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(R,S)-ketamine and (2R,6R)-hydroxynorketamine differentially
affect memory as a function of dosing frequency
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A single subanesthetic infusion of ketamine can rapidly alleviate symptoms of treatment-resistant major depression. Since repeated
administration is required to sustain symptom remission, it is important to characterize the potential untoward effects of prolonged
ketamine exposure. While studies suggest that ketamine can alter cognitive function, it is unclear to what extent these effects are
modulated by the frequency or chronicity of treatment. To test this, male and female adolescent (postnatal day [PD] 35) and adult
(PD 60) BALB/c mice were treated for four consecutive weeks, either daily or thrice-weekly, with (R,S)-ketamine (30 mg/kg,
intraperitoneal) or its biologically active metabolite, (2R,6R)-hydroxynorketamine (HNK; 30 mg/kg, intraperitoneal). Following drug
cessation, memory performance was assessed in three operationally distinct tasks: (1) novel object recognition to assess explicit
memory, (2) Y-maze to assess working memory, and (3) passive avoidance to assess implicit memory. While drug exposure did not
influence working memory performance, thrice-weekly ketamine and daily (2R,6R)-HNK led to explicit memory impairment in novel
object recognition independent of sex or age of exposure. Daily (2R,6R)-HNK impaired implicit memory in the passive-avoidance
task whereas thrice-weekly (2R,6R)-HNK tended to improve it. These differential effects on explicit and implicit memory possibly
reflect the unique mechanisms by which ketamine and (2R,6R)-HNK alter the functional integrity of neural circuits that subserve
these distinct cognitive domains, a topic of clinical and mechanistic relevance to their antidepressant actions. Our findings also
provide additional support for the importance of dosing frequency in establishing the cognitive effects of repeated ketamine
exposure.
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INTRODUCTION
Depression is a common and often devastating neuropsychiatric
disorder that is difficult to treat. Monoaminergic-based antide-
pressants take several months to exert a clinically significant
therapeutic effect, though, many patients are prone to symptom
relapse or fail to respond altogether [1]. In patients who are
treatment-resistant, a subanesthetic dose of ketamine can rapidly
alleviate symptoms of depression within hours of a single
administration [1–3]. These antidepressant effects are transient,
in that symptoms tend to return in the days or weeks immediately
following the initial ketamine infusion. This has led to the
implementation of a thrice-weekly ketamine administration
paradigm to help sustain its antidepressant actions [4–7]. While
the acute side effect profile of ketamine is well documented
following a single [8–10] or repeated exposure [11], there is a
limited controlled investigation into the enduring consequences
of prolonged ketamine treatment [12].
Longitudinal observations suggest that frequent recreational

use of ketamine (i.e., 4 or more days a week) is associated with a
persistent form of cognitive impairment, which is absent in
infrequent ketamine users (i.e., who use at least once a month, but

not more than four times a week) and frequency-matched non-
ketamine polydrug controls [13–15]. Acute cognitive deficits have
also been reported in healthy volunteers following a single
subanesthetic dose (0.5–0.65 mg/kg), which are transient and
typically subside soon after drug cessation [16–18]. However, in
patients with treatment-resistant major depression, the same
dosing regimen has instead been shown to improve executive
function, processing speed, and episodic memory when assessed
a day after treatment [19]. Such pro-cognitive effects can last up to
7 days after a single administration [20] and appear to be
sustained and enhanced by repeated exposure [21–23]. One
reason why ketamine may exert these apparently dichotomous
effects is that patients with depression often suffer from a form of
cognitive impairment that recreational users and healthy volun-
teers do not [24–27]. The pro-cognitive effects of single and
repeated ketamine (0.5 mg/kg, 40-min infusion) are at least in part
related to its antidepressant actions [19] since improvements in
cognitive function are correlated with a greater antidepressant
response up to a week following infusion [23, 28–30]. These pro-
cognitive effects appear to be unique to ketamine’s antidepres-
sant mechanism of action [1] since the cognitive deficits that are
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associated with depression tend to persist even when patients
respond favorably to traditional antidepressants [24, 25, 31].
Additional studies are needed to better understand the clinical
factors that modulate the cognitive effects of ketamine, said to
include age, sex, dose, route of administration, and length and
frequency of drug treatment [22, 32].
As an N-methyl-D-aspartate receptor (NMDAR) antagonist [8],

ketamine has been used as a pharmacological tool to model
schizoaffective conditions that present with cognitive impairment
via NMDAR hypofunction [18, 33, 34]. While NMDAR inhibition
may explain why recreational use of ketamine is associated with
cognitive deficits, it is unclear whether NMDAR inhibition accounts
for the pro-cognitive effects of ketamine in patients with
depression. A prevailing view in the field is that ketamine restores
the functional integrity of neural circuits that are compromised in
depression through a synaptogenic process that is triggered by
the rapid activity-dependent release of brain-derived neurotrophic
factor (BDNF) [1]. We reasoned that this may also confer ketamine
with an ability to improve cognitive deficits that stem in part from
circuit dysfunction. If the pro-cognitive effects of ketamine are due
to its actions as an NMDAR antagonist, then these properties are
not likely to be shared by its (2R,6R)-hydroxynorketamine (HNK)
metabolite that has substantially less NMDAR-binding affinity
[35, 36]. However, if both ketamine and (2R,6R)-HNK improve
cognition, then a convergent mechanism unrelated to NMDAR
inhibition is more likely to have given rise to these effects. For
instance, (2R,6R)-HNK exerts preclinical antidepressant-like effects
[36] by facilitating α-amino-3-hydroxy-5-methyl-4-isoxazolepropio-
nic acid receptor (AMPAR)-mediated synaptic transmission inde-
pendent of NMDAR activity or glutamatergic network disinhibition
[35, 37]. We hypothesized that repeated exposure to ketamine and
(2R,6R)-HNK will improve cognitive function through a persistent
potentiation of the hippocampal activity or other metaplastic
processes that enhances the efficacy of synaptic transmission. As
an initial test of this hypothesis, we assessed changes in explicit,
implicit, and working memory performance—discrete cognitive
domains that are of clinical and mechanistic relevance to these
compounds’ proposed antidepressant mechanism of action
[1, 38]. By implementing a comprehensive experimental design
that controls for an effect of age, sex, dosing frequency, and
heterogeneity in the experimental outcome, we find that
ketamine and (2R,6R)-HNK differentially affect memory as a
function of dosing frequency.

MATERIALS AND METHODS
Animals
Male and female BALB/cAnNCrl (BALB/c) mice (Charles River Laboratories)
were acclimated to the vivarium (University of Maryland, Baltimore, MD) for
1 week prior to experiments. Mice were housed five per cage under
standard conditions (12-h light–dark cycle, lights on at 7:00 AM) with food
and water available ad libitum. All experimental procedures were
approved by the University of Maryland Baltimore Animal Care and Use
Committee and were conducted in full accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

Drugs
(R,S)-ketamine (ketamine, Sigma-Aldrich; St. Louis, MO) hydrochloride was
dissolved in pharmaceutical-grade sterile saline (0.9% NaCl) and adminis-
tered at a dose of 30mg/kg (intraperitoneal, (i.p.)) at a volume of 10ml/kg.
(2R,6R)-hydroxynorketamine (HNK) was provided by the National Center
for Advancing Translational Sciences (Bethesda, MD), dissolved in
pharmaceutical-grade sterile saline (0.9% NaCl), and administered at a
dose of 30mg/kg (i.p.) at a volume of 10ml/kg. Vehicle (VEH)-treated mice
received 10ml/kg of the same sterile saline that was used to prepare the
drug solutions for each experiment. Absolute and relative stereochemistry
for (2R,6R)-HNK was confirmed by small-molecule X-ray crystallography, as
previously described [39]. Doses are within the antidepressant
dose–response range of ketamine and (2R,6R)-HNK [36] and were selected

based on previous studies demonstrating cognitive effects of repeated
ketamine exposure [22, 32, 33].

Experimental design
Since thrice-weekly ketamine treatment appears to exert more pro-
nounced pro-cognitive effects in patients with the anxious subtype of
treatment-resistant major depression [40], we used the BALB/c mouse
strain that is known to have a heightened anxiety-like phenotype [41]. In
addition, our unpublished data suggest that BALB/c mice present with a
more robust antidepressant-like response to ketamine and (2R,6R)-HNK
(i.e., relative to other mouse strains) under certain experimental conditions.
All mice received a single injection per day for 28 consecutive days, and
behavioral testing began 10 days after the last day of injections (Fig. 1).
This was to ensure that we would only measure sustained effects of
chronic treatment, rather than the drugs’ acute effects or their immediate
sequelae. To determine whether drug exposure modulates learning and
memory performance as a function of age, treatment began either during
adolescence (postnatal day [PD] 35–62) or adulthood (PD 60–87). Mice
were treated either daily or thrice-weekly to assess whether dosing
frequency modulates learning and memory outcomes. For the daily drug
administration condition, mice were treated with either saline, ketamine, or
(2R,6R)-HNK once per day. For thrice-weekly drug administration, mice
were treated with either ketamine or (2R,6R)-HNK on Monday, Wednesday,
and Friday, and received a saline injection on Tuesday, Thursday, Saturday,
and Sunday to control for the handling and stress of the injection (Fig. 1).
Testing was conducted during the light phase and in order of the least-to-
most stressful procedure. Mice were acclimated to the testing room for
one hour prior to the onset of any behavioral procedures and behavioral
equipment was cleaned in between each animal using MB-10 solution and
allowed to dry fully prior to the start of the next trial.

Novel object recognition
The novel object-recognition (NOR) task was used to assess short-term
recognition memory [42]. The NOR apparatus (40-cm width × 40-cm
depth × 35-cm height; Stoelting, IL) consisted of two adjacent test
chambers (20-cm width × 18-cm depth) that were joined by a start box
(20-cm width × 10-cm depth). NOR was conducted under dim-yellow
lighting conditions, with the center of each chamber receiving ~10–15 lux.
During the 30-min habituation phase, mice were placed into the start box
and allowed to freely explore the NOR apparatus in the absence of any
objects. Habituation was immediately followed by a 30-min training phase,
in which mice freely explored two identical objects that were placed in the
center of each test chamber. The objects consisted of either two 50-mL

Fig. 1 Experimental timeline. Male and female BALB/c mice were
treated for 4 consecutive weeks during adolescence (postnatal day
[PD] 35–62) or adulthood (PD 60–87) either thrice-weekly (M–W–F)
or daily with either (R,S)-ketamine (KET) or its metabolite, (2R,6R)-
hydroxynorketamine (HNK). For thrice-weekly drug administration,
mice received a saline injection on Tuesday, Thursday, Saturday, and
Sunday to control for the handling and stress of the injection.
Memory performance was assessed beginning 10 days after drug
cessation in three operationally distinct tasks: (1) novel object
recognition to assess explicit memory, (2) Y-maze to assess working
memory, and (3) passive avoidance to assess implicit memory.
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clear glass flasks (4.5-cm width × 7-cm height) or two white glass vials (2.5-
cm width × 6-cm height) and were counterbalanced between groups. After
training, mice were returned to their home cage for 60min until testing
took place. During testing, mice were placed back into the NOR apparatus,
which now contained a novel object (i.e., that they had never encountered)
and a familiar object (i.e., that they had encountered during training), and
were allowed to explore for 10min. The side in which the novel object was
placed was counterbalanced between groups and the novel object (i.e.,
either the clear glass flask or the white glass vial) was randomized between
groups (i.e., according to which objects they observed during training). All
phases of the procedure were recorded by an overhead digital camera and
analyzed using CleverSys Inc Software (Reston, VA). Distance traveled
during habituation was determined with the CleverSys Inc TopScan center-
point detection module and was used to assess general locomotor activity.
Time spent interacting with each object during training was also
determined with TopScan center-point detection and was used to
establish baseline criteria for training exploration and to rule out potential
side-preferences. Time spent interacting with each object during testing
was determined with the CleverSys Inc AnnoStar Behavioral Annotation
module, in which an experimenter blinded to the treatment groups
entered keystrokes to record active exploration, defined as nose-oriented
interactions with either of the two objects. The discrimination index was
calculated as the time spent with the novel object minus the time spent
with the familiar object divided by total object exploration time (i.e.,
(novel-familiar)/(novel+familiar)). A higher discrimination index reflects a
greater amount of time exploring the novel object relative to the familiar
object. If mice fail to recognize that they previously encountered the
familiar object, they will have a reduced discrimination index.

Y-maze
The Y-maze task was used to assess spontaneous working memory [42]
and was conducted using a Y-shaped apparatus that has three identical
arms (5-cm width × 35-cm length) spaced 120° (Stoelting, IL). The task was
conducted under dim-yellow lighting conditions, with the interior of each
arm receiving ~35–40 lux. Mice were placed into one of the three arms of
the maze in a randomized fashion and were allowed to explore the maze
for 8 min. Arm entries were scored with the AnnoStar Behavioral
Annotation module. Specifically, an experimenter blinded to treatment
groups entered keystrokes to record an individual arm entry (i.e., when all
four limbs are within a given arm). The total number and sequence of arm
entries were used to assess percent alternations (i.e., (the number of
alternations/total arm entries− 2) × 100), defined as consecutive entry into
three different arms (i.e., ABC as opposed to ABA). Mice tend to enter arms
that are not recently visited, thus, a reduction in spontaneous alternations
reflects a diminished spatial novelty preference in spontaneous exploration
[42].

Passive avoidance
The passive-avoidance task was used to assess threat-aggravated memory
[42]. A light–dark shuttle box was used (Coulbourn Instruments, PA), which
contains two chambers (16-cm width × 18-cm depth × 34-cm height) that
are separated by a wall and automated guillotine door. During training,
mice were placed into the light compartment (~800 lux) while the center
guillotine door remained shut. After 30 s of being in the light compart-
ment, the guillotine door opened, and mice were given 10min to cross
over to the dark compartment. Once mice crossed into the dark
compartment, the guillotine door shut, and an inescapable foot shock
(0.5 mA, 2-s duration) was delivered 3 s later. Mice were returned to their
home cage 30 s after termination of the foot shock. Testing took place 24 h
later, at which time mice were reintroduced into the light compartment.
After 30 s of being in the light compartment, the guillotine door was
opened, and mice were given 10min to cross over to the dark
compartment. If and when mice crossed over into the dark compartment,
the guillotine door shut but no foot shock was delivered, and 30 s later,
mice were returned to their home cage. The latency to enter the dark
compartment during training and testing was detected automatically by a
photocell response sensor within the shuttle box and recorded by the
Graphic State Notation Software (Coulbourn Instruments, PA). Because
mice prefer darkened enclosures, they will readily cross to the dark
compartment during training. If mice remember that entry into the dark
compartment was associated with the aversive foot shock, they will have a
longer latency to cross into the dark compartment during testing. A shorter
latency to cross during testing reflects an impairment in threat-aggravated
implicit memory [42].

Statistical analyses
Data were analyzed with GraphPad Prism Software 9.0.1 and assessed for
normality (D’Agostino–Pearson) and homogeneity of variance (corrected
Bartlett’s test). Data are presented as mean ± standard error of the mean
and statistical significance was defined as P < 0.05. When parametric
assumptions were met, between-group comparisons of three or more
groups were assessed using one-way analysis of variance (ANOVA)
followed by Holm–Šídák post hoc comparisons. When parametric
assumptions were not met, between-group comparisons of three or more
groups were assessed using the Kruskal–Wallis test followed by Dunn’s
multiple comparisons. Two-way repeated-measures ANOVA was used
when drug condition (VEH vs. thrice-weekly ketamine vs. thrice-weekly
(2R,6R)-HNK vs. daily ketamine vs. daily (2R,6R)-HNK) and time (5-min time
bins, repeated measure) or object (novel vs. familiar; repeated measure)
were independent factors. If a significant main effect or interaction was
detected, the Holm–Šídák post hoc test was used to assess pairwise
comparisons. Frequency differences were assessed using the chi-squared
test followed by Bonferroni correction for multiple comparisons. Score
distribution/survival plots were assessed using the Kaplan–Meier survival
analysis followed by Mantel–Cox log-rank chi-squared test with Bonferroni
correction.

Rigor and reproducibility
All experiments were performed in a randomized fashion and were
conducted and analyzed by experimenters who were blind to the
treatment conditions. To minimize and reduce the number of animals
needed to assess drug effects as a function of sex, age, drug, and dosing
frequency, we conducted behavioral testing in sequence within each
experiment as opposed to using independent sets of animals to test each
behavior. Experiments were performed in order from least to more
stressful so that it was unlikely that prior testing would influence the
results of subsequent tests. To account for potential housing effects, drug
conditions were randomly assigned across cages, with each of the five
conditions equally represented within each cage (i.e., each mouse, of five
total within a cage, was assigned to one of the five drug conditions). An
equal number of male and female mice were assigned to each of the drug
conditions (n determined by power analyses, pilot experiments, and
published literature) within a given age group and were run as sequential
experiments: (1) adolescent females (n= 8/drug, N= 40), (2) adolescent
males (n= 8/drug, N= 40), (3) adult females (n= 8/drug, N= 40), and (4)
adult males (n= 8/drug, N= 40). Due to a technical issue, the Y-maze and
passive avoidance results from the adult-treated females could not be
reliably compared to the other experimental groups and were thus not
included in the final analyses.
Individual data points that correspond to male and female data are

colored in pink and blue, respectively, throughout the manuscript figures.
Mice were only excluded from the final analyses if they (a) did not interact
with the identical objects during training in the NOR task or (b) retreated
back into the bright chamber after triggering the guillotine door during
training in the passive-avoidance task. In the adult-treated conditions, five
mice did not markedly interact with the objects during the training phase
of the novel object-recognition task, as their cumulative exploration time
was less than 100 s over the 30min allotted (VEH, n= 3; thrice-weekly
ketamine, n= 1; daily ketamine, n= 1), and thus their data were excluded
from the final analyses. In the training phase of the passive-avoidance task,
nine of the adolescent-treated mice retreated back into the bright
chamber after triggering the guillotine door (VEH, n= 3; thrice-weekly
ketamine, n= 2; thrice-weekly (2R,6R)-HNK, n= 2; daily (2R,6R)-HNK, n= 2)
and three of the adult-treated mice retreated back into the bright chamber
after triggering the guillotine door (thrice-weekly (2R,6R)-HNK, n= 1; daily
ketamine, n= 1; daily (2R,6R)-HNK, n= 1). As these mice did not receive
the foot shock in the dark chamber, their data were excluded from the final
analyses. In the few instances in which statistically significant outliers were
detected by ROUT (Q= 1%), data were analyzed with and without outliers
using parametric and nonparametric alternatives, and both are described
in “Results”.

RESULTS
Body weight is not influenced by (R,S)-ketamine or (2R,6R)-
hydroxynorketamine regardless of sex or age of exposure
There was a significant main effect of sex and age on body weight
when included as an independent factor in the analyses, and thus
body weight data were separated by age and sex. Prior to
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treatment, body weight varied significantly as a function of sex
(F(1,140)= 204.00, P < 0.0001) and age (F(1,140)= 343.80, P < 0.0001)
independent of later drug condition assignment (F(4,140)= 0.65, P
= 0.6256), which yielded a significant sex × age interaction (F(1,140)
= 64.77, P < 0.0001). Adults of both sexes weighed more than
adolescents (F(1,150)= 124.80, P < 0.0001), and males of both ages
weighed more than females (F(1,150)= 55.51, P < 0.0001). After
28 days of drug exposure, differences in body weight still varied
significantly as a function of sex (F(1,140)= 656.10, P < 0.0001) and
age (F(1,140)= 116.60, P < 0.0001) and was not further influenced
by drug condition (F(4,140)= 1.76, P= 0.1409). When assessing
changes in body weight over the course of treatment within age
and sex (Fig. 2), there was a significant main effect of postnatal
day in adolescent-treated mice (P < 0.0001) independent of drug
condition in both females (F(4,35)= 1.625, P= 0.1897; Fig. 2A) and
males (F(4,35)= 0.7292, P= 0.8781; Fig. 2B). Likewise, there was a
significant main effect of postnatal day on body weight in adult-
treated mice (P < 0.0001) independent of drug condition in both
females (F(4,35)= 1.144, P= 0.3521; Fig. 2C) and males (F(4,35)=
0.9039, P= 0.4723; Fig. 2D). Thus, treatment with either ketamine
or (2R,6R)-HNK did not influence body weight in adolescent- or
adult-treated male and female BALB/c mice.

Adolescents treated with thrice-weekly (R,S)-ketamine or daily
(2R,6R)-hydroxynorketamine have impaired novel object
recognition in adulthood
There was a significant main effect of age on object exploration
during training (F(1,131)= 8.05, P= 0.0053) and testing (F(1,131)=
7.99, P= 0.0054), and thus data from adolescent- and adult-
treated mice were analyzed separately. We did not observe a main
effect of sex during training (F(1,131)= 1.60, P= 0.2080) or testing
(F(1,131)= 0.2205, P= 0.6394), and thus data from males and
females were combined. In adolescent-treated male and female
mice, distance traveled during the 30-min habituation phase was
used to assess general locomotor activity. All mice habituated to
the open-field environment, as evidenced by a significant main
effect of time (P < 0.0001; Fig. 3A, left). Treatments had no
significant effect on distance traveled throughout the habituation
phase (P= 0.5909; Fig. 3A, left) or on cumulative distance traveled
overall (F(4,75)= 0.7048, P= 0.5911; Fig. 3A, right). During training,
mice spent an equivalent amount of time exploring the identical
objects that were placed in the left and right compartment (object
main effect: F(1,75)= 0.1431, P= 0.7063), which was not influenced

by drug exposure (drug main effect: F(4,75)= 1.212, P= 0.3127; Fig.
3B). When assessing exploration time across the testing procedure
(Fig. 3C), a significant main effect of object was observed in mice
treated with VEH (F(1,15)= 8.905, P= 0.0093), daily ketamine (F(1,15)
= 15.52, P= 0.0013), and thrice-weekly (2R,6R)-HNK (F(1,15)= 19.07,
P= 0.0006). Drug exposure led to a rightward shift in the peak
time of novel object exploration, with daily ketamine and thrice-
weekly (2R,6R)-HNK-treated mice spending the greatest amount of
time inspecting the novel object at 9 min and 8min into the
procedure, respectively, compared to at 6 min for VEH-treated
mice (Fig. 3C). In contrast, mice from the thrice-weekly ketamine
(F(1,15)= 0.8792, P= 0.3633) and daily (2R,6R)-HNK (F(1,15)= 2.997,
P= 0.1040) conditions spent a similar amount of time exploring
each object during the testing phase (Fig. 3C). Consistent with this,
there was a significant main effect of object (F(1,75)= 40.46, P <
0.0001) and a significant object × drug interaction (F(4,75)= 3.151,
P= 0.0189) when assessing total exploration time overall (Fig. 3D),
which was driven by significant novel object exploration in mice
treated with VEH (P= 0.0061), thrice-weekly (2R,6R)-HNK (P <
0.0001), or daily ketamine (P= 0.0008). In contrast, mice in the
thrice-weekly ketamine and daily (2R,6R)-HNK conditions spent
the same amount of time exploring the novel and familiar object
(P= 0.4967, respectively), indicating that these drug conditions
led to a sustained impairment in recognition memory. Deficits in
novel object recognition were further evidenced as a near-
significant reduction in discrimination index scores with regard to
the main effect of treatment (Fig. 3E; F(4,75)= 2.169, P= 0.0806).
The impairment in novel object recognition could not be
explained by differences in the amount of familiarization during
training, as cumulative object exploration was not significantly
different among the groups (Fig. 3B) nor correlated with novel
object exploration during testing (data not shown). Thus,
prolonged exposure to thrice-weekly ketamine or daily (2R,6R)-
HNK impairs explicit recognition memory in adolescent-treated
male and female BALB/c mice.

Adults treated with thrice-weekly (R,S)-ketamine or daily
(2R,6R)-hydroxynorketamine have impaired novel object
recognition later in adulthood
Adult-treated male and female mice habituated to the open-field
environment, as evidenced by a significant main effect of time (P
< 0.0001; Fig. 4A, left). Treatment had no significant effect on
distance traveled throughout the habituation phase (P= 0.9333;

Fig. 2 Body weight is not influenced by (R,S)-ketamine or (2R,6R)-hydroxynorketamine regardless of sex or age of exposure. Body weight
of adolescent female (A), adolescent male (B), adult female (C), and adult male (D) BALB/c mice over 4 weeks of treatment: 0.9% saline (vehicle,
VEH; white/diamonds), thrice-weekly (R,S)-KET (light-gray/square), thrice-weekly (2R,6R)-HNK (dark-gray/square), daily (R,S)-KET (dark-gray/
circle), daily (2R,6R)-HNK (black/circle). Data are presented as mean ± standard error of the mean.
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Fig. 4 Adults treated with thrice-weekly (R,S)-ketamine or daily (2R,6R)-hydroxynorketamine have impaired novel object recognition
later in adulthood. A Locomotor activity during the habituation phase of the novel object-recognition task (i.e., in the absence of objects)
plotted as 5-min time bins (left) and summarized as total distance traveled over the total 30min (right). B Total time spent exploring two
identical objects during the 30min of training. C Time spent exploring the familiar object and the novel object across the 10min of testing.
D Total time spent exploring the familiar object and the novel object during the 10min of testing and (E) plotted as a discrimination index
(right): (novel-familiar)/(novel+ familiar). Data are presented as mean ± standard error of the mean. **P < 0.01, ***P < 0.001.

Fig. 3 Adolescents treated with thrice-weekly (R,S)-ketamine or daily (2R,6R)-hydroxynorketamine have impaired novel object
recognition in adulthood. A Locomotor activity during the habituation phase of the novel object-recognition task (i.e., in the absence of
objects) plotted as 5-min time bins (left) and summarized as total distance traveled over the total 30-min (right). B Total time spent exploring
two identical objects during the 30-min of training. C Time spent exploring the familiar object and the novel object across the 10-min of
testing. D Total time spent exploring the familiar object and the novel object during the 10-min of testing and (E) plotted as a discrimination
index (right): (novel-familiar)/(novel+ familiar). Data are presented as mean ± standard error of the mean. **P < 0.01, ***P < 0.001,
****P < 0.0001.
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Fig. 4A, left) or on the cumulative distance traveled overall (F(4,66)
= 0.2604, P= 0.9023; Fig. 4A, right). During training, mice spent an
equivalent amount of time exploring the identical objects that
were placed in the left and right compartment (object main effect:
F(1,66)= 0.7634, P= 0.3854), and exploration was not influenced by
drug exposure (drug main effect: F(4,66)= 0.5921, P= 0.6696; Fig.
4B). When assessing exploration time across the testing procedure
(Fig. 4C), a significant main effect of object was observed in mice
treated with VEH (F(1,11)= 12.70, P= 0.0044), thrice-weekly (2R,6R)-
HNK (F(1,15)= 19.30, P= 0.0005), and daily ketamine (F(1,14)=
13.18, P= 0.0027). Drug exposure led to a leftward shift in the
peak time of novel object exploration, with thrice-weekly (2R,6R)-
HNK and daily ketamine-treated mice spending the greatest
amount of time with the novel object at 8 min into the procedure
compared to at 10min for VEH-treated mice. In contrast, mice
from the thrice-weekly ketamine (F(1,12)= 2.654, P= 0.1292) and
daily (2R,6R)-HNK (F(1,14)= 2.914, P= 0.1099) conditions spent a
similar amount of time exploring each object (Fig. 4C). Consistent
with this, there was a significant main effect of object (F(1,66)=
43.44, P < 0.0001) when assessing total exploration time overall
(Fig. 4D), which was driven by significant novel object exploration
in mice treated with VEH (P= 0.0013), thrice-weekly (2R,6R)-HNK
(P < 0.0006), and daily ketamine (P= 0.0031). In contrast, mice in
the thrice-weekly ketamine and daily (2R,6R)-HNK conditions
spent the same amount of time exploring the novel and familiar
object (P= 0.1152 and 0.1295, respectively), a finding that
suggests these drug conditions led to a sustained impairment in
recognition memory. The main effect of treatment on discrimina-
tion index did not reach statistical significance (Fig. 4E; F(4,65)=
1.344, P= 0.2630) though similar to adolescent-treated mice, the
mean discrimination index was numerically lower for mice treated
thrice-weekly with ketamine or with daily (2R,6R)-HNK compared
to control mice. The impairment in NOR could not be explained by
differences in the amount of familiarization during training, as
cumulative object exploration was not significantly different
among the groups (Fig. 4B) nor correlated with novel object
exploration during testing (data not shown). Thus, prolonged
exposure to thrice-weekly ketamine or daily (2R,6R)-HNK impairs
explicit recognition memory in adult-treated male and female
BALB/c mice.

Working memory is not influenced by (R,S)-ketamine or
(2R,6R)-hydroxynorketamine regardless of sex or age of
exposure
In the Y-maze task, we did not observe a main effect age (F(1,66)=
2.19, P= 0.1431) or sex (F(1,69)= 2.14, P= 0.1485), and thus data
from adolescent- and adult-treated male and female mice were
combined. Standard deviations for the number of arm entries
were significantly different (Bartlett’s= 13.39, P= 0.0095), with the
difference being driven by the presence of two significant outliers
in the VEH-treated group. Upon removal, standard deviations
among the groups were normalized (Bartlett’s= 6.183, P= 0.5673)
and parametric comparisons revealed that the number of arm
entries did not vary among the groups (F(4,108)= 0.6612, P=
0.6203; Fig. 5A). Similar results were found with nonparametric
tests when outliers were included (P= 0.6203), and thus the
number of arm entries was not influenced by drug condition
regardless of outlier handling. Similar, standard deviations for
percent alternations were significantly different (Bartlett’s= 13.93,
P= 0.0075) and driven in part by the presence of one significant
outlier each in the VEH- and thrice-weekly (2R,6R)-HNK-treated
groups. Upon removal, standard deviations among the groups
were not normalized (Bartlett’s= 13.16, P= 0.0105) and so
nonparametric comparisons were made, which revealed that
percent alternations did not vary among the groups (P= 0.1711;
Fig. 5B). Thus, prolonged exposure to ketamine or (2R,6R)-HNK
does not influence spatial working memory in adolescent- or
adult-treated male and female BALB/c mice.

Daily (2R,6R)-hydroxynorketamine treatment impairs implicit
memory in the passive-avoidance task while thrice-weekly
treatment tends to improve it
In the passive-avoidance task, we did not observe a main effect age
(F(1,66)= 1.12, P= 0.2933) or sex (F(1,65)= 0.06, P= 0.8021), and thus
data from adolescent- and adult-treated male and female mice were
combined. Mice of all treatment groups had a similar latency to
cross into the darkened compartment during the training phase of
the passive-avoidance task, which occurred on average within 40 s
of trial onset (F(4,98)= 0.7099, P= 0.5871). This suggests that drug
exposure did not alter baseline preference for the darkened
enclosure prior to foot shock. However, entry-based delivery of a
single foot shock led to passive avoidance of the darkened
compartment on a subsequent day (F(1,98)= 157.20, P < 0.0001; Fig.
6A). Interestingly, there was significant heterogeneity in animals’
propensity to cross during testing (D’Agostino–Pearson= 576.50, P
< 0.0001), with 60% of mice crossing within 160 s of trial onset
whereas 40% did not (F(1,93)= 247.60, P < 0.0001). The proportion of
mice that displayed “complete” passive avoidance, defined as a
failure to cross within 10min, varied significantly by drug condition
(χ²= 37.24, P < 0.0001; Fig. 6A). Thrice-weekly ketamine (45%, n= 9/
20) and daily ketamine (39%, n= 9/23) led to a comparable
proportion of mice to display complete passive avoidance relative to
VEH (40%, n= 8/20). In contrast, exposure to thrice-weekly (2R,6R)-
HNK led to a greater proportion of mice to display complete
avoidance (57%, n= 12/21, Puncorrected= 0.016, P= 0.0648), whereas
daily exposure to (2R,6R)-HNK led to a lesser proportion (16%, n= 3/
19, P= 0.0008; Fig. 6B). This is further evidenced by a shift in the
cumulative fraction of scores, in which over 50% of mice treated
thrice-weekly with (2R,6R)-HNK did not cross whereas 50% of daily
(2R,6R)-HNK-treated mice crossed within 93 s, yielding a significant
separation between these two groups (χ²= 7.744, P= 0.027; Fig. 6C).
While daily ketamine exposure tended to reduce the mean latency
to cross into the dark compartment (115 s), the distribution of scores
was comparable between thrice-weekly ketamine (χ²= 0.0037, P >
0.05) and daily ketamine (χ²= 0.2921, P > 0.05) relative to VEH (Fig.
6C). Thus, prolonged thrice-weekly (2R,6R)-HNK exposure promotes
implicit memory in male and female BALB/c mice whereas daily
(2R,6R)-HNK tends to impair it.
While estrous cycle was not monitored across the days of

treatment or during testing, Bartlett’s test indicated that variance
did not differ as a function of sex across the behaviors tested,
which suggests that a factor specific to one sex (such as estrous
cycle in females) did not markedly influence experimental
outcomes in this study [43].

DISCUSSION
A single infusion of a subanesthetic dose of ketamine rapidly
alleviates symptoms of depression in patients who do not respond
to traditional antidepressants [1]. Considering that repeated
administration is often required to sustain this remission [44], it is
important to characterize the potential untoward effects of
prolonged ketamine exposure. While a number of studies suggest
that ketamine may dynamically regulate cognitive function
following single or repeated administration [13, 21, 22, 32, 45], less
is known regarding the persistence of these effects and to what
extent they are modulated by the frequency or chronicity of
treatment. To address this, we compared the sustained effects of
prolonged exposure to ketamine and its (2R,6R)-HNK metabolite
when administered either thrice-weekly or daily, on explicit,
implicit, and working memory performance in male and female
adolescent- and adult-treated BALB/c mice. Our data reveal that
thrice-weekly treatment with ketamine leads to a sustained
impairment in explicit recognition memory independent of age
or sex—an effect that is also observed following daily treatment
with (2R,6R)-HNK. In contrast, while ketamine did not influence
implicit memory in the passive-avoidance task, performance was
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bidirectionally modulated by (2R,6R)-HNK depending on the
frequency of drug administration. Neither ketamine nor (2R,6R)-
HNK influenced working memory, possibly reflecting a cognitive
domain that is insensitive to the long-term effects of these
compounds.
Our results agree with previous preclinical studies examining the

effects of repeated ketamine on recognition memory [33, 46–49]
and further corroborate some clinical observations following single
or repeated ketamine in healthy volunteers and recreational users
[13, 14, 50–52]. However, while preclinical studies report on chronic
ketamine-related deficits in spatial memory [53–55] and attention
[56–58], we did not observe a robust effect of drug treatment on
spontaneous alternations in the Y-maze. One reason for this
apparent discrepancy is that ketamine may impair working memory

through a transient, dose-dependent inhibition of memory
consolidation in this task [59] that may not extend beyond drug
cessation. Likewise, we did not observe a sustained effect of
ketamine on threat-aggravated implicit memory in the passive-
avoidance task, though deficits have been previously reported in
this procedure shortly after single [60] or repeated [61] ketamine
exposure. Our results, therefore, suggest that repeated ketamine
administration may lead to longer-term deficits in a discrete set of
cognitive domains that involve the storage and retrieval of explicit
memory (e.g., object recognition), whereas deficits in working
memory (e.g., spontaneous alternations) and implicit memory (e.g.,
threat-related) are relatively short-lived. It is important to consider,
however, that explicit memory of novelty recognition requires the
collective participation of the hippocampus, perirhinal cortex, and
other associated brain regions [62–64], and thus no one region is
solely responsible for performance in this task. Considering that
sustained deficits in posterior perceptual memory have not been
reported following ketamine exposure, future studies may further
establish to what extent hippocampal microcircuitry is involved in
the novelty recognition deficits induced by prolonged ketamine
exposure.
An unexpected observation in the current study, is that (2R,6R)-

HNK tended to improve implicit memory when administered
thrice-weekly, yet the opposite was true following daily exposure.
Acquiring passive avoidance involves an increase in the efficacy of
synaptic transmission at Schaffer collateral hippocampal synapses
—a long-term potentiation-like process that requires N-methyl-D-
aspartate receptor (NMDAR) activation [65]. We have previously
reported that (2R,6R)-HNK promotes a rapid potentiation of α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR)-mediated activity in the hippocampus by increasing
the probability of glutamate release at Schaffer collateral synapses

Fig. 5 Working memory is not influenced by (R,S)-ketamine or
(2R,6R)-hydroxynorketamine regardless of sex or age of exposure.
A Total arm entries and B percent alternations ((the number of
alternations/total arm entries− 2) × 100) during the 8-min task. Data
are presented as mean ± standard error of the mean.

Fig. 6 Daily (2R,6R)-hydroxynorketamine treatment impairs implicit memory in the passive-avoidance task while thrice-weekly
treatment tends to improve it. A Latency to cross into the dark shock-paired chamber during testing. Mice that did not cross during the 10-
min procedure (latency= 600 sec) display (B) “complete” passive avoidance, defined as a failure to cross within 600 s. C Drug exposure led to a
shift in the cumulative fraction of scores with regard to latency to cross; corresponding values represent the number of animals that did not
cross within each condition (n/N), the percentage of animals that did not cross within each condition (%), and the 50th percentile of scores
within each condition (0.5). Data are presented as mean ± standard error of the mean. ***P < 0.001.
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[37]. This is hypothesized to initiate a synaptogenic process that
involves a delayed upregulation of synaptic AMPARs several hours
later, possibly sustaining its antidepressant effects [1, 38]. This
process could occlude further potentiation of those synapses by
learned experiences that also depend on AMPAR upregulation as
an expression mechanism. Indeed, similar to (2R,6R)-HNK, passive
avoidance is associated with an upregulation of hippocampal
AMPARs, which occludes further potentiation by high-frequency
electrical stimulation of Schaffer collateral afferents [65]. Our
results are consistent with an occlusive effect (2R,6R)-HNK on
passive avoidance, particularly given that dosing frequency had a
bidirectional effect on performance in this task. However, there
are alternative explanations worth considering.
For instance, preclinical studies report that (2R,6R)-HNK

promotes offensive aggression through its ability to potentiate
glutamatergic synaptic transmission in the ventrolateral periaque-
ductal gray [66–68]. While these effects were observed after a
single drug exposure, it is interesting to consider how an
increased tendency to approach threat might influence perfor-
mance in the passive-avoidance task. Alternatively, it is possible
that different conclusions may be drawn if certain aspects of the
experimental design were changed. For instance, we note that
data were biphasically distributed, with mice either crossing into
the shock-paired chamber early during testing or not at all. We
addressed this heterogeneity using statistical approaches, which
revealed that the proportion of mice who remembered the shock-
paired chamber varied as a function of drug condition. However,
some variations to the procedure can potentially overcome the
issues of heterogeneity in our sample. To assess a deficit in passive
avoidance, a stronger shock intensity could be used (i.e., to elicit
passive avoidance in 100% of control mice). Initially, we avoided
using a stronger stimulus, since ceiling effects could potentially
mask a reduction in passive avoidance induced by drug exposure.
However, given that thrice-weekly (2R,6R)-HNK promotes passive
avoidance, a subthreshold shock (i.e., that control mice would not
typically learn to avoid) could potentially reveal the true effect size
of this observation. Nonetheless, the apparent selectivity of
(2R,6R)-HNK relative to ketamine on the extent of passive
avoidance may reflect distinct circuit-level mechanisms that are
uniquely evoked by each compound. Currently, very little is
known about how the cellular or circuit actions of (2R,6R)-HNK
distinguish it mechanistically from ketamine [8, 38].
The critical role of NMDAR activation in passive avoidance may

explain why ketamine impairs implicit memory shortly after drug
exposure. However, unlike (2R,6R)-HNK, we did not observe a
sustained effect of ketamine on the propensity of mice to avoid
the shock-paired chamber during testing. Using a twenty-eight-
day regimen as described in this study, Luo et al. [69] showed that,
immediately following the continuous treatment of C57BL/6 mice
with ketamine (30 mg/kg/day, i.p.), expression of synaptic and
extrasynaptic AMPARs and NMDARs in the hippocampus is
significantly reduced. They also found that dendritic complexity,
glutamatergic transmission, and theta-burst-induced synaptic
plasticity were impaired at Schaffer collateral synapses [69].
Similarly, the impairment in novel object recognition and location
memory detected following repeated ketamine administration
(40 mg/kg/day, i.p.) to ICR mice was associated with impaired
theta-burst stimulation-evoked long-term potentiation at Schaffer
collateral synapses, an effect that was blocked by the NMDAR
glycine site partial agonist, N,N-dimethylglycine [70]. Thus, it is
possible that reductions in glutamate receptor expression by
ketamine are sufficient to counterbalance the potentially
sustained potentiation of synaptic transmission induced by
(2R,6R)-HNK following its in vivo metabolism from daily ketamine
[37, 38]. While future work is needed to definitively test the role of
NMDAR blockade in this process, continuous NMDAR inhibition
likely mediates the effects of ketamine on receptor expression and
synaptic plasticity [69]. This may also explain why the occlusion of

passive avoidance was specific to (2R,6R)-HNK in this study, as this
metabolite does not inhibit NMDAR at brain concentrations
relevant to the dose tested here [35, 38].
The repeated administration of ketamine has served as an

attractive model for conditions that are characterized by dissocia-
tive symptoms and cognitive impairment that are due to NMDAR
hypofunction (e.g., schizophrenia [18, 50, 71]), often assayed
preclinically as a deficit in NOR performance [72]. Interestingly,
the acute hyperlocomotor response to ketamine that is triggered by
NMDAR inhibition is more pronounced in preweanlings [73] and
adolescents [74, 75] relative to adults, and in females relative to
males, especially during adolescence [76, 77]. One interpretation of
these observations is that younger rodents and females have an
enhanced sensitivity to the NMDAR-inhibition-dependent actions of
ketamine. If the recognition memory impairment we observed were
due principally to NMDAR inhibition by ketamine, then our results
would have mirrored this pattern of enhanced sensitivity in
younger rodents and females. The fact that they did not suggest
that these locomotor differences arise from distinctions in
monoaminergic signaling downstream of NMDAR inhibition
[73, 76], or alternatively, that the recognition impairments are not
due to NMDAR inhibition. Consistent with the latter, we also
observed recognition deficits following repeated (2R,6R)-HNK
administration, a finding that suggests that sustained elevations
in glutamate release, independent of NMDAR blockade or
glutamatergic network disinhibition [37], is sufficient to alter explicit
memory in NOR. This could potentially reconcile why daily
ketamine apparently rescues the deficits induced by thrice-weekly
ketamine since daily ketamine administration could block the
deleterious effects of excess glutamatergic signaling via NMDARs
during a time when the glutamate burst has been shown to
manifest. Indeed, repeated administration of ketamine increases
astrocyte proliferation and decreases glial-specific excitatory amino
acid transporter expression, leading to sustained cognitive dysfunc-
tion via impaired reuptake of excess hippocampal glutamate [54].
Administration of levetiracetam, an atypical antiepileptic agent that
impedes glutamate release, reverses hippocampal-dependent
memory impairments following chronic ketamine [78]. Our data
are therefore consistent with existing models in which excess
glutamatergic signaling promotes select learning and memory
deficits [79]. Care should be taken to avoid supraphysiological
prolongation of an otherwise transient increase in glutamatergic
transmission following ketamine [80] or (2R,6R)-HNK [37], especially
above and beyond that necessary to induce mechanisms under-
lying their persistent antidepressant effects [1, 38].
Studies have found that repeated use of ketamine (e.g., 3–4

times a week) is associated with a lasting impairment in explicit
memory [13, 14, 50–52] that may be due to a sustained disruption
in the function of limbic circuits that subserve memory encoding
and retrieval [81]. In contrast, transient deficits in processing
speed, working memory, and attention are typically observed
either during or shortly after ketamine treatment at subanesthetic
doses [17, 50–52, 82, 83]—which may emerge from acute
disruption of higher-order executive processing [84], possibly
related to prefrontal cortex connectivity [82]. Consistent with this,
preclinical studies demonstrate that the hippocampus is more
likely to exhibit sustained dysfunction following repeated
ketamine than are higher cortical structures like the prefrontal
cortex. For instance, 4 weeks of thrice-weekly ketamine (16 mg/kg,
s.c.) led to a marked deficit in hippocampal-dependent delayed
trace fear conditioning several months after drug cessation,
whereas performance in a prefrontal cortex-dependent delayed
response assay remained intact [85]. Sustained deficits in
recognition memory are associated with reduced hippocampal
dendritic complexity [49], also consistent with its essential role in
this task [64]. Additional research is needed to better understand
the broader actions of ketamine throughout corticolimbic circuits
that underlie these different forms of cognition [86].
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Ketamine is increasingly used as a therapeutic intervention for
treatment‑resistant major depression in adolescents [87] and was
recently shown to have efficacy for this indication in its first
randomized active placebo-controlled clinical trial [88]. While
ketamine is considered generally safe and well-tolerated in
adolescent populations [89], preclinical studies suggest there
may be unique consequences of early developmental exposure to
ketamine when the brain is more vulnerable to prolonged
psychotropic insult. This may be particularly relevant to NMDAR-
inhibition-dependent actions of ketamine, since NMDAR-mediated
synaptic transmission is a developmentally regulated process that
is critical to the formation and maintenance of synapses in
humans and rodents alike [90–92]. Indeed, early ketamine
exposure can alter the trajectory of neural circuit integration
through widespread changes in corticolimbic connectivity, struc-
ture, and function [53, 93–97]. While the onset of cognitive deficits
tends to correspond with these circuit-level changes, our results
suggest that prolonged treatment with ketamine leads to
comparable recognition of memory impairment in adolescent-
and adult-treated mice. Considering that studies have traditionally
reported cognitive deficits within-subject, in either adolescent- or
adult-treated rodents, additional studies will be needed to
establish whether cognitive outcomes are truly unique to
adolescent exposure, as well as the potential mechanisms that
could account for any age-specific effects that are observed.
Additional work is needed to resolve the mechanism by which

ketamine modulates cognitive function. Importantly, clinical status
moderates the extent to which an individual will experience
changes in cognition following ketamine exposure [19]. Single and
repeated ketamine administration exerts pro-cognitive effects in
preclinical models of depressive-like behavior [98–101] and in
patients with treatment-resistant major depression [6, 21, 23, 40],
especially those suffering from comorbid anxiety [40]. The
cognition-enhancing properties of ketamine observed in patients
suffering from depression may be explained by the fact that many
of these patients show baseline cognitive deficits [24, 25] and may
be related at least in part to its antidepressant actions [23, 28, 29].
In this study, however, we failed to observe pro-cognitive effects of
ketamine in BALB/c mice, which exhibit anxiety-like behavior [41]
and modest impairment in explicit memory (as indicated by the
low discrimination index scores of control mice observed in the
current study). In addition, while other NMDAR antagonists
reproduce the hyperlocomotor and cognitive deficits of ketamine
[102, 103], they do not share its rapid or sustained antidepressant
effects [1, 104] that are mimicked by (2R,6R)-HNK [36, 38].
Ultimately, a better understanding of the time course along which
ketamine exerts its effects on synaptic plasticity and structural
remodeling is needed to foster the development of improved
therapeutics that can selectively harness its benefits [1, 105].

Conclusions
Since repeated administration of ketamine is required to sustain
symptom remission, clinical studies have begun to examine what
dosing frequency is sufficient to prolong its antidepressant
actions. Inconsistencies in the preclinical literature have so far
made it difficult to establish the cognitive effects of repeated
ketamine in rodents. Here, we found that repeated ketamine
exposure led to a persistent impairment of explicit memory in the
novel object-recognition task and that this effect depended more
on dosing frequency than on subjects’ sex or age of exposure. In
contrast to our predictions, thrice-weekly ketamine led to more
impairment than did daily exposure, whereas daily (2R,6R)-HNK led
to more impairment than did thrice-weekly exposure. We also
found that, while ketamine did not influence implicit memory in
the passive-avoidance task, thrice-weekly (2R,6R)-HNK resulted in a
higher avoidance of aversive stimuli whereas daily exposure led to
less. This finding may be explained by an (2R,6R)-HNK-induced
occlusion of the synaptic plasticity triggered by passive avoidance

at Schaffer collateral synapses [37, 65], but more work will be
needed to directly test this hypothesis. Extending these experi-
ments to other implicit memory tasks, and using additional doses,
mouse strains, and animal species, is needed to support our
conclusions and may reveal additional mechanistic insights that
are relevant to the unique actions of (2R,6R)-HNK relative to
ketamine. This is especially important given that ketamine may be
an effective treatment of post-traumatic stress disorder [106], a
condition in which patients fail to recover from a traumatic event
due to the persistence of the traumatic memory. While preclinical
findings with ketamine have so far been inconsistent with regard
to the extinction of learned fear [107], understanding the
effects of (2R,6R)-HNK on threat-aggravated memory will be an
important step toward understanding its potential effectiveness in
stress-related disorders and its unique therapeutic mechanism of
action.
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