects and its ability to evoke a unique
subjective state at subanesthetic doses [2, 20-23]. Over the years, ketamine recreational use
has increased, early-on through diversion of the drug from veterinary sources and more
recently from clandestine laboratories [5, 20-23]. It has often been included in a class of
drugs known as “club drugs” because of use at dance clubs and party settings [23-29]. But it
is also used by spiritual seekers or “psychonauts” who enjoy the vivid visual imagery/
hallucinations evoked by the drug, as well as out-of-body and transcendental experiences
[28, 30-34]. Although ketamine is not used as widely as many other drugs of abuse, there is
significant evidence that it can be addictive. Case reports and other studies have documented
compulsive use of the drug, craving among users, and extreme difficulty in quitting after
long-term use [5, 29, 31, 32, 34-37]. Preclinical studies utilizing self-administration and
conditioned place preference approaches have demonstrated ketamine’s reinforcing effects
in animal models [38-53].

Among the factors that are thought to contribute to addiction is a form of neurobehavioral
plasticity known as behavioral sensitization. Sensitization is defined as an increase in an
effect of drug with repeated use [54-57]. According to the “Incentive Sensitization Theory
of Addiction” sensitization is responsible for an amplified desire (or wanting) for a drug that
is ultimately expressed as craving in addicted individuals [55, 58-60]. In animal models
sensitization is most often studied as an increase in drug-induced locomotor activity
following repeated administration. Given the overlap between the circuits that mediate
locomotor activity and incentive motivation, locomotor sensitization in laboratory animals
can be evidence of increases in motivation for drug (for review see [58]). Sensitization has
been most commonly investigated in response to psychomotor stimulants, such as
amphetamine and cocaine, but is widely seen with known addictive drugs. Our laboratory
and others have reported that repeated use of ketamine leads to progressive increases in
locomotor stimulant effects of the drug, reflective of behavioral sensitization [61-69]. To the
extent that ketamine sensitization is related to its addictive properties, a better understanding
of this phenomenon may help in the prevention and treatment of ketamine addiction.
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Extensive research with psychomotor stimulants has revealed that sensitization is modified
by circumstances surrounding administration of the drug, factors that are also important to
addiction in humans. Among the factors that have been found to modify psychostimulant
sensitization include the physical environment in which drug is administered, the social
environment surrounding administration, and the interval at which drug is administered [54,
70-76]. To date, very few published studies have studied these factors in ketamine
sensitization. In the current experiments, we examined the development of sensitization at
very low subanesthetic doses of ketamine to determine the threshold for the development of
sensitization; as well as the influence of environment, social isolation and treatment interval.

Eighty-seven adult male Sprague Dawley rats (Harlan, now Envigo; Livermore, CA),
approximately 300 grams at beginning of experiment, were used in four experiments.
Animals were habituated to the vivarium for at least one week prior to the beginning of each
study. The rats were provided water and food ad libitum and (with the exception of
Experiment 4; see below) were housed in groups of 2-3 in clear plastic cages (10.5” x 19” x
8”). The vivarium was kept on a 12-hour light/dark cycle and all experiments were
performed during the light phase. Prior to each experiment rats were handled and their
weights were recorded for three consecutive days to familiarize them with the experimenter.
All studies were reviewed and approved by the Institutional Animal Care and Use
Committee at California State University San Marcos and are in compliance with the Guide
for Care and Use of Laboratory Animals (National Academies Press).

Ketamine hydrochloride (Sigma-Aldrich) was dissolved in 0.9% saline and injected
intraperitoneally (i.p.) at a volume of 1 ml/kg of body weight. Saline was used as the vehicle
control.

A Kinder Scientific Open Field Motor Monitor (16” x 16” x 15”) was used to assess
locomotor activity (Kinder Scientific, Poway, CA). The system consists of eight clear
Plexiglas chambers, each surrounded by two arrays of photocells (16x16) and interfaced
with a personal computer. One array of photocells (5 cm above the floor) measures
horizontal activity and the other (12.5 cm above the floor) measures vertical activity
(rearing). Kinder Scientific software can provide multiple measures of activity, including
ambulations (interruptions of successive photocell beams typically representing forward
locomotion), fine movements (interruptions of a single photocell beam typically representing
stereotyped behavior), time active, and rearing. In the experimental room sound was
provided by a white noise generator (Lafayette Instruments, Lafayette, IN) and an
incandescent light was set at low levels.
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Four experiments were performed, each examining a factor that might affect ketamine
sensitization, including dose, treatment interval, environmental context and social
environment. On each test day, animals were taken to the experimental room and habituated
to the room for 30 minutes. They were then placed individually into the locomotor apparatus
for an additional 30 minutes of habituation prior to injection and testing. At the end of
habituation, animals received the assigned treatment and locomotor activity was assessed for
90 minutes.

Experiment 1: Ketamine Sensitization at Low Doses—The purpose of this study
was to examine the development of sensitization to very low doses of ketamine. Animals
were assigned, in a counterbalanced manner, to receive saline or ketamine (5.0, 10.0, or 20.0
mg/kg i.p.) once daily for 5 days (n=7 in each of the three ketamine groups and n=3 in the
saline reference group). Animals were tested as described above under Procedures. See
Figure 1a.

Experiment 2: Effect of Environmental Context on Ketamine Sensitization—
The aim of this study was to determine if the environment in which the animals received
ketamine affected the expression of sensitization. Animals (n=6 per group) received saline or
ketamine (20 mg/kg) once daily for four days in either the experimental testing apparatus or
in the home cage. Thus, there were four groups: saline home cage (Sal Home), saline
experimental apparatus (Sal Exp), ketamine home cage (Ket Home), ketamine experimental
apparatus (Ket Exp). On each day, Exp animals were tested as described above under
Procedures, however Home animals were injected and returned to their cages. On day 5 all
animals were tested for the response to ketamine in the experimental apparatus (i.e., all four
groups received ketamine) and were tested in the manner described under Procedures.
Animals in the Home Cage groups had no exposure to the experimental apparatus prior to
testing on day 5; the testing apparatus was therefore a novel environment for these animals.
See Figure 1b.

Experiment 3: Effect of Social Isolation on Ketamine Sensitization—This study
examined the influence of social isolation on the development of ketamine sensitization.
Upon arrival from the vendor, animals were housed individually (n=7) or in pairs (n=8) for
two weeks prior to the beginning of the experiment and remained housed in this manner for
the entire duration of the experiment. Animals received ketamine (20 mg/kg) once daily for
5 days and then once again 25 days later (30 days from the first day of the experiment);
animals remained unhandled and untreated during the 25 days between test days. This was
done to explore the persistence of sensitization. On each test day animals were tested as
described above under Procedures, except in this experiment activity was assessed for 60
minutes. See Figure 1c.

Experiment 4: Effect of Treatment Interval on Ketamine Sensitization—The
purpose of this study was to determine if treatment interval affected the development of
ketamine sensitization. Animals (n=6 per group) received ketamine (20 mg/kg or 50 mg/kg)
either once daily or once every three days for five total injections. Test days were aligned so
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that the final testing day was the same for those treated daily and those treated at 3-day
intervals. On each test day animals were tested as described above under Procedures. See
Figure 1d.

Statistical Analyses

Results

We utilized two measures used to assess activity: ambulations (reflecting horizontal
locomotion) and fine movements (reflecting stereotypy). Horizontal activity and stereotypy
are two prominent features of ketamine-induced stimulation of behavior [77-83]. For
individual sessions, to illustrate the timecourse of drug effects and to compare groups we
focused on ambulations. On these days, activity counts (ambulations) were analyzed by two-
way repeated measures ANOVA (group x minutes post-injection) with minutes post-
injection as the repeated measure. Post hoc analysis was performed using Bonferroni’s
correction. To assess the development of sensitization across days ambulations or fine
movements on each day was totaled and analyzed by two-way repeated measures ANOVA
(group x test day), with test day as the repeated measure. Dunnett’s multiple comparisons
test was used to determine changes from Day 1 of testing for each group. Due to differences
in the duration of effect, at doses of 20 mg/kg or lower, 30 minutes was the timeframe
totaled for analysis; at 50 mg/kg, 60 minutes was the timeframe totaled for analysis.

Experiment 1: Ketamine Sensitization at Low Doses

On day 1 of treatment, ketamine produced a very modest increase in activity (as assessed by
ambulations) that was only evident at the highest dose, 20 mg/kg (Figure 2a). Two-way
repeated measures ANOVA revealed a significant effect of treatment A3, 20)=2.012, p=.
0094; a significant effect of time A14,280)=6.525, p<0.0001; and a significant interaction
H42,280)=2.554, p<0.0001. Post hoc analysis demonstrated that the 20 mg/kg dose had a
significant increase relative to the saline group at 3 data points, but no other dose showed a
significant difference from saline. By day 5 of treatment there were apparent increases in
response relative to day 1 (compare Figures 2a, 2b). On day 5 (Figure 2b) there was a
significant effect of treatment A3, 20)=5.434, p=.0067; a significant effect of time
H14,280)=9.728, p<0.0001; and a significant interaction A42,280)=2.263, p<0.0001. Post
hoc analysis demonstrated that both the 10 mg/kg dose and the 20 mg/kg dose had
significant increases relative to the saline group at multiple data points.

To assess changes across days, the activity for the first 30 minutes post-injection was totaled
for each day of treatment (this timeframe was used since ketamine’s effects were absent
after 30 minutes). There was a clear escalation of activity across the 5 days of treatment,
reflected in ambulations (horizontal locomotion), especially at the highest dose (Figure 2c).
Two-way repeated measures ANOVA revealed a significant effect of treatment A3,
20)=9.578, p=.0004; a significant effect of day A4,80)=3.215, p=0.0168; but no interaction
A12,80)=1.370, p=0.1977. Post hoc analysis demonstrated significant increases at the 20
mg/kg dose on days 3, 4 and 5, relative to day 1. Changes in fine-movements were also
examined across days, and showed a similar pattern to ambulations (Figure 2d). There was a
significant effect of treatment A3, 20)=7.439, p=.0016; a significant effect of day
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H4,80)=8.150, p<0.0001; and a significant interaction A12,80)=3.392, p<0.0005. Post hoc
analysis demonstrated significant increases relative to day 1 for all three groups, which
depended on the day of treatment (Figure 2c).

The results reveal that 20 mg/kg is near the threshold for a significant locomotor response to
ketamine and ketamine sensitization; therefore, subsequent studies focused on this dose or
higher.

Experiment 2: Effect of Environmental Context on Ketamine Sensitization

For this experiment, increases in ketamine response were evident across days in the
Experimental Apparatus group for both ambulations and fine movements (Figure 3a, 3b).
For ambulations (Figure 3a), two-way repeated measures ANOVA revealed a significant
effect of treatment A1,10)=38.0, p<0.0001; a significant effect of day A4,40)=9.5,
p<0.0001; and a significant interaction A4,40)=2.8, p=0.0386. Post hoc analysis
demonstrated significant increases in ketamine response on days 4 and 5 of treatment
relative to day 1. For fine movements (Figure 3b) there was a significant effect of treatment
A1,10)=36.34, p=0.0001; a significant effect of day A4,40)=7.890, p<0.0001; and a
significant interaction A4,40)=2.786, p=0.0393. As with ambulations, post hoc analysis
revealed significant increases in ketamine response on days 4 and 5 of treatment relative to
day 1. Repeated treatment with saline produced no significant changes in behavior across
days.

The impact of environment on the development of sensitization was revealed on day 5 of
treatment by comparing the response in animals that had received treatment repeatedly in the
Home Cage and animals that had received treatment repeatedly in the Experimental
Apparatus (Figure 3c). Animals that had received ketamine repeatedly in the Experimental
Apparatus showed the greatest response to ketamine, while those that received ketamine in
the Home Cage showed a smaller response. Two-way ANOVA revealed a significant effect
of environment A1,20)=15.43, p=0.0008; a significant effect of treatment A1,20)=30.20;
but no significant interaction A1,20)=20.15, p=0.1712. Post hoc analysis revealed a
significant difference between each group that received repeated administration of ketamine
(Ket/Ket) and its respective saline control (Sal/Ket), and importantly, between the
Experimental Apparatus Ket/Ket group and the Home Cage Ket/Ket group. There was no
significant difference between Experimental Apparatus and Home Cage Sal/Ket groups.

Experiment 3: Effect of Social Isolation on Ketamine Sensitization

In this experiment, animals were housed 1 per cage or 2 per cage and the development of
ketamine sensitization was determined. There was no apparent difference between the two
groups in the response to ketamine on day 1 of treatment (Figure 4a). Two-way repeated
measures ANOVA of ambulations on day 1 revealed no significant effect of housing
H1,13)=0.1435, p=0.7109; a significant effect of time A14,182)=11.86, p<0.0001; and no
interaction A14,182)=0.97, p=0.4849. However, on the last day of treatment and testing
(day 30), there were differences between the groups (Figure 4b). Two-way repeated
measures ANOVA revealed a significant effect of housing A1,13)=4.999, p=0.0435; a
significant effect of time A14,182)=13.51, p<0.0001; and a significant interaction
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H14,182)=3.503, p= p<0.0001. Post hoc analysis showed that the response to ketamine in
the 2 per cage group was significantly greater than the 1 per cage group for a portion of the
timecourse.

Considering the development of sensitization across days of treatment, the animals housed 2
per cage showed an apparent escalation in response across days, while the animals housed 1
per cage did not. For ambulations (Figure 4c), two-way ANOVA revealed no significant
effect of housing A1,13)=2.972, p=0.1084; no significant effect of day A5,65)=1.827,
p=0.1198; and no significant interaction A5,65)=1.806, p=0.1240. Post hoc analysis
revealed a significant increase for the 2 per cage group on day 30 relative to day 1, but no
significant increases for the 1 per cage group. For fine movements (Figure 4d), two-way
ANOVA revealed no significant effect of housing A1,13)=1.816, p=0.2008; a significant
effect of day A5,65)=4.665, p=0.0011; and an interaction that approached significance
H(5,65)=2.083, p=0.0787. Post hoc analysis revealed a significant increase for the 2 per cage
group on days 4, 5 and 30 relative to day 1, but no significant increases for the 1 per cage

group.

Experiment 4: Effect of Treatment Interval on Ketamine Sensitization

For this experiment, animals received ketamine treatment either daily or once every three
days. Two doses of ketamine were examined, and because the response was so different, the
results of each dose were initially analyzed separately. On day 1 at 20 mg/kg there was a
modest short-lived increase in activity in response to ketamine (Figure 5a). Two-way
repeated measures ANOVA of ambulations revealed no significant effect of treatment
interval A1,10)=0.0052, p=0.9439; a significant effect of time A14,140)=5.596, p<0.0001,
and no significant interaction A14,140)=0.4413, p=0.9583 (data not shown). Results on day
5 of treatment revealed similar effects (albeit greater in magnitude; compare Figures 5a and
5b). There was no significant effect of treatment interval A1,10)=0.0173, p=0.8979; a
significant effect of time A14,140)=8.904, p<0.0001, and no significant interaction
F14,140)=0.5052, p=0.9271 (data not shown).

At 50 mg/kg, on day 1 there was an increase in activity in response to ketamine that lasted
approximately 80-90 minutes (Figure 5a). Two-way repeated measures ANOVA of
ambulations revealed no significant effect of treatment interval A1,10)=0.0130, p=0.9114; a
significant effect of time A44,440)=4.897, p<0.0001, and no significant interaction
H44,440)=1.138, p=0.2589 (data not shown). On day 5 the data from one animal was lost
due to a technical problem. The response to ketamine on day 5 was strongly increased from
day 1 (compare Figures 5a and 5b). Two-way repeated measures ANOVA of ambulations on
day 5 revealed no significant effect of treatment interval A1,9)=1.039, p=0.3348; a
significant effect of time A44,396)=10.03, p<0.0001, and no significant interaction
H44,396)=0.4397, p=0.9994 (data not shown).

Because there were no significant differences between the groups treated daily and those
treated at 3-day intervals, the groups were combined and the results were analyzed for
sensitization across days. Both doses showed an escalation in response across days (Figure
5). For ambulations (Figure 5c) two-way repeated measures ANOVA revealed a significant
effect dose A(1,22)=35.51, p<0.0001; a significant effect of day of treatment A4,87)=15.29,
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p<0.0001; but no significant interaction A(4,87)=1.683, p=0.1611. Post hoc analysis showed
a significant increase in response relative to day 1 on days 4 and 5 at the 20 mg/kg dose; for
the 50 mg/kg dose, there was a significant increase relative to day 1 on days 2, 3,4 and 5
(Figure 5c). For fine movements (Figure 5d) two-way repeated measures ANOVA revealed a
significant effect of dose A1,22)=103.8, p<0.0001; a significant effect of day of treatment
H4,87)=8.641, p<0.0001; but no significant interaction A4,87)=0.5619, p=0.6909. As with
ambulations, post hoc analysis showed a significant increase in response relative to day 1 for
the 20 mg/kg dose on days 4 and 5. For the 50 mg/kg dose, there was a significant increase
relative to day 1 on days 2, 3, 4 and 5 (Figure 5d).

Discussion

The major conclusion from these studies is that ketamine sensitization is a robust
phenomenon that occurs with repeated administration under a variety of circumstances and
that sensitization can be influenced by different conditions, including dose, environmental
context and social isolation, but apparently not treatment interval. As described in more
detail below, this research complements and extends previous research demonstrating
ketamine sensitization in laboratory animals [61-69]. In addition, the results show that
ketamine sensitization is modified by factors that affect the development of sensitization to
other drugs and that influence the development of addiction. Although the number of
injections needed to induce sensitization varied across the current experiments, significant
increases in activity were evident by the second injection in some cases and by the fourth
injection in all experiments. Thus, sensitization to ketamine has the ability to develop rapidly
in laboratory rats. To the extent that locomotor sensitization is a relevant animal model of
addiction, the results are consistent with the idea that ketamine is an addictive drug.

In Experiment 1 we found that the threshold dose for a locomotor stimulant response to
ketamine on the first day of treatment was 20 mg/kg i.p. This is a conservative estimate,
given the low number of animals in the saline reference group; it is possible that significant
stimulation would’ve been evident at lower doses with a larger number of animals.
Nonetheless, this dose range is consistent with unpublished work from our laboratory and
with the findings of others on locomotor stimulant effects of ketamine in laboratory rats
(e.g., [84-86], but see also [63]). Importantly, however, increases in response following
repeated administration, reflective of ketamine sensitization, occurred not only at 20 mg/kg,
but also at 5 and 10 mg/kg, despite the lack of a significant stimulant response at the lower
doses on day 1. Therefore, significant neurobehavioral plasticity is evident at doses that are
near or below the threshold for locomotor stimulation. This is consistent with previous
research demonstrating ketamine sensitization at very low doses [63]. Although sensitization
occurred at all three doses, the onset of sensitization was dose dependent, appearing by day
2 at the highest dose, day 3 at the middle dose and day 5 at the lowest dose. Considering the
human relevance of the doses used in this experiment, it’s difficult to make a direct
translation; however, there is good reason to believe that these doses are in the range that
parallel human antidepressant effects and drug abuse. The dose most often cited for
antidepressant effects in the forced swim test in laboratory rats is 10 mg/kg (for review see
[87, 88]), which is the middle dose used in this study; this is also the threshold dose for
producing reward as assessed by conditioned place preference in laboratory rats [49, 50, 69].
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Sensitization therefore occurs at doses that are analogous to clinical and recreational doses
in standard animal models.

In Experiment 2, the environment in which the animals received treatment had a potent
effect on sensitization. Animals that had received treatment in the experimental apparatus
showed sensitization that was much stronger than animals that had received treatment in
their home cages. These results are similar to findings with psychostimulants, which show
greater sensitization in animals treated in the experimental apparatus than those that received
treatment in home cages [for review see 54, 70-72]. Moreover, these findings replicate and
extend our earlier findings demonstrating an influence of the environment on ketamine
sensitization when the drug was administered at weekly intervals [64]; to our knowledge, no
other published research has examined the impact of environment on ketamine sensitization.
The traditional interpretation of these differences, based largely on studies with cocaine and
amphetamine, is that environmental cues and conditioned drug-environment interactions are
important to the development of sensitization. In fact, sensitization has been found in some
cases to be “context-dependent,” requiring environmental cues to develop [for review see 54,
70, 71, 89, 90]. However, an alternative explanation is that ketamine sensitization developed
in the home cage group, but the expression of sensitization was suppressed in the novel
environment of the experimental cage [70]. Since we did not follow the development of
sensitization across days in the home cage group, it is possible that sensitization developed,
but that the expression of sensitization was suppressed in the experimental cage
environment. According to this explanation, mild stress induced by the novel environment
may have suppressed locomotor behavior, accounting for the difference between the groups.
It should be noted, however, that evidence from the respective control groups suggests that
this may not have been the case, as ketamine-induced locomotor behavior was not
significantly different in the home cage group that received ketamine for the first time on
day 5 (the Home Sal-Ket group) and the experimental apparatus group that received
ketamine for the first time on day 5 (the Exp Sal-Ket group). One additional point is that
ketamine sensitization did indeed develop in the home cage group in the current experiment,
but it was reduced in magnitude when compared to the experimental cage group. Thus,
ketamine sensitization was lower in the home cage group, but it was not entirely context-
dependent. It is noteworthy that ketamine self-administration, in both animal models and
human users is dependent on the environment in which the drug is administered [34, 39],
supporting an important role of context in ketamine abuse and addiction. Further research is
necessary to clarify the role of environmental context in the development and the expression
of ketamine sensitization.

Experiment 3 examined the influence of social isolation on sensitization to ketamine. In this
experiment, animals that were housed 2 per cage developed sensitization, while those that
were housed singly did not. The effect was evident by the fourth day of treatment but was
most pronounced when animals were retested for sensitization 25 days following the five
days of treatment. We are unaware of any previous research that has examined the impact of
social isolation on ketamine sensitization. There is considerable interest in the social
influence on response to drugs, since social factors are considered to be important in the
development of addiction, in relapse, and in addiction treatment [73-75, 91]. One important
theme of this work is that social isolation increases the likelihood of addiction and decreases
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the effectiveness of treatment. The current results are in contrast to this idea, in that socially
isolated animals did not develop sensitization, but socially housed animals did. The stressful
effects of isolation in rats have been well-documented and may have contributed to the lack
of sensitization seen in the singly housed animals [for review see 92]. Research on
sensitization to psychomotor stimulants has been inconclusive regarding the influence of
social factors. In some studies, sensitization was increased by isolation, in other cases it was
decreased, while in others no effect was seen [for review see 75]. The differences in findings
are likely due to differences in experimental approaches, including age of isolation, duration
of isolation, number of conspecifics in the social housed comparison group, specific drug
and drug doses examined, and others. The current study utilized adult animals, pair-housed
or singly-housed for 14 days prior to the beginning of and throughout the study. The results
demonstrate that isolation housing interferes with the development of ketamine sensitization.

Experiment 4 examined the effect of treatment interval on the development of ketamine
sensitization at two doses: 20 mg/kg and 50 mg/kg. In this study, sensitization developed
similarly in animals treated once daily and those treated at 3-day intervals regardless of dose.
There appeared to be a trend toward more rapid sensitization in the daily treatment group but
this did not achieve statistical significance. Since there was no difference in response at the
two treatment intervals we combined the groups and assessed the development of
sensitization at the two doses. Sensitization developed by the day 2 at 50 mg/kg and by day
4 at 20 mg/kg. This reinforces the finding in Experiment 1 that sensitization develops more
quickly at higher subanesthetic doses relative to lower doses. Considering the impact of
treatment intervals, the dogma arising from research on cocaine and amphetamine is that
sensitization develops best following treatment at long intervals, and that tolerance is more
likely following treatment at shorter intervals [for review see 54, 76]. The current results
suggest that this is not the case for sensitization to ketamine — sensitization developed
similarly at both treatment intervals. It should be noted that the dogma from research on
cocaine and amphetamine may not generalize to other drugs of abuse, since sensitization to
the locomotor stimulating effects of opioids occurs following continuous administration
[64], whereas tolerance develops to amphetamine under similar circumstances [76, 93-98].
Additionally, ketamine has a very short duration of action, which likely influences the
interdose interval necessary for the development of tolerance or sensitization. For example,
in the current studies, the response to 20 mg/kg of ketamine on the first day of treatment was
only 10-20 minutes in duration (e.g., Experiment 1 and current experiment). It should be
added that ketamine sensitization can develop following treatment at longer intervals. In
previous research we demonstrated strong ketamine sensitization with an interdose interval
as long as 7 days [64]. With regard to the human relevance of these findings, potent
sensitization would be expected whether the drug is used daily or at more prolonged
intervals, such as weekend parties [64].

Together, the current results demonstrate that ketamine sensitization develops under a variety
of experimental conditions. Moreover, it is influenced by factors that modify sensitization to
other drugs, albeit not always in the same direction. Therefore, ketamine sensitization is
reliable, reproducible and robust. Compulsive ketamine use and addiction have been widely
reported [5, 29, 31, 32, 35-37], however it is currently unclear if sensitization contributes to
the development of ketamine addiction. As discussed above, sensitization is thought to be
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responsible for drug wanting and craving that are key elements of addiction. It is therefore
possible that the current results point toward a valid animal model of the development of
ketamine addiction. Further research will help to clarify the role of sensitization in addiction
to ketamine. In addition to the factors examined in the current experiments, ketamine
sensitization has been reported to be affected by age and sex of the animals [62, 63, 65, 67].
It will be of interest to determine how age and/or sex intersect with these other variables.

In addition to being a prominent drug of abuse, ketamine is also used clinically at
subanesthetic doses for a variety of conditions, including pathological pain and major
depression. An early retrospective look at responses in humans that had received repeated
doses of ketamine in clinical studies found no evidence of sensitization [99]. However, with
more clinical experience, evidence of sensitization may emerge. It will be of interest and
importance to more closely evaluate the potential for sensitization in individuals treated for
depression. It will be of particular interest to determine if sensitization contributes to the
antidepressant effects of the drug and/or if it leads to increases in side-effects with repeated
treatment. A better understanding of ketamine sensitization may lead to a better prevention
and treatment of ketamine abuse and addiction and will inform future therapeutic use of the
drug.
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Highlights
. Ketamine produces locomotor stimulation at low subanesthetic doses.
. Repeated administration of ketamine produces robust and reliable
sensitization.
. Dose, environment, and social isolation affect sensitization.
. Ketamine sensitization is influenced by factors that influence addiction.
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Once Daily
Ketamine (20.0 mg/kg)

Once Every 3 Days

Figure 1.

Treatment and testing protocols for (a) Experiment 1: Ketamine Sensitization at Low Doses,
(b) Experiment 2: Effect of Environmental Context on Ketamine Sensitization, (c)
Experiment 3: Effect of Social Isolation on Ketamine Sensitizatior, and (d) Experiment 4.
Effect of Treatment Interval on Ketamine Sensitization. Syringes show days with injections;

dotted lines show days without injections.
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Figure 2. Experiment 1: Ketamine Sensitization at Low Doses.

*
*

@ Sal

® Ket 5
® Ket 10
@ Ket 20

Minutes Post Injection

Fine Movements

@ Sal " ¥
o Ket 5 " * *
® Ket 10 *

® Ket20 *

Day of Treatment

(a) Timecourse of response to ketamine (5.0, 10.0 and 20.0 mg/kg) on Day 1 of treatment
(ambulations). *=20 mg/kg different from saline. (b) Timecourse of response to ketamine on
Day 5 of treatment (ambulations). Note the increases in response compared to Day 1. *=20
mg/kg different from saline. **=10 and 20 mg/kg different from saline. (c) Total activity
across days of treatment (ambulations). *=20 mg/kg different from response on day 1. (d)
Total activity across days of treatment (fine movements). *=20 mg/kg different from
response on day 1. **=10 and 20 mg/kg different from response on day 1. ***=5, 10 and 20
mg/kg different from response on day 1. Although 20 mg/kg was the only dose that showed
a significant increase in locomotion on Day 1, there was evidence of sensitization at all three

doses.
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H Sal/Ket E Sal/Ket H Ket/Ket E Ket/Ket

Figure 3. Experiment 2: Effect of Environmental Context on Ketamine Sensitization.
SAL/KET = group received saline on days 1-4 and ketamine on day 5. KET/KET=group

received ketamine all 5 days. (a) Total activity across days of treatment (ambulations).
*=Significantly different from response on day 1. Red colored data point in SAL/KET
group=ketamine treatment on day 5. (b) Total activity across days of treatment (fine
movements). *=Significantly different from response on day 1. Red colored data point in
SAL/KET group=Kketamine treatment on day 5. (c) Total activity on Day 5 of treatment
(ambulations). *=Significantly different from respective saline control group.
"=Significantly different from Home Cage KET/KET group. E=Treatment in Experimental
Apparatus all 5 days; H=Treatment in Home Cage on days 1-4 and Experimental Apparatus
on day 5. Although sensitization was evident in both the Home Cage and Experimental
Apparatus groups, it was significantly greater in the Experimental Cage group.
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Figure 4. Experiment 3: Effect of Social Isolation on Ketamine Sensitization.
(a) Timecourse of response to ketamine (20.0 mg/kg) on Day 1 of treatment (ambulations).

There were no differences between animals housed one per cage (1PC) and those housed
two per cage (2PC). (b) Timecourse of response to ketamine on Day 30 (ambulations). *=2
per cage group significantly greater than 1 per cage group. (c) Total activity across days of
treatment (ambulations). *=2 per cage group significantly different from response on day 1
(the 1 per cage group showed no significant increases). (d) Total activity across days of
treatment (fine movements). *=2 per cage group significantly different from response on day
1 (the 1 per cage group showed no significant increases). There was evidence of
sensitization in animals housed 2 per cage, but not in animals housed 1 per cage.
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Figure 5. Experiment 4: Effect of Treatment Interval on Ketamine Sensitization (20 mg/kg).
Because there were no differences between groups treated at 1-day and 3-day intervals, the

data from these groups were collapsed and the development of sensitization at the two doses
was assessed (see text for details). (a) Timecourse of response to ketamine (20.0 mg/kg and
50 mg/kg) on Day 1 of treatment (ambulations). (b) Timecourse of response to ketamine
(20.0 mg/kg and 50 mg/kg) on Day 5 of treatment (ambulations). (c) Total activity across
days of treatment (ambulations). *=significantly different from response on Day 1. (d) Total
activity across days of treatment (fine movements). *=significantly different from response
on Day 1.

Behav Brain Res. Author manuscript; available in PMC 2021 January 27.



	Abstract
	Introduction
	Methods
	Animals
	Drugs
	Apparatus
	Procedures
	Experiment 1: Ketamine Sensitization at Low Doses
	Experiment 2: Effect of Environmental Context on Ketamine Sensitization
	Experiment 3: Effect of Social Isolation on Ketamine Sensitization
	Experiment 4: Effect of Treatment Interval on Ketamine Sensitization

	Statistical Analyses

	Results
	Experiment 1: Ketamine Sensitization at Low Doses
	Experiment 2: Effect of Environmental Context on Ketamine Sensitization
	Experiment 3: Effect of Social Isolation on Ketamine Sensitization
	Experiment 4: Effect of Treatment Interval on Ketamine Sensitization

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

