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a b s t r a c t

Ketamine, a dissociative anesthetic with well documented abuse liability, can also provide rapid-onset and
persistent antidepressant effects and is currently used for the management of treatment-resistant
depression. Although the precise neurobiological mechanisms underlying its antidepressant actions are
not fully determined, a critical feature of ketamine’s clinical efficacy may be its antianhedonic action.
Anhedonia is an endophenotype of depression defined by decreased responsivity to previously rewarding
stimuli and is generally not ameliorated by conventional antidepressants, emphasizing the need to
examine underlying behavioral mechanisms of action. In this study, the probabilistic reward task, a
reverse-translated assay originally designed to objectively quantify anhedonic phenotypes in human
subjects, was used in rats to examine ketamine’s effects on reward responsiveness under conditions
without programmed stressors (3.2e32.0 mg/kg) or during ongoing chronic exposure to ecologically
relevant stress (10.0 mg/kg). Results showed that under conditions without programmed stress, ketamine
produced significant prohedonic effects in the probabilistic reward task, defined by increases in reward
responsiveness that dissipated within 24 hours. In rats exposed to ongoing chronic stress, ketamine pro-
duced significant antianhedonic effects, defined by the rescue of blunted reward responsiveness, that
persisted for nearly 1 week. Taken together, the prolonged antianhedonic effects of ketamine in rats
experiencing chronic stress, compared with the shorter-lived prohedonic effects in subjects without
exposure to programmed stressors, are striking and highlight the role of environmental determinants in
the effects of ketamine on behavioral processes. Moreover, the translational nature of this experimental
design may offer the opportunity to accelerate development of novel antianhedonic therapeutics.

Significance Statement: Although ketamine is used for the management of treatment-resistant depression,
its precise behavioral mechanisms of action are not fully delineated. Emerging evidence suggests the
attenuation of anhedonia plays a key role in its rapid-acting therapeutic efficacy. To evaluate this possi-
bility, the effects of ketamine were studied using a reverse-translated assay of reward responsiveness in
rats and documented to be short-lived (prohedonic) under nonstressful conditions and persistent (anti-
anhedonic) under stressful conditions, informing ketamine effects in healthy versus depressed individuals.

© 2025 American Society for Pharmacology and Experimental Therapeutics. Published by Elsevier Inc. All
rights are reserved, including those for text and data mining, AI training, and similar technologies.
as, Harvard Medical School,
8. E-mail: bkangas@mclean.

y and Experimental Therapeutics.
1. Introduction

Clinical use of the dissociative anesthetic ketamine for the
management of treatment-resistant depression (TRD) represents
an unprecedented circumstance within the context of medications
development for neuropsychiatric illness. The availability of
Published by Elsevier Inc. All rights are reserved, including those for text and data
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ketamine’s S-(þ) enantiomer, esketamine, following approval by
the Food and Drug Administration (FDA; Kim et al, 2019) was a
significant therapeutic advance in view of the limited efficacy and
delay in onset of frontline antidepressants, such as selective sero-
tonin reuptake inhibitors (SSRIs), which leave many patients with
unmet treatment needs. For example, only approximately one-
third of those diagnosed with major depression are estimated to
report full clinical and functional recovery following standard SSRI
treatment regimens (Al-Harbi, 2012; Sussman et al, 2019).
Moreover, anhedonia, the loss of pleasure in previously rewarding
activities, often remains unabated even when SSRIs reduce other
depressive symptoms (Calabrese et al, 2014; Admon and
Pizzagalli, 2015). Determining the precise behavioral and neuro-
biological mechanisms responsible for ketamine’s rapid-acting
antidepressant efficacy is an active research domain (Johnston
et al, 2024; Krystal et al, 2024). Clinically, emerging evidence
points to ketamine’s ability to attenuate anhedonic symptoms
(Almeida et al, 2024; Kwa�sny et al, 2024; Patarroyo-Rodriguez
et al, 2024), and, possibly, this recovery of hedonic tone contrib-
utes critically to its therapeutic efficacy.

Although ketamine was FDA-approved for use as an anesthetic
in 1970 and, as described, more recently its S-(þ)enantiomer,
esketamine, in the management of TRD, it also has long been a
recreational drug with well-documented reinforcing effects and
abuse liability (Liu et al, 2016; Le et al, 2022). Ketamine is not the
first FDA-approved medication with addiction potential (eg, pre-
scription opioids); however, its use is notable considering the co-
morbid relationship between major depression and substance use
disorders (Davis et al, 2008; Hunt et al, 2020). As in the treatment of
TRD, it is likely that the reinforcing properties of ketamine also
involve its ability to alter hedonic tonedhere, reflected in its re-
ported pleasurable effects in healthy individuals (Kalsi et al, 2011).
In view of ketamine’s use in both recreational and medicinal situ-
ations, it may be useful to distinguish between a drug’s effects on
hedonic mechanisms in those contexts. Thus, prohedonic efficacy
can be defined by a drug treatment that increases responsiveness to
reward in subjects not experiencing anhedonia, for example, in a
purely recreational context. Conversely, antianhedonic efficacy can
be defined by a drug treatment that attenuates a deficit in reward
responsiveness that develops in response to environmental vari-
ables such as chronic stress (Kessler, 1997; Schmidt et al, 2008;
Davis et al, 2017). From this perspective, ketamine may be said to
produce prohedonic effects in healthy users and antianhedonic
effects in patients with TRD.

This study in rats was conducted to further illuminate the rela-
tionship between ketamine and reward responsiveness by
comparing ketamine-induced changes in reward responsiveness in
both nonstressful and stressful environments. Drug testing protocols
in nonstressful environments were based on previous studies in
subjects without exposure to programmed stressors (Wooldridge
et al, 2021; Adam et al, 2024). Drug testing protocols in stressful
environments arranged conditions of chronic inescapable ice water
stress based on recentwork confirming the ability of this ecologically
relevant stressor in the rat to reliably produce anhedonic phenotypes
(Gonzalez et al, 2024). Both approaches used the probabilistic
reward task (PRT). The PRT, based on signal detection theory (Luc
et al, 2021), was developed to objectively quantify reward respon-
siveness in clinical populations with anhedonia (Pizzagalli et al,
2005) and is used to supplement traditional self-report question-
naires designed to diagnose anhedonia. In the latest revision of the
Research Domain Criteria (Insel et al, 2010; https://www.nimh.nih.
gov/about/advisory-boards-and-groups/namhc/reports/behavioral-
assessment-methods-for-rdoc-constructs.shtml), the PRT is a rec-
ommended means for probing the positive valence systems. In this
computerized task, subjects make visual discriminations under
2

asymmetric probabilistic contingencies such that correct responses
to one stimulus are more likely to result in reward (rich) than are
correct responses to the other (lean). As documented across
numerous studies, healthy subjects readily develop the adaptive
response bias toward the more richly rewarded stimulus. In
contrast, subjects with anhedonia reliably exhibit a blunted
response bias indicative of deficits in responsiveness to reward,
which correlates with current and predicts future anhedonia
(Vrieze et al, 2013; Fletcher et al, 2015). More recently, the PRTalso
has been reverse-translated using touchscreen technology for
preclinical drug development studies in rodents and nonhuman
primates (Luc et al, 2021). It previously has proven sensitive to the
effects of drugs, including ketamine in the marmoset (Wooldridge
et al, 2021), and chronic stress in the mouse (Hisey et al, 2023) and
rat (Gonzalez et al, 2024).

2. Materials and methods

2.1. Subjects

Twenty-four adult male Long-Evans rats obtained from Charles
River Laboratories were used in this study. Previous characteriza-
tions of PRT performance in female and male rats did not reveal sex
differences (Kangas et al, 2020). Upon arrival, rats were approxi-
mately 10 weeks of age and weighed between 175 and 200 g. They
were group-housed in 3s to a home cage within a climate-
controlled vivarium with a 12-hour light/dark cycle (lights on at
7 AM). Water was available ad libitum in the home cage. To establish
sweetened condensed milk as a reinforcer, rats were restricted to
approximately 10e15 g of rodent chow (Laboratory Rodent Diet
5001; LabDiet), given daily after the experimental session. The
study protocol was approved by the Institutional Animal Care and
Use Committee at McLean Hospital in accordance with established
guidelines (National Research Council, 2011).

2.2. Touchscreen chamber

Schematics of the touch-sensitive experimental chamber have
been reported previously (Kangas and Bergman, 2017). Briefly, the
right-hand wall of a 25.0- � 30.0- � 35.0-cm Plexiglas chamber
was equipped with a 17-inch touchscreen (1739L; ELO TouchSys-
tems), above which a speaker bar (NQ576AT; Hewlett-Packard) was
mounted. The chamber was housed in a 40.0 � 60.0- � 45.0-cm
sound-attenuating and light-attenuating enclosure (ENV-022MD;
Med Associates). An infusion pump (PHM-100-5; Med Associates)
located outside the enclosure delivered 0.1 mL of a 30% sweetened
condensed milk solution (Casa Solana; Sysco Corporation) into the
reservoir of a custom-designed aluminum receptacle (4.0 � 5.0 �
1 cm) on the center of the left-hand wall. Reward delivery was
paired with an 880-millisecond yellow screen flash and 440 Hz
tone. All task events and data collection were programmed in E-
Prime Professional 2.0.

2.3. PRT

2.3.1. Initial training
The PRT is a computerized assay originally designed for humans

(Pizzagalli et al, 2005) and subsequently reverse-translated using
touchscreen technology for rats (Kangas et al, 2020) to examine
responsiveness to reward as it relates to anhedonic behavioral phe-
notypes. Rats were first trained to respond on the touchscreen and,
using previously published protocols, subsequently trained to
discriminate stimuli that varied in line length (Kangas et al, 2020).
Trials beganwith presentation of a white line on a black background,
with its lower edge 3.0 cm above 5.0 � 5.0 cm left and right blue
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response boxes (Fig. 1). The length of the line was either 600 � 60 px
(31.5� 3.25 cm: long line) or 200� 60 px (10.5� 3.25 cm: short line).
Long line and short line length trial types varied in a quasi-random
manner across 100-trial sessions such that there were exactly 50
trials of each type. Rats were differentially reinforced to respond to
the left or right response box depending on the length of the white
line (long line: respond left, short line: respond right, or vice versa,
counterbalanced across rats). Each correct responsewas reinforced as
described earlier and followed by a 5-second blackout period,
whereas each incorrect response immediately resulted in a 10-
second blackout period. Discrimination training sessions continued
until accuracies for both line length trial types were �80% correct for
2 consecutive sessions, concordant with the performance criteria in
previous human PRT studies (Pizzagalli et al, 2005, 2008, 2020). After
this criterion was met, rats were assigned to either conditions
without programmed stress or conditions of chronic stress.
2.3.2. PRT testing under conditions without programmed stress
Following discrimination training, drug testing was conducted

in accord with the following protocol: saline or a dose of keta-
mine (3.2, 10, and 32 mg/kg; n ¼ 8) was studied each week, using
Fig. 1. Schematics of the chronic ecologically relevant stressor and touchscreen cognition tas
under conditions without programmed stress with saline and doses of ketamine (n ¼ 8). Ad
(n ¼ 8) or saline (n ¼ 8).

3

5-session testing protocols as previously described (Kangas et al,
2020; Wooldridge et al, 2021; Adam et al, 2024). Specifically,
each weekly testing protocol comprised nonprobabilistic (100%)
reward following correct responses during both trial types (long
and short lines) on Monday and Tuesday. This was followed by
asymmetric 60%e20% (rich-lean) probabilistic reward contin-
gencies on Wednesday, Thursday, and Friday. In these sessions, a
correct response to one of the line lengths (long or short) was
reinforced 60% of the time (rich stimulus), whereas a correct
response to the other line length was reinforced 20% of the time
(lean stimulus). Incorrect responses were never reinforced. Sa-
line or a dose of ketamine was administered on Thursday 2 hours
before the PRT session across weeks in a mixed order among rats
using a Latin square design. PRT performance was therefore
evaluated across 4 consecutive 5-session testing protocols at
baseline (Wednesday), following acute saline or ketamine
treatment (Thursday), and 24 hours after administration (Friday).
2.3.3. PRT testing under conditions of chronic stress
Following discrimination training and characterization of base-

line PRT performance, rats were exposed to chronic inescapable ice
k used in the present studies. Groups of subjects (n ¼ 8/group; n ¼ 24/total) were tested
ditional groups were tested under conditions of chronic stress with 10 mg/kg ketamine



A.R. Jenkins, D.B. Radl, T.J. Kornecook et al. The Journal of Pharmacology and Experimental Therapeutics 392 (2025) 103572
water stress as previously described (Gonzalez et al, 2024). This
chronic ecologically relevant stressor involved placing the rats in an
opaque polycarbonate cylinder (52.0 cm high, 40.0 cm diameter)
filled with water to a depth of 38.0 cm, which was deep enough to
prevent the rats from resting on its tail but not too full to prevent the
rat from climbing out of the arena (Fig. 1). Prior to stress exposure,
water was iced to 10 �C, which is an ecologically relevant water
temperature in many rodent environments during winter (DuBose
et al, 2007) and associated with reliable swim durations of approx-
imately 4e8 minutes prior to subsequent submersion. Rats were
placed into the iced water, observed continuously during their swim
duration, and rescued by the observer after submerging for >7 sec-
onds without an apparent ability to resurface. After rescue from the
ice water arena, rats were placed singly in a clean home cage,
without the aid of towel drying or heat lamp, for a 2.5-hour period
and then transferred to a touchscreen chamber for behavioral
testing. This 2.5-hour recovery interval was designed to accommo-
date the administration of ketamine 30 minutes following ice water
rescue and a 2-hour interval between ketamine treatment and
testing. Although rats were, by design, in a moderately hypothermic
state (defined by Gagarinskiy et al, 2022, as 30e32 �C) upon rescue,
full recovery in baseline rectal temperature (~37 �C) was reliably
observed at the 2.5-hour time point. This process was repeated daily
for chronic inescapable ice water stress. PRT testing also continued
daily, and when a reduced response bias was observed, defined as at
least half of the related signal detection value (log b, seeData analysis
section) observed during prestress baseline conditions, either saline
(n ¼ 8) or 10.0 mg/kg ketamine (n ¼ 8) was administered to the rat
on the following day while chronic stress conditions continued. The
dose of ketamine chosen for study under conditions of chronic stress
was based on (1) previous studies indicating its approximation in
rats with the clinically efficacious outcomes in humans (Garcia et al,
2008, 2009; Wang et al, 2011) and (2) its production of peak in-
creases in response bias in this study under conditions without
programmed stress (10.0 mg/kg). Chronic inescapable ice water
stress continued daily for 7 days, with PRT test sessions also occur-
ring 1, 3, and 7 days after dosing, to examine the enduring effects, if
any, of drug treatment on response bias during chronic stress
conditions.

2.4. Data analysis

2.4.1. PRT
The implementation of probabilistic contingencies yields 2 pri-

mary dependent measures: response bias and task discriminability,
which can be quantified using equations derived from signal
detection theory (McCarthy and Davison,1979;McCarthy,1983; Luc
et al, 2021) by examining the number of correct and incorrect re-
sponses in rich and lean trial types.

Specifically, response bias is calculated using the following log b
equation:

log b ¼ 0:5*log
�ðRichCorrect þ 0:5Þ * ðLeanIncorrect þ 0:5Þ
ðRichIncorrect þ 0:5Þ * ðLeanCorrect þ 0:5Þ

�

Task discriminability is calculated using the following log
d equation:

log d ¼ 0:5*log
� ðRichCorrect þ 0:5Þ * ðLeanCorrect þ 0:5Þ
ðRichIncorrect þ 0:5Þ * ðLeanIncorrect þ 0:5Þ

�

High response bias (log b) values are produced by high numbers
of correct responses in the presence of the rich stimulus and
incorrect responses in the presence of the lean stimulus, both of
which are expected and adaptive psychophysical responses under
these asymmetric probabilistic contingencies (McCarthy, 1983).
4

High task discriminability (log d) values are produced by high
numbers of correct responses for both rich and lean trials, similar to
standard percent correct accuracy measures but on traditional
signal detection logarithmic coordinates. A value of 0.5 is added
to all parameters in both equations to address instances where
no errors are made on a given trial type, thus making log trans-
forms impossible (Hautus and Lee, 1998). The utility of these
signal detection metrics has been repeatedly confirmed in hu-
man (Pizzagalli et al, 2005, 2008, 2020) and rat (Der-Avakian
et al, 2013, 2017; Kangas et al, 2020, 2022) PRT studies. Reac-
tion time metrics of PRT performance were also calculated by
averaging across trials the time (seconds) from line length pre-
sentation to the response (visual discrimination). They were
examined by trial type (ie, rich vs lean) because previous studies
in humans (Pizzagalli et al, 2005) and animals (Luc and Kangas,
2024) have commonly observed slightly longer reaction times
during lean trials than during rich trials, presumably due to
conflict during the behavioral process of misclassifying the lean
stimulus as rich (due to the programmed asymmetric probabi-
listic contingencies).

2.4.2. Statistics
PRT outcomes following treatment with saline or doses of ke-

tamine in rats without exposure to programmed stress were sub-
ject to one-way repeated-measures ANOVA and a Greenhouse-
Geisser correction. The 7-day time course of ketamine or saline
under conditions of chronic stress was examined via a two-way
repeated-measures ANOVA with a Greenhouse-Geisser correction.
Drug treatment (ketamine vs saline) and time course session
(across the 7 days) served as factors. When appropriate, ANOVAs
were followed by Dunnett’s multiple comparisons post hoc tests to
examine the statistical significance of PRT performance relative to
saline control. The criterion for significance was set at P < .05.
Statistical analyses were performed using Graph Pad Prism 10.

2.4.3. Drug
Ketamine hydrochloride was obtained from Sigma-Aldrich. It was

dissolved in 0.9% saline solution and administered via subcutaneous
injection in volumes of 0.5 mL or less 2 hours prior to the experi-
mental session. Dose range (3.2e32.0 mg/kg ketamine) and pre-
treatment interval were based onprevious depression-related studies
of ketamine in rats (Garcia et al, 2008, 2009; Wang et al, 2011).
3. Results

The effects of saline and doses of ketamine are presented in
Fig. 2 following acute treatment (top row) and 24 hours later
(bottom row) on PRT outcomes under conditions without pro-
grammed stress. As the doseeresponse functions in the top row
show, acute treatment with ketamine produced significant dose-
related increases in response bias (F[2.6,18] ¼ 3.7; P ¼ .04), rela-
tive to performance following saline administration, with 10.0 mg/
kg producing the peak increase in log b (P < .05) among the doses
tested. Critically, such increases in response bias were not
accompanied by dose-related alterations in task discriminability
(F[2.1,15] ¼ 1.4; P ¼ .27), suggesting that response bias findings
were not confounded by changes in task difficulty. Likewise,
although reaction times during lean trials were, as expected,
slightly longer than during rich trials, therewere no significant changes
in this metric following ketamine treatment (F[1.55,21.69] ¼ 2.32;
P¼ .13). As shown in the bottom rowof panels in Fig. 2, the increases in
log b following acute ketamine treatment were no longer evident in
the PRT 24 hours later. Response bias (F[2.2,15] ¼ 1.4; P ¼ .28),
task discriminability (F[2.6,18] ¼ 0.51; P ¼ .66), and reaction time



Fig. 2. Doseeresponse functions under conditions without programmed stress following 2 h (top row) and 24 h (bottom row) of ketamine treatment on mean (±SEM) PRT
outcomes of response bias (log b, left column of panels), task discriminability (log d, middle column of panels), and reaction time (sec, right column of panels) during rich (black
bars) and lean (white bars) trial types. n ¼ 8, *P < .05.
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(F[2.26,33.66] ¼ 0.97; P ¼ .40) were highly similar to outcomes
following saline treatment at the 24-hour time point.

The effects of 10.0 mg/kg ketamine (top row) and saline (bottom
row) on PRT outcomes under conditions of chronic stress are pre-
sented in Fig. 3. Acute treatment with 10.0 mg/kg ketamine, but not
saline, was able to significantly rescue blunted log b values produced
by chronic inescapable ice water stress. These effects restored log b
values to prestress baseline values and were confirmed statistically
bymain effects of drug treatment (F[1,14]¼ 11.82; P¼ .004) and time
course session (F[3.63,50.83] ¼ 4.06; P ¼ .008). These differences in
response bias were not accompanied by differences in task dis-
criminability by drug (F[1,14] ¼ 1.31; P ¼ .27) or time course session
(F[3.39,47.48] ¼ 0.91; P ¼ .45) or by differences in reaction time by
drug (F[1,14] ¼ 0.61; P ¼ .45) or time course session (F[4.11,57.58] ¼
0.72; P¼ .58). Specifically, as the top rowof panels show, a significant
blunting of log b values was observed following 4.9 ± 0.61 days of
exposure to chronic inescapable ice water stress (0.17 ± 0.02), rela-
tive to characterization of prestress baseline response bias (0.38 ±
0.04; P< .05). Acute treatmentwith 10mg/kg ketamine fully rescued
blunted values evident by an elevation of log b that closely approx-
imated values observed during prestress baseline (0.42 ± 0.05; P <
.01). Moreover, these effects persisted during the test session con-
ducted 24 hours later (0.42 ± 0.06; P < .01) and, to a lesser extent, 3
days (0.33 ± 0.08; P > .05) and 7 days (0.27 ± 0.08; P > .05) following
ketamine treatment but still under ongoing conditions of chronic
stress. This persistence over time of ketamine’s effects on response
bias was not accompanied by changes in task discriminability (F
[3.0,21]¼ 1.70; P¼ .21), which remained fairly steady throughout the
7-day testing protocol ranging from 0.75 ± 0.10 to 1.12 ± 0.05 or
reaction time (F[3.33,46.64] ¼ 1.12; P¼ .35), which ranged from 0.60
± 0.07 to 1.21± 0.14 seconds depending on time point and trial type.
Conversely, as the bottom panels show, in other subjects with
5

significantly blunted response biases following 4.6 ± 0.65 days of
exposure to chronic stress (0.16 ± 0.03) relative to prestress baseline
values (0.41 ± 0.03; P < .001), saline administration did not signifi-
cantly increase log b values during the 7 days under conditions of
ongoing chronic stress (P > .05 at each time point), which ranged
from 0.14 ± 0.05 to 0.24 ± 0.03. Administration of saline under
conditions of chronic stress also did not alter task discriminability,
which ranged from 0.82 ± 0.08 to 0.96 ± 0.11 or reaction time, which
ranged from 0.62 ± 0.03 to 1.19 ± 0.03 depending on time point and
trial type.

4. Discussion

Many lines of investigation within behavioral pharmacology
over the past 70 years have shown that the qualitative, as well as
quantitative, effects of drugs on behavior can be greatly influenced
by the conditions under which they are studied (Dews, 1955;
Schuster et al, 1966; Spealman, 1979; Barrett and Katz, 1981). This
body of research has reflected a strong appreciation of themultiple
determinants of the effects of psychoactive drugs, including the
roles of subject-based (genomic or trait) features and environ-
mental conditions as well as their pharmacologic actions. It also
has helped foster the current emphasis on using translationally
relevant conditions in preclinical drug discovery and devel-
opmentdespecially in work focused on depressive or other af-
fective disorders. In this regard, Research Domain Criteria-based
taxonomies and methodologies (Insel et al, 2010; https://www.
nimh.nih.gov/about/advisory-boards-and-groups/namhc/reports/
behavioral-assessment-methods-for-rdoc-constructs.shtml) have
emerged for studying contributing factors to depressive disorders,
including deficits in hedonic tone (ie, anhedonia). For example, the
PRT provides a well-validated assay of response bias as a measure
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Fig. 3. Time course of ketamine (top row) and saline (bottom row) under conditions of chronic stress on mean (±SEM). PRT outcomes of response bias (log b, left column of panels),
task discriminability (log d, middle column of panels), and reaction time (sec, right column of panels) during rich (black bars) and lean (white bars) trial types during the last session
of their prestress training protocol (baseline) and throughout a 7-day time course with continued daily inescapable ice water: n ¼ 8/group, ** P < .01, ** P < .001.
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of reward responsiveness in human subjects. Since its develop-
ment, this assay has been instrumental in both probing the role of
anhedonia and evaluating the antianhedonic effects of established
and candidate antidepressant drugs, especially for the treatment
of TRD (Pizzagalli et al, 2005, 2008, 2020). As demonstrated in this
and previous studies, the PRT also recently has been reverse-
translated in nonhuman species for preclinical studies of drugs
that may alter reward responsiveness (Luc et al, 2021), providing
uniquely valuable cross-species information in this research area.

In keeping with a focus on the behavioral and environmental
determinants of drug action (the theme of this Special Issue), this
study in rats were conducted to compare the effects of ketamine on
PRT performance under stressful and nonstressful conditions. As
the results show, dissimilar log b values were observed in the 2
groups of subjects, reflecting differing levels of response bias under
the dissimilar environmental conditions. However, notwith-
standing the difference in the log b values during which ketamine
was studied, the behavioral effects of ketamine treatment were
qualitatively similar under the 2 conditions. In the nonstressful
environment, ketamine produced dose-related and short-lived
(<24-hour) increases in response bias. This systematically repli-
cates previous ketamine findings using the PRT in unstressed
marmoset monkeys (Wooldridge et al, 2021).

Ketamine was also able to increase log b values in a stressful
environment, that is, under ongoing conditions of exposure to
inescapable ice water that markedly reduced response bias.
Although this outcome is similar in direction to ketamine’s pro-
hedonic actions in a nonstressed environment, the rescue of such
blunted reward responsiveness may more accurately be termed an
6

antianhedonic effect. It is noteworthy that such antianhedonic ac-
tions also have been reported to mediate the antidepressant effects
of ketamine in human subjects as first documented by Lally et al
(2014, 2015) and summarized in recent reviews and meta-
analyses of the clinical literature (Almeida et al, 2024; Kwa�sny
et al, 2024; Patarroyo-Rodriguez et al, 2024). Importantly, the
time course of ketamine’s effects under the ongoing stressful con-
ditions used in this study were evident over a protracted period
(nearly 7 days) of elevated mean log b values relative to those
observed during chronic stress prior to drug administration, con-
trasting sharplywith its short-lived (<24 hours) effects on response
bias in nonstressful conditions. Although this extended duration of
action is not necessarily a defining feature of antianhedonic action
per se, it is highly consistent with ketamine’s therapeutic effects in
patients with TRD, which persist approximately 1 week following
their first acute infusion (Kishimoto et al, 2016).

The differentiation of prohedonic and antianhedonic effects of
ketamine under stressful and nonstressful conditions is based on
the comparison of response bias in the 2 contexts. This analysis
derives from signal detection methodology, which allows for the
evaluation of sensitivity and, independently, response bias in
decision-making processes (Green and Swets, 1966). Signal detec-
tion methodology is infrequently used to evaluate the influence of
stressful conditions or psychoactive drugs in laboratory animals
(but see the study by Dykstra and Appel, 1974). However, the
relationship between the actual magnitude of log b prior to treat-
mentdwhich differed under the 2 conditionsdand ketamine’s
effects remains ambiguous. It might be that ketamine’s effects and
their persistence under stressful conditions are evident across a
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range of log b values or, alternatively, that the effects of ketamine
under stressful conditions are associatedmore directly with low log
b values, whether they are produced under stressful or nonstressful
conditions. While this study’s data do not address the latter pos-
sibility, it can be directly evaluated in future studies in which the
asymmetry of probabilistic contingencies of the task is decreased to
reduce log b values in the absence of a stressful environment as
previously described (Luc and Kangas, 2024). In addition, recent
PRT studies in rats using a limited bedding and nesting protocol
(Kangas et al, 2022) and in mice using juvenile chronic social defeat
(Hisey et al, 2023) have shown that programmed exposure to early
life stress can produce decreases in response bias that persist into
adulthood. The further development of such diversity in stress-
related procedures will provide the opportunity to evaluate the
generality of ketamine’s antianhedonic actions.

The secondary signal detection metric within the context of the
PRT, log d, which quantifies the ability of the subject to discriminate
the stimuli under the task conditions arranged, did not differ be-
tween stressful and nonstressful conditions or between saline-
treated and ketamine-treated rats under the 2 conditions. Thus,
ketamine’s ability to enhance response bias under stressful condi-
tions reflects changes in log b that are independent of discrimina-
tive sensitivity to the visual stimuli in the PRT. Interestingly,
measures of discriminability using signal detection methodology
also have been used previously in human subjects to analyze ket-
amine’s effects on a continuous performance task as a measure of
vigilance and executive function. This analysis revealed ketamine-
induced alterations in perceptual sensitivity (ie, distractibility)
that the authors associated with schizophrenia-like negative
symptoms (Krystal et al, 2000). Those effects, however, were
consequent to a dosage of ketamine considerably higher than is
used clinically to produce antidepressant effects and, thus, their
relevance to this study data is uncertain.

The neurobiological mechanisms that may mediate ketamine-
induced increases in log b were not addressed experimentally in
this study. However, it is unlikely that the same mechanisms are
responsible for both ketamine’s short-lived increases in response
bias and longer-lived rescue of blunted response bias. The duration
of ketamine’s prohedonic effects are consistent with the relatively
short duration of its other behavioral effects resulting from NMDA
receptor antagonism, for example, its dissociative anesthetic or
reinforcing effects (Liu et al, 2016). However, it is questionable
whether ketamine’s prohedonic effects reflect only NMDA-
antagonist actions, as d-amphetamine, which increases synaptic
levels of dopamine in reward-related brain regions (eg, ventral
striatum) (Drevets et al, 2001) also has been shown to produce
dose-related increases in log b under nonstressful conditions (Der-
Avakian et al, 2013; Lamontagne et al, 2018; Kangas et al, 2020).
Possibly, ketamine’s prohedonic effects also are the product of
changes in dopamine activity, that is, the result of downstream
actions on reward processing in dopamine-rich brain regions that
are secondary to its NMDA receptor-mediated modulation of glu-
tamatergic actions (Rinc�on-Cort�es and Grace, 2020; Kotoula et al,
2021; Marcus and Bruchas, 2021). While the role of such actions
in ketamine’s prohedonic effects deserve serious consideration,
they alone do not easily explain ketamine’s long-acting effects on
response bias under stressful conditions. Indeed, d-amphetamine
and other dopaminergic drugs are generally not associated with
antidepressant efficacy (however, see McIntyre et al, 2017), sup-
porting the idea that the therapeutic effects of ketamine involve
mechanisms other than or in addition to simple increases in
dopamine activity. Along these lines, accumulating evidence in-
dicates that, in addition to increasing dopamine activity, the glu-
tamatergic actions of subanesthetic doses of ketamine robustly
stimulate synaptic plasticity and via multiple processes (eg,
7

increases in expression of brain-derived neurotrophic and other
growth factors, canonical long-term potentiation, and recovery of
neuronal spine densities) can strengthen functional connectivity in
reward circuitry and, hence, restore hedonic tone (Duman and
Duman, 2015; Monteggia and Zarate, 2015; Kotoula et al, 2021).
Currently, although the precise cascade of molecular events is not
yet fully defined, the role of synaptic plasticity in the rapid and
long-lasting antidepressant actions of ketamine has gained wide-
spread acceptance and is supported by preclinical studies showing
that other means of stimulating synaptic plasticity also may lead to
long-acting antidepressant-like effects (Zanos et al, 2023). Thus,
ketamine’s stimulation of synaptic plasticity also may promote its
long-acting reparative effects on response bias that has been
blunted by exposure to stressful conditions.

Several limitations of this study warrant discussion. First, only
male rats were tested. Although previous work has indicated no
significant sex differences in PRT performance (Kangas et al, 2020), it
is not known whether sex differences might emerge in response to
the programmed stressor or to ketamine under nonstressful or
chronic stress conditions. This will be important to examine in future
work, especially in light of the greater prevalence of stress-induced
major depression diagnoses in women (Hyde and Mezulis, 2020)
and, as well, emerging evidence suggesting that females are more
sensitive than males to ketamine, with regard to both dosage and
magnitude of antidepressant response (Ponton et al, 2021). Second,
although rodent studies examining the effects of ketamine on
antidepressant-like behavior most often use subcutaneous or intra-
peritoneal routes of administration, it should be noted that they differ
from those used clinically (ie, intranasal for esketamine and slow
intravenous infusion for racemic ketamine). It is unclear whether
resulting differences in onset or duration of action are clinically
meaningful. Third, anhedonic phenotypes within the context of the
PRT were produced by chronic stress, and it is presently uncertain
whether thesefindings extend to an anhedonic syndrome induced by
nonstress-related variables. This is particularly relevant in view of the
known heterogeneity of depression and why studying anhedonia as
an endophenotype might inform the likelihood of response to
pharmacotherapeutic treatment (Pizzagalli, 2014). An ancillary but
related issue pertains to the use of a thermal stressor given the fact
that ketamine is known to lower body temperature (Lin et al, 1978).
Although thermal support (eg, heat lamp)was intentionally withheld
in these studies to maximize stress effectiveness, a potential role of
ketamine’s ability to further reduce body temperature following
chronic ice water stress on PRT outcomes was not examined.

In summary, the study findings indicate that environmental
determinants (ie, stressful vs nonstressful conditions) produce
remarkable differences in the behavioral effects of ketamine.
Notwithstanding potential differences in the underlying neurobi-
ological mechanisms of action, this was most apparent behaviorally
in ketamine’s time course of action. The relatively short duration of
ketamine’s prohedonic efficacy appears consistent in time with its
relatively short duration of actionwhen used as an anesthetic agent
or recreational drug. Likewise, the persistent antianhedonic effects
documented in this study under conditions of chronic stress are
remarkably consistent with the duration of ketamine’s medicinal
effects in patients with TRD. These environmentally determined
outcomes provide additional evidence that an important feature of
ketamine’s therapeutic value in TRD may be its efficacy in attenu-
ating anhedonia.

Abbreviations

FDA, Food and Drug Administration; PRT, probabilistic reward
task; SSRI, selective serotonin reuptake inhibitor; TRD, treatment-
resistant depression.



A.R. Jenkins, D.B. Radl, T.J. Kornecook et al. The Journal of Pharmacology and Experimental Therapeutics 392 (2025) 103572
Financial support

These studies were conducted in part under the auspices of
sponsored research agreements with Neurocrine Biosciences and
Takeda Pharmaceuticals. J.B. and B.D.K. were supported in part by
the National Institutes of Health, National Institute on Drug Abuse
[Grant R01-DA047575] and B.D.K was supported in part by the
National Institutes of Health, National Institute of Mental Health
[Grant R01-MH136052].

Conflict of interest

Daniela B. Radl and Thomas J. Kornecook are employees of
Neurocrine Biosciences, Inc, and own stock or stock options in
Neurocrine Biosciences. Over the past 3 years, Diego A. Pizzagalli
has received consulting fees from Boehringer Ingelheim, Compass
Pathways, Engrail Therapeutics, Neumora Therapeutics (formerly
BlackThorn Therapeutics), Neurocrine Biosciences, Neuroscience
Software, Sage Therapeutics, Sama Therapeutics, and Takeda; he
has received honoraria from the American Psychological Associa-
tion, Psychonomic Society, and Springer (for editorial work) and
from Alkermes; he has received research funding from the BIRD
Foundation, Brain and Behavior Research Foundation, Dana Foun-
dation, DARPA, Millennium Pharmaceuticals, National Institute on
Mental Health, andWellcome Leap MCPsych; he has received stock
options from Compass Pathways, Engrail Therapeutics, Neumora
Therapeutics, and Neuroscience Software. At the time of this work,
Derek L. Buhl and Patricio O’Donnell were full-time employees and
shareholders of Takeda Pharmaceuticals, Inc. During the past 3
years, Brian D. Kangas has received sponsored research agreements
with BlackThorn Therapeutics, Compass Pathways, Delix Thera-
peutics, Engrail Therapeutics, Neurocrine Biosciences, and Takeda
Pharmaceuticals.

All other authors declare that they have no disclosures to report.
All views expressed are solely those of the authors.

Data availability

All individual subject and group data presented in this article
can be obtained upon request to the corresponding author.

Authorship contributions

Participated in research design: Jenkins, Radl, Kornecook, Pizza-
galli, Bergman, Buhl, O’Donnell, Kangas.

Conducted experiments: Jenkins.
Performed data analysis: Jenkins, Kangas.
Wrote or contributed to the writing of the manuscript: Jenkins,

Radl, Kornecook, Pizzagalli, Bergman, Buhl, O’Donnell, Kangas.

References

Adam AS, LaMalfa KS, Razavi Y, Kohut SJ, and Kangas BD (2024) A multimodal
preclinical assessment of MDMA in female and male rats: prohedonic, cognition
disruptive, and prosocial effects. Psychedelic Med 2:96e108.

Admon R and Pizzagalli DA (2015) Dysfunctional reward processing in depression.
Curr Opin Psychol 4:114e118.

Al-Harbi KS (2012) Treatment-resistant depression: therapeutic trends, challenges,
and future directions. Patient Prefer Adherence 6:369e388.

Almeida TM, Generoso IP, Rosa DAA, Pinheiro TB, Foletto LD, Jorge GMT, Grilo LP, da
Silva URL, Cordeiro Q, and Uchida RR (2024) The anti-anhedonic effects of
ketamine in the treatment of resistant unipolar and bipolar depression: a
systematic review and meta-analysis of current data. J Affect Disord Rep 17:
100829.

Barrett JE and Katz JL (1981) Drug effects on behaviors maintained by different
events, in Advances in Behavioral Pharmacology (Thompson T, Dews PB and
McKim WA (Eds.) vol 3, pp 119e168, Elsevier, Amsterdam.

Calabrese JR, Frye MA, Yang R, and Ketter TA (2014) Armodafinil treatment trial
study network. efficacy and safety of adjunctive armodafinil in adults with
8

major depressive episodes associated with bipolar I disorder: a randomized,
double-blind, placebo-controlled, multicenter trial. J Clin Psychiatry 75:
1054e1061.

Davis L, Uezato A, Newell JM, and Frazier E (2008) Major depression and comorbid
substance use disorders. Curr Opin Psychiatry 21:14e18.

Davis MT, Holmes SE, Pietrzak RH, and Esterlis I (2017) Neurobiology of chronic
stress-related psychiatric disorders: evidence from molecular imaging studies.
Chronic Stress (Thousand Oaks) 1:2470547017710916.

Der-Avakian A, D’Souza MS, Pizzagalli DA, and Markou A (2013) Assessment of
reward responsiveness in the response bias probabilistic reward task in rats:
implications for cross-species translational research. Transl Psychiatry 3:e297.

Der-Avakian A, D’Souza MS, Potter DN, Chartoff EH, Carlezon WA, Pizzagalli DA, and
Markou A (2017) Social defeat disrupts reward learning and potentiates striatal
nociceptin/orphanin FQ mRNA in rats. Psychopharmacology (Berl) 234:
1603e1614.

Dews PB (1955) Studies on behavior. I. Differential sensitivity to pentobarbital of
pecking performance in pigeons depending on the schedule of reward.
J Pharmacol Exp Ther 113:393e401.

Drevets WC, Gautier C, Price JC, Kupfer DJ, Kinahan PE, Grace AA, Price JL, and
Mathis CA (2001) Amphetamine-induced dopamine release in human ventral
striatum correlates with euphoria. Biol Psychiatry 49:81e96.

DuBose DA, Leon LR, Morehouse DH, Rufolo DM, Blaha MD, and Gordon CJ (2007)
Hypothermia induction and recovery in free-ranging rats. J Therm Biol 32:
87e96.

Duman CH and Duman RS (2015) Spine synapse remodeling in the pathophysiology
and treatment of depression. Neurosci Lett 601:20e29.

Dykstra LA and Appel JB (1974) Effects of LSD on auditory perception: a signal
detection analysis. Psychopharmacologia 34:289e307.

Fletcher K, Parker G, Paterson A, Fava M, Iosifescu D, and Pizzagalli DA (2015)
Anhedonia in melancholic and non-melancholic depressive disorders. J Affect
Disord 184:81e88.

Gagarinskiy EL, Averin AS, Uteshev VK, Sherbakov PV, Telpuhov VI, Shvirst NE,
Karpova YA, Gurin AE, Varlachev AV, Kovtun AL, et al (2022) Time limiting
boundaries of reversible clinical death in rats subjected to ultra-deep hypo-
thermia. Ann Card Anaesth 25:41e47.

Garcia LS, Comim CM, Valvassori SS, R�eus GZ, Barbosa LM, Andreazza AC, Stertz L,
Fries GR, Gavioli EC, Kapczinski F, et al (2008) Acute administration of ketamine
induces antidepressant-like effects in the forced swimming test and increases
BDNF levels in the rat hippocampus. Prog Neuropsychopharmacol Biol Psychiatry
32:140e144.

Garcia LS, Comim CM, Valvassori SS, R�eus GZ, Stertz L, Kapczinski F, Gavioli EC, and
Quevedo J (2009) Ketamine treatment reverses behavioral and physiological
alterations induced by chronic mild stress in rats. Prog Neuropsychopharmacol
Biol Psychiatry 33:450e455.

Gonzalez PM, Jenkins AR, LaMalfa KS, and Kangas BD (2024) Chronic ecologically
relevant stress effects on reverse-translated touchscreen assays of reward
responsivity and attentional processes in male rats: implications for depression.
J Neurochem 168:2190e2200.

Green DM and Swets JA (1966) Signal Detection Theory and Psychophysics. Wiley,
New York.

Hautus MJ and Lee AJ (1998) The dispersions of estimates of sensitivity obtained
from four psychophysical procedures: implications for experimental design.
Percept Psychophys 60:638e649.

Hisey EE, Fritsch EL, Newman EL, Ressler KJ, Kangas BD, and Carlezon WA Jr (2023)
Early life stress in male mice blunts responsiveness in a translationally-relevant
reward task. Neuropsychopharmacology 48:1752e1759.

Hunt GE, Malhi GS, Lai HMX, and Cleary M (2020) Prevalence of comorbid sub-
stance use in major depressive disorder in community and clinical settings,
1990-2019: systematic review and meta-analysis. J Affect Disord 266:288e304.

Hyde JS and Mezulis AH (2020) Gender differences in depression: biological, af-
fective, cognitive, and sociocultural factors. Harv Rev Psychiatry 28:4e13.

Insel T, Cuthbert B, Garvey M, Heinssen R, Pine DS, Quinn K, Sanislow C, and Wang P
(2010) Research domain criteria (RDoC): toward a new classification framework
for research on mental disorders. Am J Psychiatry 167:748e751.

Johnston JN, Kadriu B, Kraus C, Henter ID, and Zarate CA Jr (2024) Ketamine in
neuropsychiatric disorders: an update. Neuropsychopharmacology 49:23e40.

Kalsi SS, Wood DM, and Dargan PI (2011) The epidemiology and patterns of acute
and chronic toxicity associated with recreational ketamine use. Emerg Health
Threats J 4:7107.

Kangas BD and Bergman J (2017) Touchscreen technology in the study of cognition-
related behavior. Behav Pharmacol 28:623e629.

Kangas BD, Short AK, Luc OT, Stern HS, Baram TZ, and Pizzagalli DA (2022) A cross-
species assay demonstrates that reward responsiveness is enduringly impacted
by adverse, unpredictable early-life experiences. Neuropsychopharmacology 47:
767e775.

Kangas BD, Wooldridge LM, Luc OT, Bergman J, and Pizzagalli DA (2020) Empirical
validation of a touchscreen probabilistic reward task in rats. Transl Psychiatry
10:285.

Kessler RC (1997) The effects of stressful life events on depression. Annu Rev Psychol
48:191e214.

Kim J, Farchione T, Potter A, Chen Q, and Temple R (2019) Esketamine for treatment-
resistant depressiondfirst FDA-approved antidepressant in a new class. N Engl J
Med 381:1e4.

Kishimoto T, Chawla JM, Hagi K, Zarate CA, Kane JM, Bauer M, and Correll CU (2016)
Single-dose infusion ketamine and non-ketamine N-methyl-d-aspartate

http://refhub.elsevier.com/S0022-3565(25)39785-5/sref1
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref1
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref1
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref1
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref2
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref2
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref2
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref3
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref3
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref3
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref4
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref4
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref4
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref4
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref4
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref6
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref6
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref6
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref7
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref7
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref7
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref7
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref7
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref7
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref8
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref8
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref8
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref9
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref9
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref9
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref10
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref10
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref10
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref11
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref11
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref11
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref11
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref11
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref12
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref12
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref12
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref12
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref13
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref13
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref13
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref13
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref14
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref14
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref14
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref14
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref15
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref15
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref15
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref16
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref16
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref16
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref17
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref17
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref17
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref17
http://refhub.elsevier.com/S0022-3565(25)39785-5/optZzXWoAbA2V
http://refhub.elsevier.com/S0022-3565(25)39785-5/optZzXWoAbA2V
http://refhub.elsevier.com/S0022-3565(25)39785-5/optZzXWoAbA2V
http://refhub.elsevier.com/S0022-3565(25)39785-5/optZzXWoAbA2V
http://refhub.elsevier.com/S0022-3565(25)39785-5/optZzXWoAbA2V
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref18
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref18
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref18
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref18
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref18
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref18
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref18
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref19
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref19
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref19
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref19
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref19
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref19
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref21
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref21
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref21
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref21
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref21
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref22
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref22
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref23
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref23
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref23
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref23
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref24
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref24
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref24
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref24
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref25
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref25
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref25
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref25
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref26
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref26
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref26
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref27
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref27
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref27
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref27
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref28
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref28
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref28
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref29
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref29
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref29
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref30
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref30
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref30
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref31
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref31
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref31
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref31
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref31
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref32
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref32
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref32
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref33
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref33
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref33
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref34
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref34
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref34
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref34
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref34
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref35
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref35


A.R. Jenkins, D.B. Radl, T.J. Kornecook et al. The Journal of Pharmacology and Experimental Therapeutics 392 (2025) 103572
receptor antagonists for unipolar and bipolar depression: a meta-analysis of
efficacy, safety and time trajectories. Psychol Med 46:1459e1472.

Kotoula V, Webster T, Stone J, and Mehta MA (2021) Resting-state connectivity
studies as a marker of the acute and delayed effects of subanaesthetic ketamine
administration in healthy and depressed individuals: a systematic review. Brain
Neurosci Adv 5:23982128211055426.

Krystal JH, Bennett A, Abi-Saab D, Belger A, Karper LP, D’Souza DC, Lipschitz D, Abi-
Dargham A, and Charney DS (2000) Dissociation of ketamine effects on rule
acquisition and rule implementation: possible relevance to NMDA receptor
contributions to executive cognitive functions. Biol Psychiatry 47:137e143.

Krystal JH, Kavalali ET, and Monteggia LM (2024) Ketamine and rapid antidepres-
sant action: new treatments and novel synaptic signaling mechanisms. Neu-
ropsychopharmacology 49:41e50.

Kwa�sny A, Kwa�sna J, Wilkowska A, Szarmach J, Słupski J, Włodarczyk A, and
Cubała WJ (2024) Ketamine treatment for anhedonia in unipolar and bipolar
depression: a systematic review. Eur Neuropsychopharmacol 86:20e34.

Lally N, Nugent AC, Luckenbaugh DA, Ameli R, Roiser JP, and Zarate CA (2014) Anti-
anhedonic effect of ketamine and its neural correlates in treatment-resistant
bipolar depression. Transl Psychiatry 4:e469.

Lally N, Nugent AC, Luckenbaugh DA, Niciu MJ, Roiser JP, and Zarate CA Jr (2015)
Neural correlates of change in major depressive disorder anhedonia following
open-label ketamine. J Psychopharmacol 29:596e607.

Lamontagne SJ, Melendez SI, and Olmstead MC (2018) Investigating dopamine and
glucocorticoid systems as underlying mechanisms of anhedonia. Psychophar-
macology (Berl) 235:3103e3113.

Le TT, Cordero IP, Jawad MY, Swainson J, Di Vincenzo JD, Jaberi S, Phan L, Lui LMW,
Ho R, Rosenblat JD, et al (2022) The abuse liability of ketamine: a scoping re-
view of preclinical and clinical studies. J Psychiatr Res 151:476e496.

Lin MT, Chen CF, and Pang IH (1978) Effect of ketamine on thermoregulation in rats.
Can J Physiol Pharmacol 56:963e967.

Liu Y, Lin D, Wu B, and Zhou W (2016) Ketamine abuse potential and use disorder.
Brain Res Bull 126:68e73.

Luc OT and Kangas BD (2024) Validation of a touchscreen probabilistic reward task
for mice: a reverse-translated assay with cross-species continuity. Cogn Affect
Behav Neurosci 24:281e288.

Luc OT, Pizzagalli DA, and Kangas BD (2021) Toward a quantification of anhedonia:
unified matching law and signal detection for clinical assessment and drug
development. Perspect Behav Sci 44:517e540.

Marcus DJ and Bruchas MR (2021) Where ketamine and dopamine collide. Elife 10:
e70148.

McCarthy D (1983) Measures of response bias at minimum-detectable luminance
levels in the pigeon. J Exp Anal Behav 39:87e106.

McCarthy D and Davison M (1979) Signal probability, reinforcement and signal
detection. J Exp Anal Behav 32:373e386.

McIntyre RS, Lee Y, Zhou AJ, Rosenblat JD, Peters EM, Lam RW, Kennedy SH, Rong C,
and Jerrell JM (2017) The efficacy of psychostimulants in major depressive
episodes: a systematic review and meta-analysis. J Clin Psychopharmacol 37:
412e418.
9

Monteggia LM and Zarate C Jr (2015) Antidepressant actions of ketamine: from
molecular mechanisms to clinical practice. Curr Opin Neurobiol 30:139e143.

National Research Council (2011) (US) Committee for the Update of the Guide for
the Care and Use of Laboratory Animals, in Guide for the Care and Use of
Laboratory Animals, 8th ed, National Academies Press, Washington, DC.

Patarroyo-Rodriguez L, Cavalcanti S, Vande Voort JL, and Singh B (2024) The use of
ketamine for the treatment of anhedonia in depression. CNS Drugs 38:
583e596.

Pizzagalli DA (2014) Depression, stress, and anhedonia: toward a synthesis and
integrated model. Annu Rev Clin Psychol 10:393e423.

Pizzagalli DA, Iosifescu D, Hallett LA, Ratner KG, and Fava M (2008) Reduced he-
donic capacity in major depressive disorder: evidence from a probabilistic
reward task. J Psychiatr Res 43:76e87.

Pizzagalli DA, Jahn AL, and O’Shea JP (2005) Toward an objective characterization of
an anhedonic phenotype: a signal-detection approach. Biol Psychiatry 57:
319e327.

Pizzagalli DA, Smoski M, Ang YS, Whitton AE, Sanacora G, Mathew SJ, Nurnberger J,
Lisanby SH, Iosifescu DV, Murrough JW, et al (2020) Selective kappa-opioid
antagonism ameliorates anhedonic behavior: evidence from the Fast-Fail Trial
in Mood and Anxiety Spectrum Disorders (FAST-MAS). Neuro-
psychopharmacology 46:2224.

Ponton E, Turecki G, and Nagy C (2021) Sex differences in the behavioral, molecular,
and structural effects of ketamine treatment in depression. Int J Neuro-
psychopharmacol 25:75e84.

Rinc�on-Cort�es M and Grace AA (2020) Antidepressant effects of ketamine on
depression-related phenotypes and dopamine dysfunction in rodent models of
stress. Behav Brain Res 379:112367.

Schmidt MV, Sterlemann V, and Müller MB (2008) Chronic stress and individual
vulnerability. Ann N Y Acad Sci 1148:174e183.

Schuster CR, Dockens WS, and Woods JH (1966) Behavioral variables affecting the
development of amphetamine tolerance. Psychopharmacologia 9:170e182.

Spealman RD (1979) Behavior maintained by termination of a schedule of self-
administered cocaine. Science 204:1231e1233.

Sussman M, O’Sullivan AK, Shah A, Olfson M, and Menzin J (2019) Economic burden
of treatment-resistant depression on the U.S. health care system. J Manag Care
Spec Pharm 25:823e835.

Vrieze E, Pizzagalli DA, Demyttenaere K, Hompes T, Sienaert P, de Boer P, Schmidt M,
and Claes S (2013) Reduced reward learning predicts outcome in major
depressive disorder. Biol Psychiatry 73:639e645.

Wang J, Goffer Y, Xu D, Tukey DS, Shamir DB, Eberle SE, Zou AH, Blanck TJ, and
Ziff EB (2011) A single subanesthetic dose of ketamine relieves depression-like
behaviors induced by neuropathic pain in rats. Anesthesiology 115:812e821.

Wooldridge LM, Bergman J, Pizzagalli DA, and Kangas BD (2021) Translational as-
sessments of reward responsiveness in the marmoset. Int J Neuro-
psychopharmacol 24:409e418.

Zanos P, Brown KA, Georgiou P, Yuan P, Zarate CA Jr, Thompson SM, and Gould TD
(2023) NMDA receptor activation-dependent antidepressant-relevant behav-
ioral and synaptic actions of ketamine. J Neurosci 43:1038e1050.

http://refhub.elsevier.com/S0022-3565(25)39785-5/sref35
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref35
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref35
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref37
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref37
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref37
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref37
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref38
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref38
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref38
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref38
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref38
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref39
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref39
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref39
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref39
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref40
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref40
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref40
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref40
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref40
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref40
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref41
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref41
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref41
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref42
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref42
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref42
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref42
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref43
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref43
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref43
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref43
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref44
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref44
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref44
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref44
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref45
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref45
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref45
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref46
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref46
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref46
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref47
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref47
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref47
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref47
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref48
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref48
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref48
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref48
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref49
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref49
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref50
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref50
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref50
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref51
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref51
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref51
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref52
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref52
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref52
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref52
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref52
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref53
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref53
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref53
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref54
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref54
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref54
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref55
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref55
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref55
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref55
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref56
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref56
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref56
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref57
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref57
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref57
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref57
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref58
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref58
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref58
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref58
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref59
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref59
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref59
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref59
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref59
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref60
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref60
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref60
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref60
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref61
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref61
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref61
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref61
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref61
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref62
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref62
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref62
http://refhub.elsevier.com/S0022-3565(25)39785-5/optLWUJjL0bCc
http://refhub.elsevier.com/S0022-3565(25)39785-5/optLWUJjL0bCc
http://refhub.elsevier.com/S0022-3565(25)39785-5/optLWUJjL0bCc
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref63
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref63
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref63
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref64
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref64
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref64
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref64
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref65
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref65
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref65
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref65
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref66
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref66
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref66
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref66
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref67
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref67
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref67
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref67
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref68
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref68
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref68
http://refhub.elsevier.com/S0022-3565(25)39785-5/sref68

	Environmental determinants of ketamine’s prohedonic and antianhedonic efficacy: Persistence of enhanced reward responsivene ...
	1. Introduction
	2. Materials and methods
	2.1. Subjects
	2.2. Touchscreen chamber
	2.3. PRT
	2.3.1. Initial training
	2.3.2. PRT testing under conditions without programmed stress
	2.3.3. PRT testing under conditions of chronic stress

	2.4. Data analysis
	2.4.1. PRT
	2.4.2. Statistics
	2.4.3. Drug


	3. Results
	4. Discussion
	Abbreviations
	Financial support
	Conflict of interest
	Financial supportThese studies were conducted in part under the auspices of sponsored research agreements with Neurocrine B ...
	Data availability
	Authorship contributions
	References


