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Abstract

Clinical evidence suggests superior antidepressant response over time with a repeated, intermittent 

ketamine treatment regimen as compared to a single infusion. However, the club drug ketamine is 

commonly abused. Therefore, the abuse potential of repeated ketamine injections at low doses 

needs to be investigated. In this study, we investigated the abuse potential of repeated exposure to 

either 0, 2.5, or 5 mg/kg ketamine administered once weekly for seven weeks. Locomotor activity 

and conditioned place preference (CPP) were assayed to evaluate behavioral sensitization to the 

locomotor activating effects of ketamine and its rewarding properties, respectively. Our results 

show that while neither males nor females developed CPP, males treated with 5 mg/kg and females 

treated with either 2.5 or 5 mg/kg ketamine behaviorally sensitized. Furthermore, dendritic spine 

density was increased in the NAc of both males and females administered 5 mg/kg ketamine, an 

effect specific to the NAc shell (NAcSh) in males but to both the NAc core (NAcC) and NAcSh in 

females. Additionally, males administered 5 mg/kg ketamine displayed increased protein 

expression of ΔfosB, calcium calmodulin kinase II alpha (CaMKIIα), and brain-derived 

neurotrophic factor (BDNF), an effect not observed in females administered either dose of 

ketamine. However, males and females administered 5 mg/kg ketamine displayed increased 

protein expression of AMPA receptors (GluA1). Taken together, low-dose ketamine, when 

administered intermittently, induces behavioral sensitization at a lower dose in females than males, 

accompanied by an increase in spine density in the NAc and protein expression changes in 

pathways commonly implicated in addiction.
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1. Introduction

Ketamine, when administered at low doses, has fast-acting antidepressant effects in 

treatment-resistant patients (Zarate et al., 2006; Price et al., 2009; Murrough et al., 2013). 

Considering the crippling nature of depression, the increased risk for suicide, and the urgent 

need for fast-acting therapeutics, ketamine is seen as a promising treatment. Clinical studies 

have repeatedly demonstrated both fast-acting and, in some cases, long-lasting 

antidepressant effects, up to one week, following a single ketamine infusion in treatment-

resistant patients (Larkin and Beautrais, 2011; Zarate et al., 2012). Due to its long lasting 

effects, ketamine infusions are administered several days apart in clinical settings, and there 

is evidence to suggest an enhanced antidepressant response over time with this intermittent, 

repeated treatment timeline compared to a single infusion (Murrough et al., 2013; Cusin et 
al., 2016). However, ketamine is a powerful hallucinogenic drug of abuse at higher doses, 

and there are serious health problems associated with its abuse (Shram et al., 2011), and 

while studies from our lab as well as others have examined the beneficial aspects of 

ketamine, little is known about potential risks for abuse with intermittent, repeated treatment 

regimens.

Given the higher prevalence of depression in women (Holden, 2005; Kessler et al., 2005) 

and given gender differences in response to classical antidepressants such as SSRIs (Young 

et al., 2009), further research examining antidepressant effects in both sexes is needed. In 

one study, gender was not a significant predictor of ketamine antidepressant efficacy in 

clinical populations (Niciu et al., 2014), however, only one dose of ketamine was tested (0.5 

mg/kg). Our group was first to demonstrate sex differences in response to ketamine’s 

antidepressant effects in rats, where females are more sensitive than male rats to the 

antidepressant response, a finding replicated by others in mice (Carrier and Kabbaj, 2013; 

Franceschelli et al., 2015; Zanos et al., 2016). Because of this, and the fact that addiction 

and depression are often comorbid (Becker et al., 2005), one aim of this work was to 

investigate whether female rats would show enhanced addiction-like behaviors following 

repeated, low-dose ketamine treatment. It is well established that repeated exposure to drugs 

of abuse such as cocaine produces behavioral sensitization, a defining characteristic of 

addiction, where neuroadaptations induce changes in synaptic plasticity that can affect 

behavioral output (Robinson and Berridge, 1993; Vezina, 2004; Scofield et al., 2016). 

Additionally, contextual stimuli paired with rewarding drugs acquire some of the rewarding 

properties themselves, which can be measured using the conditioned place preference 

paradigm (CPP) (Napier et al., 2013). As such, the present study investigated two facets of 

addiction-like behaviors, examining locomotor sensitization and CPP in both male and 

female rats exposed to repeated, intermittent ketamine administration to mimic the 

aforementioned clinical treatment timeframe.
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Drugs of abuse are known to trigger dramatic changes in structural plasticity in reward-

related areas of the brain, such as the nucleus accumbens (NAc) (Li et al., 2004; Russo et al., 
2010; Robison et al., 2013). This plasticity is thought to be mediated through converging 

glutamatergic signaling from the prefrontal cortex (PFC) and dopaminergic signaling from 

the ventral tegmental area (VTA) on the NAc (Pierce et al., 1996; Robinson and Kolb, 1997; 

Carlezon and Nestler, 2002). The nucleus accumbens core (NAcC) and shell (NAcSh) 

subregions receive specific input from PFC prelimbic and infralimbic subregions, 

respectively, and are involved in different aspects of addiction (Scofield et al., 2016). For 

instance, the NAcC is involved in evaluation of reward as well as reward learning and drug-

seeking behavior, whereas the NAcSh processes motivationally relevant information from 

basal ganglia systems and is involved in drug-primed and context-induced reinstatement in a 

self-administration paradigm (Scofield et al., 2016). It has been previously shown that 

cocaine-induced locomotor sensitization induces structural plasticity in male rodents that 

can be observed through increases in dendritic spine density in the NAc, as well as increases 

in the transcription factor, ΔfosB, and calcium-calmodulin kinase II alpha (CaMKIIα) 

specific to the NAcSh (Robison et al., 2013). Indeed, CaMKIIα activity is required for 

ΔfosB-mediated structural and behavioral plasticity such that blocking CaMKIIα activity in 

the NAc prevented spine density increases and locomotor sensitization (Robison et al., 
2013). Additionally, other signaling molecules such as brain-derived neurotrophic factor 

(BDNF) and AMPA receptor (GluA1) are reportedly increased in the NAc following chronic 

cocaine exposure (Pierce et al., 1996; Li and Wolf, 2015). Accordingly, in the present study 

we examined whether or not there are morphological and molecular changes in the NAc 

following intermittent ketamine exposure in male and female rats, which may be indicative 

of addictive potential.

2. Methods

2.1 Animals

Fifty adult male (250–300g) and twenty four adult female (175–200g) Sprague Dawley rats 

were obtained from Charles River Laboratories (Raleigh, NC). Animals were pair-housed in 

43 × 21.5 × 25.5 cm Plexiglass cages, and maintained on a 12-hr light/dark cycle (7am–

7pm). Food and water were provided ad libitum. Behavioral testing occurred during the light 

phase of the light/dark cycle (7a–7p); locomotor testing began at 8:00 am, while CPP began 

at 2:00 pm. All animal experiments were carried out in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals, and were approved 

by the Florida State University Institutional Animal Care and Use Committee.

2.2 Drugs

Drugs used in this study were ketamine-hydrochloride (racemic, 100 mg/mL, Henry Schein, 

045822) cocaine hydrochloride (donated by National Institute on Drug Abuse), and sodium 

pentobarbital (Sleepaway, Patterson Vet). Drugs were dissolved into 0.9% sterile saline for 

dosing. Ketamine was administered at either 2.5 or 5 mg/kg, while cocaine was administered 

at 15 mg/kg. Sodium pentobarbital was administered at 50 mg/kg immediately prior to 

cardiac perfusion. All injections were administered intraperitoneally (i.p.).
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2.3 Estrous Cycle Determination

Vaginal cytology was examined via vaginal lavage on a daily basis during the first 3-hr of 

the light cycle in order to track female rats’ estrous cycles as previously described (Becker et 
al., 2005; Saland et al., 2016). All female rats were tested in diestrous 1 (D1), when both 

progesterone and estrogen levels are low to ensure that fluctuating hormones are not 

interfering with behavioral data. Animals were considered to be in D1 when there was a low 

abundance of cells present that consisted of mainly leukocytes but also cornified epithelial 

cells (McLean et al., 2012).

2.4 Behavioral Testing

2.4.1 Behavioral Apparatuses—Locomotor tests were conducted in circular chambers 

71.2 cm in diameter (Med Associates), containing four photo-beam sensors placed equal 

distances apart that record locomotor data based upon number of beam breaks. Place 

preference testing and conditioning sessions occurred in a 3-part chamber (Med Associates) 

containing white, gray, and black compartments as previously described (Dietz et al., 2007).

2.4.2 Novelty Response—All animals underwent an initial 1-hr novelty-induced 

locomotor test before experimental testing. This test allows categorization of rats into high 

responders (HR) and low responders (LR) based on locomotor scores that were either above 

(HR) or below (LR) the median score (Kabbaj, 2006; Wright et al., 2015). This test is 

routinely used in our lab to assign experimental groups and reduce variability. Novelty 

seeking was not used as an independent variable in any of the analyses.

2.4.3 Ketamine-induced locomotor sensitization and Conditioned Place 
Preference—To test for acute locomotor activating effects of ketamine, a 3-hr test was 

performed to assess locomotor activity after an initial injection of ketamine (Fig. 1). All 

animals were initially injected with saline and placed in the locomotor chamber for 1-hr, 

then injected with ketamine and placed back in the chamber for 2-hr.

CPP conditioning sessions were nested between the locomotor test measuring acute response 

to ketamine and the final locomotor test for behavioral sensitization. An initial 15 minute 

place preference pre-test was conducted prior to ketamine administration to determine 

baseline CPP scores as previously described (Dietz et al., 2007). The CPP paradigm utilized 

was biased in that animals were administered ketamine in the least-preferred chamber. 

Treatment groups were formed such that equal numbers of animals with an initial place 

preference (>150s) were divided in each group (Li, 2008).

Male rats underwent eight 45 minute conditioning sessions, each three days apart, 

alternating between saline and ketamine conditioning sessions. Females underwent eight 45 

minute conditioning sessions, every 3–4 days while in diestrous 1 (D1), alternating between 

saline and ketamine conditioning sessions. A 15 min place preference test was done 3–4 

days after the final conditioning session to assess whether animals had formed a place 

preference to the drug-paired side. CPP score was calculated by subtracting time spent in the 

drug-paired chamber during the post-test from time spent in the drug-paired chamber during 

the pre-test.
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Two weeks after the last injection, all animals regardless of previous treatment group were 

tested for locomotor sensitization by receiving escalating doses of 0 mg/kg, 2.5 mg/kg, and 5 

mg/kg ketamine every 30 min, a protocol previously used with other drugs of abuse 

(Waselus et al., 2013).

2.4.4 Cocaine Conditioned Place Preference—A separate group of male rats, used as 

a positive control for CPP, were tested for cocaine-induced CPP. The protocol was the same 

as males conditioned with ketamine, with conditioning sessions alternating between saline 

and cocaine every three days and cocaine administration occurring every six days. CPP pre- 

and post-tests occurred in the same timeframe as mentioned above, and CPP score was 

calculated the same.

2.5 Tissue Preparation and Protein Extraction

Prior to testing for the expression of behavioral sensitization, animals were randomly 

selected to either be rapidly decapitated for examination of NAc protein expression (n=18 

males, 15 females) or transcardially perfused for examination of dendritic spine density in 

the NAc (n=12 males, 10 females). Animals were killed immediately after the 2 hour 

ketamine challenge and locomotor activity recording. Transcardial perfusion was performed 

on animals anesthetized with sodium pentobarbital, using 4% paraformaldehyde (PFA, EMS 

cat# 19210) in 0.2M phosphate buffered saline (PBS, Fisher Scientific). Brains were 

removed afterward and stored in PFA for 24-hr, and then transferred to PBS with 1% sodium 

azide (Sigma, S2002) until Golgi staining. For rapid decapitation, brains were quickly 

removed and cryoprotected with 2-Methylbutane (VWR, cat# M1246) at −20 degrees 

Celsius and stored at −80 degrees Celsius until protein extraction. Frozen brains were 

sectioned at 200 μm in a cryostat (Leica), and tissue punches were collected bilaterally from 

the whole nucleus accumbens (NAc) according to Paxinos and Watson (2006). NAc proteins 

were then extracted using the TRI Reagent TRIZol extraction protocol according to the 

instructions of the manufacturer (MRC, 2014). Proteins were then diluted 1:5 in loading 

buffer for Western blotting.

2.6 Spine Density Quantification with Golgi Staining

Golgi staining was performed using the FD NeuroTech Rapid Golgi Stain Kit (cat# PK401), 

and was performed according to the protocol provided with slight modifications. The tissue 

used for staining was previously fixed with PFA. Neuron impregnation and staining was 

observed in the two week time frame the protocol suggests, and images were captured and 

quantified. Tissue was sliced at 150 μm on a vibratome (Leica), stained and slide mounted 

for further analysis.

For quantitative analysis of Golgi stained neurons, image stacks were obtained using 

Neurolucida Software (MBF Bioscience, Williston, Vt., USA) on a Leica DMRB 

microscope at 100× objective. Medium spiny neurons in the nucleus accumbens core and 

shell were measured using a protocol previously described (Shen et al., 2008). Briefly, 

dendrites were quantified >75 μm distal to the soma, after the first branch point, and no 

further than 200 μm distal to the soma. Dendritic segments between 40–55 μm were 

quantified, and at least 8 dendrites per brain area were obtained for each animal (Shen et al., 
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2008). Total spine density was calculated by dividing the number of spines per segment over 

the length of the segment. The total spine density was calculated and averaged for 8–10 

dendrites in each brain area per animal, and then per treatment group (n=4/group), giving 

value of one number per animal. Spines were counted using ImageJ software by an observer 

blind to treatment conditions.

2.7 Western Blotting

Ten μg of protein underwent separation by electrophoresis in a 12% polyacrylamide gel. 

Proteins were then transferred to 0.2 μm nitrocellulose membrane (GE Healthcare). Prior to 

addition of primary antibodies, membranes were stained with Ponceau S Solution (Sigma-

Aldrich), and scanned for total protein quantification, which was used as a loading control. 

Membranes were blocked in 5% milk in tris-buffered saline (TBS) for one hour on a rocker 

at room temperature, and then incubated in primary antibody overnight on a rocker at 4 

degrees Celsius. The following primary antibodies were from Cell Signaling: deltaFosB 

(cat# 14695, 1:250), CaMKII (cat# 50049, 1:2000), pCaMKII (cat# 12716, 1:2000), GluA1 

(cat#13185, 1:1000). BDNF primary antibody (cat# sc-546, 1:500) was obtained from Santa 

Cruz Biotechnology. Following overnight primary antibody incubation, membranes were 

washed with TBS on a rocker, and were then incubated in secondary antibody for one hour 

at room temperature. Secondary antibodies were obtained from Li-Cor, and included 

Donkey anti-Rabbit (cat# 925-32213, 1:10,000) and Goat anti-Mouse (cat# 925-32210, 

1:10,000). Membranes were washed again with TBS, and scanned using the Odyssey 

imaging system (Li-Cor). Images were quantified using the ImageJ software, and raw values 

were subtracted from total protein, and then normalized to saline control animals within both 

males and females.

2.8 Statistical Analyses

For the acute locomotor activating effects of ketamine, two-way repeated measures ANOVA 

was used with 10 minute time bins as the within-groups factor and treatment (0, 2.5, or 5 

mg/kg ketamine) as the between-groups factor. For the locomotor sensitization test, two-way 

repeated measures ANOVA was used with phase of experiment (0, 2.5, and 5 mg/kg 

ketamine) or 30 minute time bins as the within-groups factor and pre-treatment dose (0, 2.5, 

or 5 mg/kg ketamine) as the between-groups factor. For the conditioned place preference 

data, paired two-tailed t tests were used to compare the time spent in the drug-paired side in 

the post-test versus the pre-test within each treatment group. One-way ANOVA was used to 

analyze western blot and dendritic spine density results, with treatment group as the 

independent variable. Post hoc comparisons for two-way repeated measures ANOVA were 

made with Sidak’s post hoc when appropriate, while comparisons for one-way ANOVA 

were made with Fisher’s LSD when appropriate. Data are depicted as mean ± SEM, and the 

level of significance was set to 0.05. GraphPad Prism 6 (GraphPad Software) were used for 

analyses.
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3. Results

3.1 Acute injection of low-dose ketamine exposure moderately alters locomotor activity in 
male and female rats

Figure 2a depicts locomotor activity in response to an acute injection of saline followed by 

ketamine. Upon examination of the response to saline during the first hour of the test, a 

significant treatment × time interaction was observed (Treatment: F(2,27)=0.35; p=0.71, 

Time: F(5,135)=91.90, p<0.0001; Interaction: F(10,135)=2.21, p=0.02). Post hoc analysis 

revealed no significant differences between treatment groups at each time point (Sidak’s post 

hoc, p>0.05). Over the two-hour period following ketamine administration, no main effect of 

treatment was observed nor was a treatment × time interaction, however there was a main 

effect of time (Treatment: F(2,27)=1.52, p=0.24; Time: F(11,297)=54.38, p<0.0001; 

Interaction: F(22,297)=1.44, p=0.09). Given the well-known rapid distribution of ketamine to 

the brain as well as the short half-life (Mion and Villevieille, 2013), we decided a priori to 

use post hoc testing to analyze early time points following ketamine administration. Sidak’s 

multiple comparison revealed a significant increase in locomotor movements ten minutes 

after ketamine administration in males receiving both 2.5 mg/kg (p=0.017) and 5 mg/kg 

(p<0.0001) as compared to saline controls, indicating that acute exposure to ketamine 

induces a locomotor activating response in males, which subsides after the first ten minutes 

post-injection.

Figure 2b shows the locomotor response to acute injection of ketamine in female rats. No 

group differences in locomotor activity were observed in females one hour after saline 

injection (all p>0.05). No main effect of treatment was observed two hours following 

ketamine, however a significant main effect of time was observed as well as a trend towards 

a significant treatment × time interaction (Treatment: F(2,20)=0.0404, p=0.16; Time: 

F(11,220)=36.71, p<0.0001; Interaction: F(22,220)=1.51, p=0.07). Sidak’s multiple comparison 

revealed a significant increase in locomotor movements in females injected with 2.5 mg/kg 

both ten (p=0.005) and twenty (p=0.03) minutes post-treatment compared to saline controls. 

Interestingly, females injected with 5 mg/kg were no different from those receiving saline.

3.2 Intermittent low dose ketamine does not induce conditioned place preference in either 
sex

Ketamine induced place-preference was evaluated after eight intermittent conditioning 

sessions. Figure 3a depicts the difference in time spent in the initially least-preferred (drug-

paired) side of the CPP boxes between post- and pre-tests. There were no differences in time 

spent in the drug-paired side in male rats conditioned every 3rd day with 0 mg/kg 

(t(9)=0.054, p=0.96), 2.5 mg/kg (t(8)= 0.169, p=0.87), or 5 mg/kg (t(7)=0.012, p=0.99) 

ketamine when comparing the difference in time spent in the drug-paired side in pre- vs 

post-test (Fig. 3a). Female rats were conditioned similarly to males, though sessions were 

every 3–4 days to account for stage of estrous cycle. As in males, no differences were 

observed in females conditioned with 0 mg/kg (t(7)=0.554, p=0.59) or 2.5 mg/kg (t(7)=0.042, 

p=0.96). Interestingly, females conditioned with 5 mg/kg ketamine spent significantly more 

time in the saline-paired chamber than the ketamine-paired chamber (t(5)=3.65, p=0.015), 
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indicating a conditioned place aversion to the drug at this dose in diestrous 1 females (Fig. 

3b).

3.3 Intermittent cocaine induces a conditioned place preference in male rats

As a positive control, a separate cohort of males was used to determine intermittent 

cocaine’s effect on conditioned place preference. Using the same schedule of drug 

administration as was used with ketamine, male rats in this cohort were conditioned with 0 

and 15 mg/kg. Whereas no change in time spent in the drug-paired chamber occurred in 

males conditioned to saline (t(9)=0.698, p=0.50), males conditioned to 15 mg/kg cocaine 

every 3rd day spent significantly more time in the drug-paired side (t(7)=4.50, p=0.003), 

demonstrating the development of a place preference (Fig 3c).

3.4 Females sensitize to intermittent locomotor-activating effects of ketamine exposure at 
a lower dose than males

Animals underwent a two-week drug abstinence period after the last ketamine treatment 

during conditioned place preference testing. Male and female rats were subjected to a final 

locomotor test to examine the expression of behavioral sensitization. All animals were 

injected with escalating doses of 0, 2.5, and 5 mg/kg ketamine in 30 minute intervals, 

regardless of previous treatment conditions, a protocol adapted from a previous study 

examining cocaine sensitization (Waselus et al., 2013).

In males, there was a significant interaction between pre-treatment dose and challenge dose 

(Pre-treatment dose: F(2,26)=1.96, p=0.16; Challenge dose: F(2,52)=131.6, p<0.0001; 

Interaction: F(4,52)=7.19, p=0.0001). Post-hoc analyses revealed a significant increase in 

locomotor activity in males previously treated with 5 mg/kg ketamine compared to those 

receiving saline (Sidak’s multiple comparison, p=0.002), when challenged with a dose of 5 

mg/kg ketamine (Fig. 4a). This increase suggests a heightened response to ketamine in male 

rats undergoing the repeated treatment regimen with 5 mg/kg ketamine as compared to those 

administered ketamine for the first time.

Females underwent the same locomotor challenge test two weeks after the last ketamine 

treatment to test for the expression of behavioral sensitization. There was a significant 

interaction between pre-treatment dose and challenge dose (Pre-treatment dose: F(2,20)=1.77, 

p=0.19; Challenge dose: F(2,40)=87.5, p<0.0001; Interaction: F(4,40)=3.59, p=0.014). Figure 

4b shows locomotor movements of female rats previously treated with 0, 2.5, or 5 mg/kg 

ketamine. When challenged with 5 mg/kg ketamine, females previously exposed to repeated 

treatments with both 2.5 and 5 mg/kg ketamine displayed a significant increase in locomotor 

movements compared to those previously treated with saline (Sidak’s multiple comparison, 

p= 0.029 and p=0.013, respectively). Interestingly, females sensitized to both 2.5 and 5 

mg/kg, whereas males only sensitized to 5 mg/kg, which could reflect greater sensitivity of 

females to the drug than males, a result supported by previous reports from our lab (Carrier 

and Kabbaj, 2013; Saland et al., 2016).
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3.5 Increased spine density in the NAc in animals chronically treated with ketamine

Dendritic spine density was quantified on distal dendrites of medium spiny neurons in both 

the nucleus accumbens core (NAcC) and shell (NAcSh). There was a main effect of 

treatment on spine density in the NAc shell (F(2,9)=4.72, p=0.04), but not the core 

(F(2,9)=0.54, p=0.6) of males. Post hoc analysis revealed a significant increase in spine 

density in male rats chronically treated with 5 mg/kg as compared to saline (Fisher’s LSD, 

p=0.02). Further, there was a trend towards significance in males treated with 2.5 mg/kg 

ketamine when compared to saline animals (Fisher’s LSD, p=0.05). Taken together, these 

results show that males who sensitized to ketamine show an increase in spine density in the 

nucleus accumbens shell but not core (Fig. 5 a,c).

In the NAcC of females, there was a significant main effect of treatment (F(2,7)=12.39, 

p=0.005), where females chronically treated with 5 mg/kg ketamine exhibited a significant 

increase in spine density relative to those treated with saline (Fisher’s LSD, p= 0.003). 

Similarly, there was a main effect of treatment in the NAcSh of females (F(2,8)= 5.171, 

p=0.04) that revealed a significant increase in spine density only in females chronically 

treated with 5 mg/kg as compared to those treated with saline (Fisher’s LSD, p=0.01). 

Interestingly, no difference in density was apparent in females treated with 2.5 mg/kg 

ketamine (Fig. 5 b,d).

3.6 Increased expression of proteins associated with sensitization in males but not 
females

In males, there was a main effect of treatment on ΔfosB (F(2,9)=7.46, p=0.012), CaMKIIα 
(F(2,8)=5.63, p=0.03), and BDNF (F(2,9)=6.06, p=0.02) expression. Fisher’s LSD showed 

significantly greater expression of these proteins in males treated with 5 mg/kg compared to 

saline controls (ΔFosB, p=0.005; CaMKIIα, p=0.01; BDNF, p=0.04) (Fig. 6a). There was no 

effect of treatment on levels of p-CaMKIIα (F(2,9)=1.47,p=0.28) or GluA1 (F(2,10)=2.04, 

p=0.18). Given reports demonstrating ketamine’s time-dependent increases on GluA1 

expression in both male and female rats in the hippocampus (Zhang et al., 2017), we decided 

a priori to use post hoc analysis to examine ketamine effects on GluA1 expression in males. 

Fisher’s LSD showed a strong trend towards an increase in GluA1 expression in males 

treated with 5 mg/kg (p=0.07)

In females, treatment had no effect on expression of ΔfosB (F(2,9)=0.007,p=0.99), CaMKIIα 
(F(2,9)=0.27, p=0.77), p-CaMKIIα (F(2,9)=0.41, p=0.67), or BDNF (F(2,9)= 1.59, p=0.255). 

However, there was a main effect of treatment on expression levels of GluA1 (F(2,10)=5.26, 

p=0.03), which was significantly increased in females previously treated with 5 mg/kg (Fig. 

6b) compared to saline controls (Fisher’s LSD, p= 0.01).

4. Discussion

In this study, we demonstrate that intermittent, repeated low-dose ketamine administration 

produces behavioral sensitization in both male and female rats. Further, we show that the 

induction of behavioral sensitization occurs at a lower dose in female rats as compared to 

males. Additionally, ketamine administration led to an increase in dendritic spine density in 
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males that was specific to the NAcSh, whereas females displayed increases in both the 

NAcC and NAcSh. Finally, intermittent ketamine induced an increase in NAc protein 

expression of common markers of addiction such as ΔfosB, CaMKIIα, and BDNF in males 

but not females, though both sexes displayed increases in GluA1 expression.

CPP is a model of Pavlovian conditioning where strong associations between contextual 

stimuli and addictive drugs are formed, and are strong enough that over time the stimuli 

begin to produce similar motivational effects on their own (Napier et al., 2013). Over time, 

these acquired drug-related stimuli are thought of as cues that may promote relapse (Ludwig 

et al., 1986; Robinson and Berridge 1993). Studies demonstrate the formation of a place 

preference across a wide range of addictive drugs such as cocaine, ethanol, nicotine, 

morphine, and heroin (Tzschentke, 2007). Previous studies demonstrated ketamine’s ability 

to elicit a place preference in male rats when administered at doses of either 5 or 10 mg/kg 

every other day (Li et al., 2008; Botanas et al., 2015). The present study was the first to use a 

CPP paradigm with conditioning sessions days apart from each other in order to mimic 

clinical timeframes of ketamine administration. In the present study, male rats did not form a 

place preference neither for 2.5 mg/kg nor 5 mg/kg ketamine. However, male rats 

administered cocaine every six days reliably formed a place preference, indicating that 

intermittent conditioning sessions in this regimen do not interfere with contextual learning. 

Additionally, female rats did not form a place preference to 2.5 mg/kg ketamine and 

displayed an aversion to 5 mg/kg ketamine. Altogether, these results suggest the positive 

motivational effects of low-dose ketamine may be time-dependent, since CPP formation 

observed at doses in previous studies with a more compact timeline dissipates when 

administered once weekly. Furthermore, we validate this CPP protocol by demonstrating 

cocaine’s ability to elicit a place preference in male rats when administered in an 

intermittent fashion.

Drug-induced behavioral sensitization is defined as an enhanced behavioral or physiological 

response following repeated drug exposure compared to the first drug presentation 

(Robinson and Berridge, 1993; Scofield et al., 2016). In animals, drugs of abuse produce this 

effect through sensitization of locomotor activity, and thus it can be measured by quantifying 

locomotor activity after repeated drug-delivery (Scofield 2016, Robinson Berridge, 1993). 

Additionally, drug-induced sensitization is indicative of mesocorticolimbic dopamine reward 

system reorganization that can underlie the induction of structural plasticity (Steketee and 

Kalivas, 2011). In male rats, ketamine-induced locomotor sensitization has been observed in 

doses as low as 5 mg/kg and as high as 50 mg/kg (Popik et al., 2008; Botanas et al., 2015). 

Additionally, one study reported locomotor sensitization at a dose of 10 mg/kg in female rats 

(Wiley et al., 2011). The present study demonstrates that repeated, intermittent ketamine 

administration at a dose of 5 mg/kg, but not 2.5 mg/kg, produces behavioral sensitization in 

male rats. Furthermore, both 2.5 and 5 mg/kg ketamine, when administered intermittently to 

females in diestrous 1 induces sensitization, indicating that females display an enhanced 

sensitivity to the sensitizing effects of ketamine as compared to males. These findings 

parallel previous studies using cocaine, and demonstrating that female rodents will display 

behavioral sensitization at both lower doses and in shorter timeframes than males (Festa and 

Quinones-Jenab, 2004; Carroll and Anker, 2010).
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CPP and locomotor sensitization are two indices of drug abuse potential, and though 

addictive drugs often times produce both a place preference and sensitization collectively, 

the induction of one does not ensure that the other will also occur. As such, the present study 

indicates a disparity between drug-paired contextual learning and locomotor sensitization to 

ketamine. Males exposed to 5 mg/kg ketamine and females exposed to 2.5 mg/kg ketamine 

displayed no difference in CPP score over time, but sensitized to ketamine. Additionally, 

females treated with 5 mg/kg ketamine displayed an aversion at this dose, while also 

developing sensitization. Interestingly, it has been demonstrated with other drugs such as 

ethanol that conditioned place aversion (CPA) occurs in naïve-drinking male rats, despite the 

well-established induction of ethanol sensitization (Rustay et al., 2001; Tzschentke, 2007; 

Camarini and Pautassi, 2016). Also, the presence of both estradiol and progesterone have 

been shown to enhance cocaine CPP in ovariectomized (OVX) female rats (Segarra et al., 
2010). It is therefore possible that the natural nadir of ovarian hormones in diestrous 1 

females utilized in this study contributed to the aversion seen in female rats when ketamine 

is administered at 5 mg/kg.

Once ketamine-induced sensitization was established in both males and females, dendritic 

spine density was examined in the NAcC and NAcSh. In males, ketamine did not affect 

NAcC spine density. However, 5 mg/kg ketamine induced an increase in NAcSh spine 

density and 2.5 mg/kg ketamine elicited a strong trend towards an increase. In females, 5 

mg/kg ketamine induced an increase in both NAcC and NAcSh spine density, while 2.5 

mg/kg ketamine produced no change in either subregion. Our lab and others have 

demonstrated ketamine’s effects on spine density in the prefrontal cortex (Duman et al., 
2012; Sarkar and Kabbaj, 2016) and others have reported similar effects in the hippocampus 

(Duman et al., 2012), but the present study is the first to report ketamine effects on NAc 

plasticity. It is well established that behavioral sensitization leads to mesocorticolimbic 

reorganization and structural plasticity across a wide range of drugs of abuse such as 

cocaine, amphetamine, ethanol, and nicotine and can affect NAc spine density (Robinson 

and Kolb, 1997; Nestler et al., 2004; Kalivas et al., 2009). Thus, it is not surprising that both 

males and females treated with 5 mg/kg ketamine developed behavioral sensitization as well 

as an increase in NAc dendritic spine density. Interestingly, males treated with ketamine at 

2.5 mg/kg did not sensitize but exhibited a strong trend toward an increase in NAcSh spine 

density. It is possible that this increased spine density is associated with hedonic reward and 

not motivational reward, however further studies are needed to explore this possibility. It is 

indeed important to note that the Golgi method does not allow differentiation between the 

different spine subtypes (thin, stubby, or mushroom) nor differentiation between spines 

located on the two subtypes of medium spiny neurons (dopamine D1-R and D2-R containing 

neurons), both necessary aspects to examine in the future to better understand ketamine’s 

role in structural plasticity in the NAc.

Within each individual dendritic spine head lies the postsynaptic density (PSD), which 

houses a matrix of receptors such as NMDA and AMPA, as well as supporting proteins such 

as CaMKII (Yamauchi, 2002; Spiga et al., 2014). Upstream signaling molecules such as 

brain-derived neurotrophic factor (BDNF) can influence downstream signaling targets such 

as ΔfosB, a transcription factor heavily associated with addiction (Wiley et al., 2011; Li and 

Wolf, 2015). Thus, the present study sought to examine whether protein expression of the 
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aforementioned targets could be affected by low-dose ketamine as they are affected by other 

drugs of abuse like cocaine. Males treated with 5 mg/kg ketamine displayed significant 

increases in NAc protein expression of ΔfosB and CaMKIIα. This is consistent with a 

previous study demonstrating their roles in sensitization, where blockade of CaMKIIα in the 

NAc disrupts ΔfosB transcription, blocks cocaine-induced sensitization, and prevents spine 

density increase (Robison et al., 2013). However, in our study, this effect was not observed 

in females treated with either dose of ketamine, indicating that the role these signaling 

molecules may play in ketamine sensitization may be exclusive to males. Additionally, male 

rats exposed to cocaine display an increase in BDNF expression in both the NAcC and 

NAcSh (Li and Wolf, 2015). Our study reports similar changes in BDNF protein expression 

in male rats, where males that sensitized to 5 mg/kg ketamine displayed an increase in 

BDNF expression compared to controls. Interestingly, this effect was not observed in 

females treated with either dose. However, both males and females administered 5 mg/kg 

ketamine displayed increased GluA1 expression, which could serve as a common protein 

target involved in ketamine sensitization between sexes.

While it is compelling to observe protein expression increases in ketamine-sensitized males 

similar to that commonly seen with other drugs of abuse, it remains unclear why the 

majority of proteins examined in females remain unchanged. It is possible the observed 

effect is due to stage of estrous cycle as all females used in the present study were tested and 

administered ketamine in diestrous 1. A recent study from our lab showed cycle-dependent 

effects with acquisition of ketamine in a self-administration model, demonstrating that 

female rats in diestrous 1 do not acquire ketamine self-administration over ten sessions 

whereas males and proestrous females do (Wright et al., 2016). However, more studies 

examining cycle-dependent effects on NAc protein expression following ketamine 

administration are necessary to fully elucidate sex differences in protein expression 

following repeated ketamine injections.

While the use of repeated low-dose ketamine is on the rise as an off-label treatment for 

depression, more studies are needed to examine the safety of such treatments to understand 

the potential for abuse it might have. The present study demonstrates the induction of 

behavioral sensitization in males administered 5 mg/kg ketamine and females administered 

either 2.5 or 5 mg/kg ketamine. However, the lack of CPP formation to intermittent 

administration of ketamine in both males and females could be indicative of the absence of 

rewarding properties of ketamine at low doses with this treatment regimen. Self-

administration studies examining ketamine’s motivational aspects at low doses are necessary 

to further our understanding of the abuse liability when administering it as an antidepressant. 

Accompanied by sensitization was the induction of structural plasticity, displayed through 

increases in NAc dendritic spine density and protein expression commonly observed with 

other drugs of abuse such as cocaine. Specifically, increases in ΔfosB and CaMKIIα in 

males and GluA1 in both sexes were observed. Taken together, this is the first evidence to 

date demonstrating structural and molecular neuroadaptations indicative of ketamine abuse 

potential. With these findings, we suggest additional examination into the addictive potential 

of low-dose ketamine in both sexes, particularly assessing through self-administration to 

elucidate motivation, craving, and relapse behaviors.
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Research Highlights

• Repeated, intermittent, low-dose ketamine induces locomotor sensitization at 

a lower dose in female rats than males.

• Ketamine sensitization was associated with increased dendritic spine density 

in the nucleus accumbens shell of male rats, and both the core and shell of 

female rats.

• Male rats exposed to repeated ketamine displayed increases in nucleus 

accumbens protein expression of ΔfosB, CaMKIIα, BDNF, and GluA1 

whereas female rats only displayed increases in GluA1 expression.
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Figure 1. Timeline for intermittent ketamine treatment
Rats received a CPP pre-test to determine side preference. Ketamine acute effects measured 

three to four days later, depending on stage of estrous cycle for females. Animals then 

underwent eight conditioning sessions (sessions 1,3,5,7 conditioned to saline; 2,4,6,8 to 

ketamine). Animals tested for place preference. Two weeks following last ketamine 

treatment, a final locomotor test was administered to measure sensitization. Animals were 

sacrificed at the end of the test, 30 minutes following the last ketamine injection.
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Figure 2. Acute ketamine treatment induces locomotor activating effects
(a) Males injected with saline showed no differences in locomotor movements across 

treatment groups. Locomotor movements were significantly increased ten minutes after 

receiving ketamine for males treated with both 2.5 and 5 mg/kg (p=0.017; p<0.0001, 

respectively). (b) Females injected with saline showed no differences in locomotor 

movements prior to ketamine injection. Locomotor movements were significantly increased 

in females treated with 2.5 mg/kg, but not 5 mg/kg, twenty minutes after receiving ketamine 

(10 min TB: p=0.005; 20 min TB: p=0.03). All data are expressed as mean ± SEM (males: 

n=10/group, females: n=8/group).
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Figure 3. Intermittent ketamine exposure does not induce a place preference for the drug-paired 
side in either sex
(a) Intermittent ketamine treatment has no effect on conditioned place preference in males. 

(b) Intermittent ketamine treatment to diestrous 1 females induces a conditioned place 

aversion at 5 mg/kg (p= 0.015). (c) Intermittent cocaine exposure (every 6 days) induces a 

place preference for the drug-paired side (p=0.003). All data expressed as mean ± SEM 

(males: n= 7–10/group; females: n=6–8/group).
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Figure 4. Females sensitize to intermittent ketamine treatment at a lower dose than males
(a) Intermittent ketamine treatment with 5 mg/kg, but not 2.5 induces behavioral 

sensitization. When receiving escalating doses of ketamine in thirty minute increments, 

locomotor movements were significantly increased in males previously treated with 5 mg/kg 

ketamine (p=0.002). (b) In females, ketamine induces behavioral sensitization at both 2.5 

and 5 mg/kg. Locomotor movements thirty minutes after receiving a challenge dose of 5 

mg/kg were significantly higher in females treated at both doses (2.5: p= 0.03; 5: p=0.013). 

All data are expressed as mean ± SEM (males: n=9–10/group, females: n=8/group).
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Figure 5. Nucleus Accumbens spine density increased following intermittent ketamine exposure
(a) Males treated with ketamine show no change in dendritic spine density in the nucleus 

accumbens (NAc) core. Males treated with 2.5 showed a trend toward a significant increase 

in spine density (p=0.05) and males treated with 5 mg/kg ketamine showed a significant 

increase in spine density in the NAc shell (p=0.02). (b) Females treated with 5 mg/kg 

ketamine show a significant increase in dendritic spine density in both the NAc core 

(p=0.003) and shell (p=0.01). (c,d) Representative images depicting spine density in the 

NAc shell for both males and females at each dose. All data are expressed as mean ± SEM 

(n=8–10 dendrites/NAc subregion/animal, 3–4 animals/treatment group).
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Figure 6. Nucleus Accumbens protein expression changes in males and females
(a) Males treated with 5 mg/kg ketamine showed a significant increase in protein expression 

of ΔfosB (p=0.01), CaMKIIα (p=0.03), and BDNF (p=0.02) as well as a trend towards an 

increase in GluA1 expression (p=0.07). (b) In females, ketamine had no effect on NAc 

protein expression of targets that were affected in males, however there was a significant 

increase in GluA1 expression (p=0.01). (c,d) Representative blots for males and females 

depicting expression of GluA1, p-CaMKIIα, CaMKIIα, ΔfosB, and BDNF for each 

treatment dose. (e,f) Protein expression was normalized to total protein stains using Ponceau 

S staining solution for males (e) and females (f). All data are expressed as mean ± SEM 

(n=4/group males and females).
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