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Abstract

INTRODUCTION—Placebo effects in human clinical trials for depression treatment are robust 

and often comparable to drug effects. Placebo effects are traditionally difficult to study in rodents 

due to the slow-onset action of classical antidepressant drugs. We hypothesized that the rapid 

antidepressant actions of ketamine would allow modeling antidepressant placebo effects in 

rodents.

METHODS—Male and female CD-1 mice received either ketamine or saline injections with 

concomitant exposure to specific environmental conditioning stimuli, for a total of three drug/

conditioning sessions each 2 weeks apart. Two weeks later, during an evocation phase, mice were 

exposed to the drug-paired conditioning stimuli or no conditioned stimuli followed by testing for 

motor stimulatory actions and antidepressant-like effects using the forced swim test. Negative (no 
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ketamine administration at any time) and positive (acute ketamine administration prior to 

evocation testing) control groups were included as comparators.

RESULTS—Both male and female mice exhibited increased locomotor activity following 

ketamine administration during the conditioning phase, which was not observed following 

exposure to the conditioning stimuli. Exposure to the conditioning stimuli previously paired with 

ketamine, similar to an acute ketamine administration, reduced immobility time in the forced swim 

test both 1 and 24 h after administration in male, but not female, mice.

CONCLUSIONS—These results represent the first evidence of antidepressant-like placebo-

conditioned effects in an animal model. The developed approach can be used as a model to explore 

the neurobiological mechanisms of placebo effects, their possible sexually dimorphic effects, and 

relevance to mechanisms underlying antidepressant action.

Keywords

ketamine; placebo; antidepressant; classical conditioning; depression; animal model; mice; 
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INTRODUCTION

Placebo effects occur following administration of inert substances given with verbal 

suggestions explicitly stating the benefits of the compound, via social learning, or through 

cued and contextual conditioning (Colagiuri et al. 2015; Colloca et al. 2013; Peiris et al. 

2018). While placebo effects are typically viewed as a hindrance when distinguishing drug 

specific from non-specific effects for medication development and regulatory approval 

purposes, these effects could also be considered beneficial in clinical practice, since they can 

positively impact treatment outcomes (Andrews 2001). Placebo effects are consistently 

robust in clinical trials of pharmacological depression treatment (Fournier et al. 2010; Kirsch 

et al. 2008; Kirsch and Sapirstein 1998), with average placebo response rates ranging 

between 35 and 40% (Furukawa et al. 2016). The clinical relevance and large size of placebo 

antidepressant effects, independent of direct effects of treatment themselves, suggest that the 

relevant mechanisms could be exploited for more effective therapies.

Some animal models for the study of placebo effects have been developed, and used 

primarily in preclinical research on analgesia (Colloca 2019; Guo et al. 2010; Keller et al. 

2018; Zhang et al. 2013). In these studies, an active analgesic compound, such as morphine, 

is paired with a conditioning stimulus (CS), and later the inert CS is delivered to rats or mice 

in the absence of any exogenous compound administration to produce analgesia (Guo et al. 

2010; Zhang et al. 2013). However, such approaches have not been successful in 

antidepressant placebo research, inherently due to the fact that classical conditioning 

requires brief temporal delays between the CS and the effect elicited by the unconditioned 

stimulus, whereas typical antidepressants have a slow therapeutic onset time of weeks to 

months (Rush et al. 2006). In contrast to the slow therapeutic onset of classical, monoamine-

based, antidepressant medications, the anesthetic ketamine, exerts rapid (often within 2 h) 

antidepressant effects when administered at sub-anesthetic doses in depressed (Berman et al. 
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2000) and treatment-refractory depressed patients (Fava et al. In press; Lapidus et al. 2014; 

Murrough et al. 2013; Singh et al. 2016; Zarate et al. 2006).

Experimental blinding, along with randomization and allocation concealment, are critical 

when assessing effects directly attributable to ketamine against regression to the mean, the 

natural variation in the course of the symptoms expectancy, and placebo effects or other non-

specific effects. A recent integrative analysis of nine previous clinical trials examined the 

effect of midazolam versus saline as an approach for preserving blinding in ketamine 

studies. The antidepressant effect of ketamine, while significant, was smaller when 

compared with midazolam than when the comparator was saline (Wilkinson et al. 2019). 

This difference was driven by greater improvement in the midazolam compared to the saline 

group. It is possible that perceiving the drug administration (midazolam versus saline) made 

people believe that they received the active treatment therefore increasing placebo and 

expectancy effects (Wilkinson et al. 2019). Although human trials with ketamine presents 

the challenge of blinding study participants, one study indicates that both placebo and 

ketamine induce a strong decrease of the white matter in frontal and temporal regions 

bilaterally (Hoflich et al. 2017). Future studies directly comparing ketamine and placebo can 

help to identify commonalities between drug and placebo effects, as studied in the context of 

treatment for other diseases (Benedetti et al. 2005; Colloca 2019; Mayberg et al. 2002).

In rodent and clinical studies, a single ketamine administration at low, sub-anesthetic doses, 

exerts rapid and sustained antidepressant-like actions requiring only a single administration 

(Autry et al. 2011; Li et al. 2010; Maeng et al. 2008); also see Zanos and Gould, (2018). 

Therefore, we hypothesized that the rapid antidepressant actions of ketamine could be used 

for modeling antidepressant-like placebo effects. Here, during three exposures each two 

weeks apart, we paired ketamine administration with concomitant exposure to a CS. Mice 

were subsequently tested for placebo antidepressant-relevant responses following exposure 

to the CS alone.

METHODS

Animals

48 male and 48 female 7 week old CD-1 mice were purchased from Charles River 

Laboratories (Willington, MA, USA). Mice were separated by sex and housed four mice per 

cage, with a 12-hour light/dark cycle (lights on/off at 07:00/19:00). Mice were acclimated to 

the University of Maryland Baltimore animal vivarium for at least seven days prior to 

experimentation and had food and water available ad libitum. All experimental procedures 

were approved by the University of Maryland, Baltimore Animal Care and Use Committee 

and were performed in accordance with the National Institutes of Health Guide for the Care 

and Use of Laboratory Animals.

Drugs

(R,S)-ketamine HCl (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% saline and 

delivered intraperitoneally (i.p.) in a volume of 7.5 ml/kg of body mass. The dose used for 

ketamine (i.e., 10 mg/kg) was based on a previous preclinical report showing antidepressant-
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relevant behavioral changes using this dose in both male and female CD-1 mice (Zanos et al. 

2016).

Experimental Conditions and Conditioning paradigm

The total duration of the experiment was 7 weeks (for a timeline see Figure 1A) and 

included a conditioning and an evocation phase. During the conditioning phase, mice 

received an injection of ketamine or saline once every other week - i.e., weeks 1, 3 and 5 – 

and were concomitantly exposed to the CS. The CS consisted of an immediate (post-

injection) 60-min exposure to an open-field arena containing ~0.5g sugar-free chocolate 

(milk chocolate miniature candy bars; The Hershey Company, Hershey, Pennsylvania, 

U.S.A.) placed in a corner under blue light conditions (10 lux intensity). Injections were 

separated by two weeks to avoid residual effects of ketamine, which have been reported to 

last up to a week post-injection in rodents (Autry et al. 2011; Li et al. 2010; Maeng et al. 

2008). During the evocation period (week 7), the effects of the conditioning were examined 

under no-drug administration conditions. The CS was presented to all mice during the three 

conditioning sessions, and to 3 of the 4 groups during evocation (see Figure 1A).

Mice were randomly allocated into the following four different experimental groups (Figure 

1B), with each group comprised of one mouse from each cage:

(i) Sal/Sal received a saline injection during each conditioning session and a saline 

injection during the evocation session (negative control group).

(iii) Ket/no CS (Ket/NCS) received ketamine during each of the conditioning sessions 

and no CS during the evocation phase. During the evocation session (week 7), when 

the cage-mates were re-exposed to the CS, Ket/NCS mice remained single housed for 

1 hour in a new cage with access to normal chow. This group served to examine any 

possible carry-over effects of the prior three injections of ketamine.

(ii) Sal/Ket received a saline injection during each conditioning session and ketamine 

during the evocation session (positive control group for the acute effects of 

ketamine).

(iv) Ket/Sal received ketamine during each of the conditioning sessions and saline 

during evocation session (placebo group). The Ket/Sal group functioned as the 

placebo conditioned group, in that any behavioral effects observed would be due to 

exposure to the CS previously paired with ketamine.

Experimenters were blind to treatment allocation.

Open-field Test (OFT)

Following each drug administration, mice were placed into individual open-field arenas (50 

cm length × 50 cm width × 38 cm height; San Diego Instruments, San Diego, CA, USA) for 

60 minutes. Locomotor activity was assessed during this time and distance travelled was 

analyzed using TopScan v2.0 (CleverSys, Inc, Reston, VA, USA). Locomotor activity during 

these 60 min is reported in 5-min bins.
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While the mice were separated into four experimental conditions for the evocation phase of 

the experiment, during the initial conditioning sessions there were only two treatment/

experimental conditions (half mice receiving saline and half 10 mg/kg ketamine). Therefore, 

we reported open-field test results during the conditioning phase of our protocol as saline vs 
ketamine for both sexes separately.

Forced Swim Test (FST)

The FST is a common test to assess antidepressant-like efficacy of drugs in rodents, for 

which effects of ketamine have been noted both acutely (i.e. 1 hour), where the drug is still 

present at low levels in the brain of rodents, as well as following complete absence of the 

drug in the brain (i.e. 24 hours) to decrease immobility time (Autry et al. 2011; Li et al. 

2010; Zanos et al. 2016). Mice underwent a 6-min swim session in clear Plexiglass cylinders 

(30 cm height × 20 cm diameter) filled to a 15 cm depth with tap water (23 ± 1 °C) 

performed in normal light conditions (800 Lux). Sessions were recorded using video 

cameras. Immobility time, defined as passive floating with no additional activity other than 

that necessary to keep the animal’s head above water, was scored from these videos for the 

last 4 min of the 6-min test by a trained observer blind to the treatment groups. Mice were 

tested in the FST 1 hour (immediately after OFT following the 7-week evocation) and re-

tested 24 hours later for assessing ketamine-like long-lasting effects that may be evoked by 

the conditioning procedure.

Statistical Analysis

The conditioning parameters (reported in Table 1) and the OFT data were analyzed using a 

2-way repeated measures ANOVA. Differences in FST immobility time between groups 

were assessed using a one-way ANOVA. ANOVAs were followed by Holm-Sidak multiple 

comparisons correction post-hoc test, when significance was reached (i.e., p<0.05). For 

comparison of the effect sizes of the placebo and ketamine groups (Sal/Ket and Ket/Sal 

compared with Sal/Sal), the Cohen’s d values were calculated using the following equation d 

= (|M1-M2| ) / (√Spooled), in which M = average of each group and Spooled = the pooled 

standard deviation of the two groups, i.e. (S12 + S22)/2. Following that, the d values were 

transformed to correlation coefficients using the formula r = d / √(d2 +4). For the z 

transformation the following formula was used z = 0.5 (ln (1 + r) - ln (1 − r)). To test 

whether the effect sizes were significantly different, the Zobserved between the groups of 

interest was calculated as Zobserved = (z1-z2) / (√(1 / (N1-3)) +(1 / (N2-3))), where N = animal 

number. The critical value for significance comparison of the Zobserved was set at 1.96 for an 

α = 0.05. Statistical outliers were determined and excluded from the dataset using the 

Grubb’s outlier test (Grubbs 1969). This resulted in three male mice being removed from the 

24 hour FST (1 Ket/Sal, 1 Sal/Ket, and 1 Sal/Sal), and 1 female mouse from the 24 hour FST 

(Sal/Ket). One Sal-treated male mouse, as well as two Sal-treated and one Ket-treated 

female mice were excluded from the data set for total distance travelled and 60-minute 

center time activity due to a malfunction of the video capturing system towards the end of 

the recording. Male and female mice underwent behavioral testing on alternating weeks, and 

we therefore did not statistically compare the male and female results since they were tested 

at different times. Data were analyzed using GraphPad Prism software v6 and alpha was set 

at α = 0.05, with two-tailed comparisons.
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RESULTS

Conditioning and evocation phases

Open-field locomotor activity—During each conditioning session we measured the 

locomotor activity of mice to assess for the expected N-methyl-D-aspartate receptor 

(NMDAR) inhibition induced hyperlocomotor actions of the drug (Irifune et al. 1995). For 

male mice, a significant effect of ketamine on locomotion during the OFT at conditioning 

week 1 (Treatment: F1,45 = 6.37, p < 0.05; Time: F11,495 = 139.0, p < 0.001; Interaction: 

F11,495 = 8.10, p < 0.001), week 3 (Treatment: F1,46 = 4.92, p < 0.05; Time: F11,506 = 36.12, 

p < 0.001; Interaction: F11,506 = 4.79, p < 0.001), and a statistical trend for treatment effect 

at week 5 (Treatment: F1,46 = 3.48, p = 0.07; Time: F11,506 = 33.21, p < 0.001; Interaction: 

F11,506 = 4.59, p < 0.001) was observed, indicating that ketamine effectively induced 

hyperlocomotor responses. Post-hoc comparisons revealed significant group differences 

during the first 5–15 minutes of the 60 minute OFT between ketamine- and saline-treated 

male mice (Figures 2A, B, and C). During the evocation phase in male mice, we did not 

observe a significant effect of experimental condition/treatment (F2,33= 0.53, p 0.59) but a 

significant time effect (F11,363 = 33.96, p < 0.001) and Drug x Time interaction: F22,363 = 

3.58, p < 0.001). Post-hoc comparisons indicated that Sal/Ket mice displayed greater 

locomotion than did Ket/Sal and Sal/Sal group mice during the first 10 min following 

injection (Figure 2D).

For female mice, ANOVAs indicated a significant interaction between treatment (ketamine 

vs saline) and time at conditioning week 1 (Treatment: F1,43 = 2.16 p = 0.15; Time: F11,473 = 

101.60, p < 0.001; Interaction: F11,473 = 9.56, p < 0.001), week 3 (Treatment: F1,46 = 2.78, p 
= 0.10; Time: F11,506 = 44.08, p < 0.001; Interaction: F11,506 = 9.81, p < 0.001), and week 5 

(Treatment: F1,46 = 1.21, p = 0.28; Time: F11,506 = 61.63, p < 0.001; Interaction: F11,506 = 

12.43, p < 0.001). Post-hoc comparisons identified ketamine-induced increases in 

locomotion typically in the first 5–15 minutes of the OFT between the ketamine- vs saline-

treated mice during each conditioning exposure (Figures 2E, F, and G). During the evocation 

phase, we did not observe a significant effect of experimental condition/treatment or 

Condition × Time interaction in female mice (Condition: F2,33 = 0.93, p = 0.41; Interaction: 

F22,363 = 0.31, p = 0.99; Figure 2H), but a significant effect of time (Time: F11,363 = 19.69, p 
< 0.001; Figure 2H).

Conditioning parameters

There was no significant effect of ketamine on the amount of chocolate consumed, latency to 

first approach chocolate pellets, and time spent in the center during the first 5 min and total 

60 min of each open field exposure (Table 1). We cannot exclude sex differences in these 

measurements as well as effectiveness of the conditioning procedure itself because mice 

were not stratified by sex before assignment to each group.

Conditioned effects in the forced-swim test

For the male mice, one-way ANOVA analysis revealed a significant effect of treatment/

group in the FST (F3,44 = 3.28, p < 0.05). Post-hoc comparisons revealed that mice 

conditioned with saline injections that received an acute ketamine injection during evocation 
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period (i.e., Sal/Ket group), and “placebo” mice that were conditioned with ketamine and 

received saline injection during the evocation period (i.e., Ket/Sal group) manifested 

significantly less immobility time than the Sal/Sal control group (Figure 3A). The effect size 

for the antidepressant-like effects in the Sal/Ket and Ket/Sal was comparable as indicated by 

the Cohens’d value comparisons (Sal/Ket: Cohen’s d = 0.97 vs Ket/Sal: 1.44, effect sizes: r 

= 0.44 vs 0.58) that was not significant (Fisher r-to-z transformation test: z = 0.47 vs 0.67, z 

observed= 0.43; critical significance value: 1.96 for α= 0.05), suggesting that the CS elicited a 

ketamine-like effect comparable to the effect elicited by a single ketamine administration.

ANOVA analysis also revealed significant effect of treatment at the 24-hour time point 

following injection in male mice (F3,41 = 3.98, p < 0.05). Similar to the 1-hour post-injection 

findings, post-hoc comparisons revealed that Sal/Ket and Ket/Sal male mice manifested 

significantly less immobility time compared with their respective Sal/Sal controls 24 hours 

following evocation (Figure 3B) indicating that the CS induced sustained ketamine-like 

effects. The control (Ket/NCS) mice that received ketamine during conditioning and had no 

exposure to the conditioning stimulus during evocation did not manifest decreased 

immobility time compared to Sal/Sal controls neither at 1- or 24-hours following evocation 

(Figures 3A, B). The effect size for the antidepressant-like effects in the Sal/Ket and Ket/Sal 

was comparable as indicated by the Cohens’d value comparisons (Sal/Ket: Cohen’s d = 1.05 

vs Ket/Sal: 1.56, effect sizes: r = 0.46 vs 0.62) that was not significant (Fisher r-to-z 

transformation test: z = 0.50 vs 0.0.72, z observed= 0.46; critical significance value: 1.96 for 

α = 0.05).

For the female mice, one-way ANOVA analysis revealed significant differences between 

groups in immobility time one hour following injection (F3,44 = 5.25, p <0.01). In contrast to 

the male mice described above, post-hoc comparisons revealed that only the female mice 

that received an acute ketamine injection during the evocation period and which had been 

previously conditioned using saline injections (i.e., Sal/Ket group) manifested lower 

immobility time compared with the control Sal/Sal mice (Figure 3C). We did not observe 

any significant difference between groups 24 hours after injection in female mice (F3,43 = 

0.22, p = 0.88) (Figure 3D).

DISCUSSION

Using ketamine, we established a classical conditioning model of placebo antidepressant-

like effects in mice. Specifically, we showed that following three pairings of ketamine 

administration with a CS, the subsequent exposure to the CS can significantly reduce 

immobility time in the forced swim test both 1 hour and 24 hours after exposure. Our results 

were sex-dependent, since only males manifested a conditioned antidepressant-like 

response. Presentation of the CS did not produce increased locomotion in the open-field test, 

indicating that the psychomotor effects of ketamine were not evoked by the same 

mechanisms as the placebo antidepressant-relevant effects. These results validate a platform 

for future research on the neurobiological mechanisms of placebo antidepressant effects.

Work over the last two decades has greatly expanded our knowledge on placebo effects, and 

the mechanisms underlying these effects are currently an active area of investigation 
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(Colagiuri et al. 2015; Colloca 2019; Colloca et al. 2013; Peiris et al. 2018). The classical 

conditioning model employed in the present study has previously been used in human 

placebo research on pain (Amanzio and Benedetti 1999; Montgomery and Kirsch 1996; 

Pollo et al. 2001), Parkinson’s disease (Benedetti et al. 2004), and immunosuppression 

(Goebel et al. 2002). Pre-clinically, most research designed to study placebo effects have 

utilized a classical conditioning model initially used in pain research (Keller et al. 2018). 

This model has since allowed for mechanistic evaluation of general placebo mechanisms, 

including identification of specific molecular pathways involved in the emergence of 

placebo analgesic effects (Guo et al. 2010; Guo et al. 2011; Zhang et al. 2013). However, 

there is no prior research to understand the nature and the mechanisms underlying 

antidepressant placebo effects, which commonly occur in clinical studies of depression 

treatment (Furukawa et al. 2016; Keller et al. 2018; Kirsch 2010; 2014). The lack of 

previous research in this area is mainly due to the fact that classical conditioning requires 

brief temporal delays between the stimulus and the response, whereas typical 

antidepressants (i.e. monoamine-based antidepressants) have a slow therapeutic onset of 

weeks to months, making a classical conditioning model with predictive validity 

challenging. In contrast to the slow onset of therapeutic actions of classical antidepressants, 

ketamine exerts rapid antidepressant actions both in humans (Berman et al. 2000; Fava et al. 

In press; Lapidus et al. 2014; Murrough et al. 2013; Singh et al. 2016; Zarate et al. 2006), 

and rodents (Autry et al. 2011; Li et al. 2010; Ramaker and Dulawa 2017; Zanos and Gould 

2018).

Here, we showed that ketamine-like placebo behavioral effects can be observed in 

preclinical tests and can be long-lasting (i.e., 24 hours post-CS exposure). Although these 

findings clearly show the feasibility of inducing placebo antidepressant-relevant effects in 

male mice, a limitation of the present study is that we used the FST, which is a test sensitive 

to acute administration of classical antidepressants (Petit-Demouliere et al. 2005). However, 

ketamine has the unique action, compared to such classical antidepressants, to decrease 

immobility time in the FST even after 24 hours post-injection (Maeng et al. 2008; Zanos et 

al. 2016; Zanos et al. 2015), a time point where no drug levels are present in the brain of 

rodents (Zanos et al. 2016). Notably, we make no argument that the beneficial effects of 

ketamine observed clinically (with either a single or repeated dosing) or pre-clinically are 

simply a placebo effect. While true blinding of participants in clinical trials assessing 

ketamine’s effects is difficult due to the robust psychosomatic symptoms of ketamine at the 

antidepressant doses given in patients (Berman et al. 2000; Krystal et al. 1994), ketamine is 

repeatedly more effective compared with placebo in the clinical studies published to date 

(see Berman et al. 2000; Fava et al. In press; Lapidus et al. 2014; Singh et al. 2016; Zarate et 

al. 2006). The antidepressant effects of ketamine has also been confirmed when ketamine is 

compared to a psychoactive placebo such as a benzodiazepine (Murrough et al. 2013), and 

by meta-analyses of available studies (Fond et al. 2014). Additionally, preclinical work in 

rodents indicates that even without any previous drug exposure (therefore no learned 

responses about the impact of the drug are acquired), acute ketamine administration exerts 

behavioral effects in multiple clinically antidepressant-relevant behavioral assays (Autry et 

al. 2011; Li et al. 2010; Ramaker and Dulawa 2017; Zanos and Gould 2018; Zanos et al. 

2016). Our finding that ketamine-like behavioral effects can be intentionally induced using 
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pre-exposure to effective ketamine paired with CS exposure (i.e. placebos) may have 

translational relevance. Dose-extending placebos are used in pain and placebo research 

(Colloca et al. 2016a), and could have applicability for the treatment of depression.

While male mice manifested ketamine-like placebo effects, we did not observe effects of 

antidepressant conditioning in female mice. Also, we note that the 10 mg/kg dose of 

ketamine (in the absence of CS) was effective in males, but not effective in females in 

inducing antidepressant-like effects 24 h after administration. This cannot be explained 

through lack of efficacy of ketamine in females, as we also show that a single injection of 

ketamine in females significantly reduced immobility time relative to a saline injection at the 

1 h time point. Substantial research has indicated effects of sex in the antidepressant-relevant 

actions of ketamine in rodents. Specifically, more potent antidepressant behavioral responses 

of a single administration of ketamine have typically been observed in female compared to 

male rats and mice acutely and/or 24 hours post-injection (Carrier and Kabbaj 2013; Sarkar 

and Kabbaj 2016; Zanos et al. 2016). Thus, a limitation of the present study was that only a 

single dose of ketamine was utilized. It is possible that the most effective dose in females in 

exerting effects at 24 hours, as well as placebo conditioning effects, differs from the most 

effective dose in males. Additionally, it may be that conditioning procedures may vary 

between male and female mice. Though not assessed here, a different CS may allow for 

conditioning of antidepressant responses in females. Moreover, we cannot exclude sex 

differences in the effectiveness of the conditioning procedure itself, which would in turn 

impact placebo effects. We also did not control for female estrous cycle phase, which could 

have interacted with conditioned responses. However, we note that there was not greater 

variability in the female, compared to the male group data, as would be expected if 

activational effects of gonadal hormones influenced results. Future experiments are needed 

to assess whether the effects observed, including sex differences, are due to the specific CS 

utilized, the strain of mice used and/or other environmental factors.

There is limited research on sex effects in placebo behavioral responses in either clinical or 

preclinical research. Several studies have observed sex differences in placebo effects in 

humans (see Vambheim and Flaten 2017 meta-analysis). In some studies, males manifested 

a greater response to placebos than females (Abrams and Kushner 2004; Aletky and Carlin 

1975; Aslaksen et al. 2011; Aslaksen and Flaten 2008; Bjorkedal and Flaten 2011); but there 

are also opposite results (Colloca et al. 2016b; Haltia et al. 2008; Klosterhalfen et al. 2009; 

Krummenacher et al. 2014) suggesting that several factors may play a role in dimorphic 

responses to placebos. There is some evidence that these sex differences might be attributed 

to differences in stress reactivity between males and females (Aslaksen et al. 2011), but the 

exact mechanisms remain still unclear. Unfortunately, previous classical conditioning 

preclinical models for the study of placebo effects have primarily used male animals 

(Hadamitzky et al. 2018; Keller et al. 2018), making it difficult to completely understand the 

nature and generalizability of the sex-dependent effects observed in the present study. 

However, we note that one previous study failed to condition placebo analgesia in female 

rats (McNabb et al. 2014). Continued research is necessary to understand the mechanisms of 

sex differences in placebo effects.
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Our work demonstrates, for the first time to our knowledge, the feasibility of producing 

antidepressant-like placebo effects in mice, using a classical conditioning model. Herein, we 

used a CS (placebo procedure) during the acquisition phase that included rodent handling, 

the saline vs ketamine i.p. injection, and an immediate 60-min exposure to the open-field 

arena containing ~0.5g sugar-free chocolate and blue light conditions. While this procedure 

was effective in eliciting a conditioned response in males, our experiments did not discern 

which aspects of the procedure are necessary or sufficient to exert the conditioned effect. We 

note that pioneering studies of conditioned placebo effects have used even simpler CSs 

(Herrnstein 1962). Future research can further investigate the requirements for successful 

CRs and placebo effects, and the mechanisms and circumstances under which sex 

differences play a role.

These results establish a protocol for future investigation of the neurobiological mechanisms 

of placebo-induced antidepressant effects and possible sex differences in these outcomes, 

which is critically needed. Since placebo effects are believed to operate, at least in part, by 

mechanisms independent of the compound’s direct pharmacodynamic effects (Benedetti et 

al. 2005; Colloca 2019; Mayberg et al. 2002; Stein and Mayberg 2005), the rodent model of 

antidepressant-like placebo effects in male mice described in the present study might offer a 

novel avenue for investigation of circuits that can more effectively treat depression and for 

further defining ketamine’s mechanism of antidepressant action.
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Figure 1. Experimental overview.
Timeline of experiments (A). Mice were randomly allocated to 4 groups (B). There were 

two phases to experimentation. The first phase, i.e., the conditioning phase, occurred on 

weeks 1, 3, and 5. Conditioning involved pairing an injection (saline or 10 mg/kg ketamine) 

with the injection context. The second phase, the evocation phase, occurred during week 7. 

Evocation is when the effects of conditioning were tested in the absence of drug 

administration. CS=conditioning stimulus; Sal=saline; Ket=ketamine; NCS=no conditioning 

stimulus.
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Figure 2. Effects of ketamine and ketamine conditioning on locomotion.
In male mice ketamine resulted in increased open field locomotion immediately following 

administration for conditioning weeks 1, 3, and 5 (A, B, C). Ketamine administration during 

evocation in males increased locomotion relative to mice receiving saline, regardless of 

whether they received ketamine during conditioning (D). In female mice ketamine resulted 

in increased locomotion immediately following administration for conditioning weeks 1, 3, 

and 5 (E, F, G). No differences in locomotion were observed in female mice during the 

evocation phase (H). Sal=saline; Ket=ketamine 10 mg/kg, OFT=open-field test. Data are 

means ± S.E.M. *p<0.05, **p<0.01, ***p<0.001. N=24 per group in A, B, C, E, F, and G. 

N=12 per group in D and H.
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Figure 3. Effects of ketamine and ketamine conditioning in the forced swim test.
In male mice, condition stimulus (CS) exposure without recent ketamine administration 

(Ket/Sal) reduced immobility 1 hour (A) and 24 hours (B) after the exposure to the 

conditioning environment. In female mice, CS exposure without a further ketamine 

administration had no effect 1 hour (C) or 24 hours (D) after exposure to the conditioning 

environment. Sal=Saline; Ket=ketamine; NCS=No Conditioning Stimulus. Data are means ± 

S.E.M. *p<0.05, **p<0.01, ***p<0.001. N=11–12 per group.
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