
Effects of dopamine and serotonin synthesis inhibitors on the 
ketamine-, D-amphetamine-, and cocaine-induced locomotor 
activity of preweanling and adolescent rats: sex differences

Sanders A. McDougalla,*, Jasmine W. Riosa, Matthew G. Apodacaa, Ginny I. Parka, Nazaret 
R. Montejanoa, Jordan A. Taylora, Andrea E. Morana,b, Jasmine A. M. Robinsona, Timothy J. 
Bauma, Angie Terana, Cynthia A. Crawforda

aDepartment of Psychology, California State University, San Bernardino, CA, USA

bDepartment of Psychology, University of Nebraska-Lincoln, Lincoln, NE, USA

Abstract

The pattern of ketamine-induced locomotor activity varies substantially across ontogeny and 

according to sex. Although ketamine is classified as an NMDA channel blocker, it appears to 

stimulate the locomotor activity of both male and female rats via a monoaminergic mechanism. To 

more precisely determine the neural mechanisms underlying ketamine’s actions, male and female 

preweanling and adolescent rats were pretreated with vehicle, the dopamine (DA) synthesis 

inhibitor ∝-methyl-DL-p-tyrosine (AMPT), or the serotonin (5-HT) synthesis inhibitor 4-chloro-DL-

phenylalanine methyl ester hydrochloride (PCPA). After completion of the pretreatment regimen, 

the locomotor activating effects of saline, ketamine, D-amphetamine, and cocaine were assessed 

during a 2 h test session. In addition, the ability of AMPT and PCPA to reduce dorsal striatal DA 

and 5-HT content was measured in male and female preweanling, adolescent, and adult rats. 

Results showed that AMPT and PCPA reduced, but did not fully attenuate, the ketamine-induced 

locomotor activity of preweanling rats and female adolescent rats. Ketamine (20 and 40 mg/kg) 

caused a minimal amount of locomotor activity in male adolescent rats, and this effect was not 

significantly modified by AMPT or PCPA pretreatment. When compared to ketamine, D-

amphetamine and cocaine produced different patterns of locomotor activity across ontogeny; 

moreover, AMPT and PCPA pretreatment affected psychostimulant- and ketamine-induced 

locomotion differently. When these results are considered together, it appears that both 

dopaminergic and serotonergic mechanisms mediate the ketamine-induced locomotor activity of 

preweanling and female adolescent rats. The dichotomous actions of ketamine relative to the 

psychostimulants in vehicle-, AMPT-, and PCPA-treated rats, suggests that ketamine modulates 

DA and 5-HT neurotransmission through an indirect mechanism.
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1. Introduction

Evidence suggests that ketamine use is increasing world-wide. In the United States and other 

countries, ketamine is often used recreationally as a “rave” or “club” drug [1–3], while in 

some Southeast Asian nations ketamine is one of the most frequently used illicit drugs [3–5]. 

In terms of licit uses, ketamine was approved by the Food and Drug Administration nearly 

five decades ago (1970) for use as a dissociative anesthetic [6–8]. Renewed interest in the 

therapeutic properties of ketamine was generated when it was reported that a single 

subanesthetic infusion quickly reduces the symptomology associated with treatment-

resistant depression [9,10]. Interestingly, the robustness of this therapeutic effect may be 

positively correlated with ketamine’s acute dissociative actions [11,12; but see 13].

In rats, ketamine, which is an NMDA receptor open channel blocker [14,15], causes 

sedation, analgesia, and anesthesia at high doses [16–18]. At subanesthetic doses, ketamine 

causes prolonged periods of hyperactivity in both rats and mice [16,19,20]. One of the most 

interesting aspects of this ketamine effect is that it varies greatly according to age and sex 

[21–27]. More specifically, ketamine causes approximately equal amounts of hyperactivity 

in female rats across ontogeny (i.e., from the preweanling period, through adolescence, and 

into adulthood); whereas, male rats show a progressive decline in ketamine-induced 

locomotor activity with increasing age [25,26]. By adulthood, ketamine causes a much 

stronger locomotor response in female rats than male rats [21,25,26]. The cause of these 

age- and sex-dependent behavioral effects has not been fully established; however, 

pharmacokinetic factors may play a critical role [26,28]. Specifically, ketamine’s locomotor 

activating effects are mirrored by age- and sex-dependent differences in peak ketamine 

levels and drug availability in brain [26]. Even if pharmacokinetic factors account for these 

age- and sex-dependent differences, the neuronal mechanisms underlying ketamine’s 

locomotor activating effects are still uncertain.

Since dopamine (DA) and serotonin (5-HT) neurotransmission is associated with motor 

movement [29–31], many researchers have attempted to determine whether ketamine and 

other NMDA open channel blockers [e.g., MK-801 and phencyclidine (PCP)] either directly 

or indirectly modulate monoamine system functioning. Indeed, antagonists at D1 and D2 

receptors, as well as 5-HT2A receptors, significantly reduce the hyperactivity caused by 

ketamine and MK-801 [16,32–42]. Using a different approach (i.e., a monoamine depletion 

strategy), Crawford et al. [43] showed that a dose of reserpine (5 mg/kg) sufficient to reduce 

dorsal striatal DA and 5-HT levels by 87–96% caused a significant decline in the ketamine-

induced locomotor activity of male and female preweanling, adolescent, and adult rats. 

Similar results were reported when reserpine-treated adult male rats and mice were injected 

with MK-801 or PCP [33,34,44–46]. Although these results are informative, reserpine’s lack 

of specificity makes it difficult to parse out the relative importance of the various 

monoamine neurotransmitters.

The purpose of the present study was to significantly extend the latter results by pretreating 

male and female preweanling and adolescent rats with DA [∝-methyl-DL-p-tyrosine 

(AMPT)] or 5-HT [4-chloro-DL-phenylalanine methyl ester hydrochloride (PCPA)] synthesis 

inhibitors. After receiving their pretreatment regimens, rats were injected with ketamine (20 
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or 40 mg/kg), D-amphetamine, or cocaine and locomotor activity was assessed for 120 min. 

Although the effects of DA and 5-HT synthesis inhibitors have not been assessed in 

ketamine-treated male and female preweanling and adolescent rats, AMPT has alternately 

been reported to reduce or leave intact the ketamine- and MK-801-induced hyperactivity of 

male adult mice [34,35]. The reason for this inconsistency is unknown. Moreover, there is 

equivocal evidence suggesting that PCPA may reduce the locomotor activating effects of 

MK-801 in male adult rats and mice [38]. As in our companion paper [43], male and female 

rats were also tested with doses of D-amphetamine (2 mg/kg) and cocaine (15 mg/kg) 

known to produce robust locomotor activity in rats of these ages [47–49]. These groups were 

included for comparison purposes, because there is evidence that ketamine may function like 

a psychostimulant at the presynaptic terminal [16,50,51; but see 52].

2. Materials and Methods

2.1. Subjects

Subjects were 276 preweanling, 396 adolescent, and 36 adult male and female Sprague-

Dawley rats. Within these ontogenetic periods, rats were tested at PD 18–PD 21, PD 38–PD 

41, and PD 78–PD 81, respectively, which is consistent with established norms [53–57]. 

Adult rats were purchased from Charles River (Hollister, CA). Preweanling and adolescent 

rats were born and raised at California State University, San Bernardino (CSUSB). Litters 

were culled to 10 pups on PD 3 and weaned at PD 21. Rats were group housed in large 

polycarbonate maternity cages (30.5 × 43 × 19 cm) on ventilated racks. Food and water were 

freely available. The colony room was maintained at 22–23 °C and kept under a 12:12 light-

dark cycle. Testing was conducted during the light phase of the cycle. Subjects were cared 

for according to the “Guide for the Care and Use of Laboratory Animals” [58] under a 

research protocol approved by the Institutional Animal Care and Use Committee of CSUSB.

2.2. Apparatus

Locomotor activity was assessed in commercially available activity monitoring chambers 

(Coulbourn Instruments, Whitehall, PA) that had acrylic walls, a plastic floor, and an open 

top. Because rats tested on PD 21 and PD 41 differ substantially in body size, preweanling 

rats were tested in smaller chambers (26 × 26 × 41 cm) than adolescent rats (41 × 41 × 41 

cm) [59,60]. Each chamber was equipped with an X–Y photobeam array, with 16 photocells 

and detectors, that was used to measure distance traveled. Photobeam resolution for the large 

chambers was 1.27 cm and for the small chambers was 0.76 cm. The position of each rat 

was assessed every 100 ms (i.e., the sampling interval), thus allowing the Truscan software 

(Version 1.006, Coulbourn Instruments) to determine distance traveled.

2.3. Drugs

AMPT (∝-methyl-DL-p-tyrosine, product no. M3281), PCPA (4-chloro-DL-phenylalanine 

methyl ester hydrochloride, product no. C3635), (±)-ketamine hydrochloride (product no. 

K1068), cocaine hydrochloride (product no. C5776), and D-amphetamine hemisulfate salt 

(product no. A5880) were dissolved in saline and injected intraperitoneally (ip) at a volume 

of 2.5 ml/kg (preweanling rats) or 1 ml/kg (adolescent and adult rats). With the exception of 
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ketamine (Spectrum Chemicals, New Brunswick, NJ), all compounds were purchased from 

Sigma-Aldrich (St. Louis, MO).

2.4. Experimental designs and procedures

2.4.1. Experiment 1a: Effects of AMPT on the ketamine-induced locomotor 
activity of male and female preweanling rats—On PD 20, rats were injected with 

saline and habituated to activity chambers for 30 min. On PD 21, rats were injected with 

vehicle or AMPT (200 mg/kg) 4 h and 2 h before behavioral testing. This two-injection 

protocol was used in order to maximize DA synthesis inhibition [35,61]; in our hands, 

AMPT (2 × 200 mg/kg) produces large reductions in the dorsal striatal DA levels of young 

rats [62,63]. After each vehicle/AMPT injection, rats were returned to their home cage. At 

the time of behavioral testing (i.e., 2 h after the final AMPT injection), rats (n = 10 per 

group) were injected with saline or ketamine (5, 10, 20, or 40 mg/kg, ip). A broad dose 

range of ketamine was used because male and female rats are differentially responsive to this 

drug [21,22,25,26,43,64]. Immediately after saline/ketamine injections, rats were placed in 

the testing chamber and locomotor activity, which was operationally defined as distance 

traveled (cm), was measured continuously across 12 ten-minute time blocks (2 h). Time 

blocks of this duration are sufficient to show time-dependent changes in the 

psychopharmacological effects of ketamine [25,26,43] and psychostimulant drugs [47–49].

2.4.2. Experiment 1b: Effects of AMPT on the D-amphetamine- and cocaine-
induced locomotor activity of male and female preweanling rats—Habituation, 

drug pretreatments, and behavioral testing were conducted in the same manner as described 

in Experiment 1a, except that male and female preweanling rats (n = 10 per group) were 

injected (ip) with saline, 2 mg/kg D-amphetamine, or 15 mg/kg cocaine before locomotor 

activity assessment.

2.4.3. Experiment 2: Effects of PCPA on the ketamine-, D-amphetamine-, and 
cocaine-induced locomotor activity of male and female preweanling rats—
Male and female preweanling rats were injected with vehicle or PCPA (200 mg/kg) on PD 

18, PD 19, and PD 20 (a three-day administration protocol is standard for PCPA) [38,65–

68]. One hour prior to the final PCPA treatment, rats were injected with saline and 

habituated to the testing chamber for 30 min. On PD 21 (24 h after the final injection of 

vehicle or PCPA), male and female adolescent rats (n = 8 per group) were injected with 

saline, ketamine (20 or 40 mg/kg, ip), D-amphetamine (2 mg/kg, ip), or cocaine (15 mg/kg, 

ip) and distance traveled was measured for 120 min.

2.4.4. Experiment 3: Effects of AMPT on the ketamine-, D-amphetamine-, and 
cocaine-induced locomotor activity of male and female adolescent rats—On 

PD 40, male and female rats were injected with saline and habituated to activity chambers 

for 30 min. On PD 41, vehicle and AMPT (2 × 200 mg/kg) were injected as described in 

Experiment 1a. Immediately prior to behavioral testing, male and female adolescent rats (n = 

10 per group) were injected with saline, ketamine (20 or 40 mg/kg, ip), D-amphetamine (2 

mg/kg, ip), or cocaine (15 mg/kg, ip). Distance traveled was measured across 12 ten-minute 

time blocks.
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2.4.5. Experiment 4: Effects of PCPA on the ketamine-, D-amphetamine-, and 
cocaine-induced locomotor activity of male and female adolescent rats—Male 

and female adolescent rats were pretreated with vehicle or PCPA (3 × 200 mg/kg) and tested 

with saline, ketamine (20 or 40 mg/kg, ip), D-amphetamine (2 mg/kg, ip), or cocaine (15 

mg/kg, ip) as described in Experiment 3. For adolescent rats (n = 8 per group), PCPA 

pretreatment was administered on PD 38–PD 40, while the test day drugs were given on PD 

41.

2.4.6. Experiment 5: Effects of AMPT and PCPA on monoamine content in 
the dorsal striatum of male and female preweanling, adolescent, and adult 
rats—Male and female preweanling and adolescent rats were pretreated with vehicle, 

AMPT (2 × 200 mg/kg), or PCPA (3 × 200 mg/kg) as described in previous experiments. 

Adult rats were included for comparison purposes, with AMPT (2 × 200 mg/kg) being 

injected on PD 81 and PCPA (3 × 200 mg/kg) injections occurring on PD 78–80. Vehicle 

was injected on either PD 81 or PD 78–80. Male and female preweanling, adolescent, and 

adult rats (n = 6 per group) were decapitated 2 h after the final AMPT injection or 24 h after 

the final PCPA injection. Dorsal striatal sections were dissected bilaterally on an ice-cold 

dissection plate and stored at −80 °C. DA and 5-HT content was assayed using high 

performance liquid chromatography (HPLC) with electrochemical detection as described 

previously [43].

2.5. Data analysis

For both preweanling and adolescent rats, litter effects were controlled by assigning no more 

than one subject per litter per group [69]. Behavioral data were analyzed using repeated 

measures analyses of variance (ANOVAs). When the assumption of sphericity was violated, 

as determined by Mauchly’s test, the Huynh-Feldt epsilon statistic was used to adjust 

degrees of freedom [70]. Corrected degrees of freedom were rounded to the nearest whole 

number and are indicated by a superscripted “a” in the parenthetical statistical reports. 

Neurochemical data (i.e., DA and 5-HT content) were analyzed using ANOVAs and 

graphically presented as percent of same age vehicle controls. Tukey tests were used for 

making post hoc comparisons. When analyzing statistically significant higher order 

interactions, the mean square error terms (i.e., MSerror) used for the Tukey calculations were 

based on separate one- or two-way ANOVAs at each time block. Main effects, interactions, 

and post hoc tests were considered significant at p < 0.05. The AMPT experiments were 

conducted simultaneously with reserpine experiments [43], so the two sets of experiments 

share some of the same rats.

3. Results

3.1. Experiment 1a: Effects of AMPT on the ketamine-induced locomotor activity of male 
and female preweanling rats

The locomotor activity of preweanling rats was significantly enhanced by the three larger 

doses of ketamine (10, 20, or 40 mg/kg) (Figure 1, right graphs) [Treatment main effect, F 
(4, 90) = 295.86, p < 0.001; and Tukey tests, p < 0.05], and significantly reduced by AMPT 

(2 × 200 mg/kg) [Pretreatment main effect, F (1, 90) = 504.13, p < 0.001]. Vehicle-
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pretreated rats injected with ketamine (5–40 mg/kg) evidenced more locomotor activity than 

AMPT-pretreated rats injected with the same dose of ketamine [Pretreatment × Treatment 

interaction, F (4, 90) = 87.74, p < 0.001; and Tukey tests, p < 0.05]. Even so, 20 and 40 

mg/kg ketamine increased locomotor responding in AMPT-pretreated rats [Tukey tests, p < 

0.05]. As is often reported, distance traveled scores of preweanling rats did not differ 

according to sex [Sex main effect, F (1, 80) = 0.003, p = 0.96].

Among vehicle-pretreated rats (Figure 1, upper left graph), 10 mg/kg ketamine increased 

locomotor activity relative to saline controls on only time block 1; 20 mg/kg ketamine 

increased locomotor activity on time blocks 1–6; and 40 mg/kg ketamine significantly 

enhanced locomotor activity on time blocks 3–12 [aPretreatment × Treatment × Time Block 

interaction, F (12, 281) = 8.09, p < 0.001; and Tukey tests, p < 0.05]. Among AMPT-

pretreated rats (Figure 1, lower left graph), only the higher dose of ketamine (40 mg/kg) 

caused a significant increase in locomotion, which was apparent on time blocks 3–7 [Tukey 

tests, p < 0.05]. Comparisons between vehicle-and AMPT-pretreated rats showed that the 

DA synthesis inhibitor significantly reduced the locomotor activity of ketamine-treated rats 

at various points across the testing session (5 mg/kg ketamine, time block 1; 10 mg/kg 

ketamine, time blocks 1 and 2; 20 mg/kg ketamine, time blocks 1–6; and 40 mg/kg 

ketamine, time blocks 3–12) [aPretreatment × Treatment × Time Block interaction, and 

Tukey tests, p < 0.05].

3.2. Experiment 1b: Effects of AMPT on the D-amphetamine- and cocaine-induced 
locomotor activity of male and female preweanling rats

Both psychostimulants caused a large increase in locomotor activity (Figure 2, right graphs) 

[Treatment main effect, F (3, 54) = 67.35, p < 0.001; and Tukey tests, p < 0.05], but this 

effect was almost completely prevented by AMPT [Pretreatment main effect, F (1, 54) = 

198.32, p < 0.001]. Specifically, AMPT fully attenuated the distance traveled scores of D-

amphetamine-treated rats [Pretreatment × Treatment interaction, F (2, 54) = 43.98, p < 0.01; 

and Tukey tests, p < 0.05]. AMPT also caused a significant reduction in cocaine-induced 

locomotor activity but, in this case, AMPT-pretreated rats tested with cocaine exhibited more 

locomotor activity than the AMPT-saline controls [Tukey tests, p < 0.05].

Among vehicle-pretreated rats (Figure 2, upper left graph), D-amphetamine and cocaine 

increased the locomotor activity of preweanling rats on all time blocks (with the exception 

of time block 12) [aPretreatment × Treatment × Time Block interaction, F (8, 212) = 4.69, p 
< 0.001; and Tukey tests, p < 0.05]. Among AMPT-pretreated rats, D-amphetamine did not 

enhance distance traveled scores on any time block, while cocaine increased locomotor 

activity on time blocks 1–8 [Tukey tests, p < 0.05]. Even so, rats in the AMPT-Cocaine 

group exhibited significantly less locomotor activity than rats in the Vehicle-Cocaine group 

on time blocks 1–12 [Tukey tests, p < 0.05]. No sex differences were apparent at any time 

block [aSex × Pretreatment × Treatment × Time Block interaction, F (9, 212) = 1.11, p = 

0.35].
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3.3. Experiment 2: Effects of PCPA on the ketamine-, D-amphetamine-, and cocaine-
induced locomotor activity of male and female preweanling rats

Overall, D-amphetamine produced more locomotor activity than all other compounds 

(Figure 3, right graphs), while 20 mg/kg ketamine stimulated less locomotion than 40 mg/kg 

ketamine or 15 mg/kg cocaine [Treatment main effect, F (4, 70) = 40.44, p < 0.001; and 

Tukey tests, p < 0.05]. Even so, 20 mg/kg ketamine produced significantly greater distance 

traveled scores than saline [Tukey tests, p < 0.05]. PCPA decreased the distance traveled 

scores of preweanling rats [Pretreatment main effect, F (1, 70) = 15.89, p < 0.001]; however, 

post hoc analysis of the marginally significant Pretreatment × Treatment interaction [F (4, 

70) = 2.78, p = 0.033] indicated that PCPA did not significantly reduce the locomotor 

activity of saline-, ketamine-, cocaine-, or D-amphetamine-treated preweanling rats [Tukey 

tests, p > 0.05].

Statistical analyses involving the time variable provide a more clear picture, as 20 mg/kg 

ketamine increased the distance traveled scores of vehicle-pretreated rats on time blocks 1–3 

(Figure 3, left graphs), while 40 mg/kg ketamine increased distance traveled on time blocks 

3–9 [aPretreatment × Treatment × Time Block interaction, F (20, 348) = 3.21, p < 0.001; and 

Tukey tests, p < 0.05]. PCPA significantly decreased ketamine-induced locomotor activity 

towards the start of the testing session (20 mg/kg ketamine, time blocks 1 and 2; 40 mg/kg 

ketamine, time blocks 3–6) [Tukey tests, p < 0.05]. Nonetheless, PCPA-pretreated rats 

injected with ketamine had greater distance traveled scores than PCPA-pretreated saline 

controls on various time blocks across the testing session (20 mg/kg ketamine, time blocks 

1–3; 40 mg/kg ketamine, time blocks 4–7 and 10) [Tukey tests, p < 0.05].

Among vehicle-pretreated rats, D-amphetamine significantly enhanced distance traveled 

scores on time blocks 2–12 (Figure 3, middle graphs), while cocaine increased distance 

traveled on time blocks 1–9 [aPretreatment × Treatment × Time Block interaction, F (20, 

348) = 3.21, p < 0.001, p < 0.001; and Tukey tests, p < 0.05]. PCPA significantly depressed 

D-amphetamine-induced locomotor activity on only time blocks 1 and 2, while cocaine-

induced locomotion was reduced on time blocks 1 and 5 [Tukey tests, p < 0.05]. Among 

PCPA-pretreated rats, D-amphetamine was able to increase locomotor activity on time 

blocks 3–12 (relative to the PCPA-Saline controls), while cocaine significantly increased 

distance traveled scores on time blocks 2–4 [Tukey tests, p < 0.05]. Once again, no sex 

differences were apparent on any time block [aSex × Pretreatment × Treatment × Time 

Block interaction, F (22, 324) = 0.57, p = 0.94].

3.4. Experiment 3: Effects of AMPT on the ketamine-, D-amphetamine-, and cocaine-
induced locomotor activity of male and female adolescent rats

3.4.1. Male adolescent rats—D-Amphetamine, cocaine, and the higher dose of 

ketamine (40 mg/kg) increased the locomotor activity of male adolescent rats (Figure 4, 

right graphs) [Treatment main effect, F (4, 90) = 32.15, p < 0.001; and Tukey tests, p < 

0.05]; whereas, AMPT caused an overall reduction in locomotion [Pretreatment main effect, 

F (1, 90) = 108.23, p < 0.001]. Among vehicle-pretreated rats, post hoc analysis of the 

Pretreatment × Treatment interaction indicated that D-amphetamine and cocaine 

significantly enhanced distance traveled scores, while 20 and 40 mg/kg ketamine caused 
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only nonsignificant increases in locomotor activity [Pretreatment × Treatment interaction, F 
(4, 90) = 28.29, p < 0.001; and Tukey tests, p < 0.05]. AMPT reduced the cocaine- and D-

amphetamine-induced locomotor activity of male adolescent rats to basal levels [Tukey tests, 

p < 0.05].

Analysis of the time factor showed that only 40 mg/kg ketamine, but not 20 mg/kg ketamine, 

briefly stimulated locomotor activity at the start of the testing session (i.e., time blocks 1 and 

2) (Figure 4, left graphs) [aPretreatment × Treatment × Time Block interaction, F (17, 375) = 

3.90, p < 0.001; and Tukey tests, p < 0.05]. AMPT did not attenuate the ketamine-induced 

locomotor activity of male adolescent rats. On the other hand, D-amphetamine increased the 

distance traveled scores of vehicle-pretreated male rats on time blocks 3–12, while cocaine 

produced elevated amounts of locomotor activity on time blocks 2–9 (Figure 4, middle 

graphs) [aPretreatment × Treatment × Time Block interaction, and Tukey tests, p < 0.05]. 

AMPT significantly reduced psychostimulant-induced locomotor activity on time blocks 1–

6 (cocaine) and time blocks 2–12 (D-amphetamine) [Tukey tests, p < 0.05].

3.4.2. Female adolescent rats—All test compounds significantly increased locomotor 

activity (Figure 5, right graphs), with D-amphetamine (2 mg/kg) producing the greatest 

increase in distance traveled scores, 40 mg/kg ketamine and cocaine (15 mg/kg) stimulating 

an intermediate amount of locomotor activity, and 20 mg/kg ketamine causing a smaller, but 

still significant, increase in locomotion [Treatment main effect, F (4, 90) = 41.97, p < 0.001; 

and Tukey tests, p < 0.05]. AMPT significantly reduced the locomotor activity of female 

adolescent rats [Pretreatment main effect, F (1, 90) = 236.44, p < 0.001], although rats in the 

AMPT–Ketamine (40 mg/kg) group exhibited greater distance traveled scores than rats in 

the AMPT–Saline group [Pretreatment × Treatment interaction, F (4, 90) = 38.14, p < 0.001; 

and Tukey tests, p < 0.05].

Among vehicle-pretreated rats (Figure 5, upper left graph), 20 mg/kg ketamine increased the 

locomotor activity of female adolescent rats on time blocks 1–3, while the higher dose of 

ketamine (40 mg/kg) enhanced locomotor activity on time blocks 3–12 [aPretreatment × 

Treatment × Time Block interaction, F (16, 359) = 6.66, p < 0.001; and Tukey tests, p < 

0.05]. In comparison, 2 mg/kg D-amphetamine increased distance traveled scores on time 

blocks 2–12 (Figure 5, upper middle graph), whereas cocaine-induced locomotor activity 

was apparent on time blocks 1–9 [Tukey tests, p < 0.05].

AMPT only decreased the locomotor activating effects of 20 mg/kg ketamine at the very 

start of the testing session (time block 1), while the actions of 40 mg/kg ketamine were 

reduced on time blocks 5–12 (Figure 5, lower left graph) [aPretreatment × Treatment × Time 

Block interaction; and Tukey tests, p < 0.05]. Even so, rats in the AMPT–Ketamine groups 

exhibited greater distance traveled scores than control rats on time blocks 1 and 2 (20 mg/kg 

ketamine) and time blocks 3–6 (40 mg/kg ketamine), thus indicating that AMPT only 

partially attenuated ketamine-induced locomotor activity. In contrast, AMPT fully attenuated 

the D-amphetamine- and cocaine-induced locomotor activity of female adolescent rats 

(Figure 5, lower left graph) [Tukey tests, p < 0.05].
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3.5. Experiment 4: Effects of PCPA on the ketamine-, D-amphetamine-, and cocaine-
induced locomotor activity of male and female adolescent rats

3.5.1. Male adolescent rats—In male adolescent rats, 40 mg/kg ketamine, cocaine, 

and D-amphetamine caused a step-wise increase in distance traveled scores (Figure 6, right 

graphs), with D-amphetamine producing the most locomotor activity [Treatment main effect, 

F (4, 70) = 61.68, p < 0.001; and Tukey tests, p < 0.05]. The lower dose of ketamine (20 

mg/kg) did not significantly increase distance traveled. Overall, PCPA caused a slight 

decrease in locomotor activity [Pretreatment main effect, F (1, 70) = 5.49, p < 0.05], but this 

effect did not vary according to pretreatment condition [Pretreatment × Treatment 

interaction, F (4, 70) = 0.64, p = 0.64].

The three-way interaction was not significant [aPretreatment × Treatment × Time Block 

interaction, F (14, 254) = 1.06, p = 0.39], suggesting that PCPA had minimal effects on the 

ketamine-, D-amphetamine-, and cocaine-induced locomotor activity of male adolescent 

rats. Instead, the significant Treatment × Time Block interaction [F (14, 254) = 14.82, p < 

0.001; and Tukey tests, p < 0.05] indicated that ketamine increased the distance traveled 

scores of male adolescent rats on only time block 1 (20 mg/kg ketamine) and time blocks 2 

and 3 (40 mg/kg ketamine) (Figure 6, left graphs). In contrast, D-amphetamine increased 

distance traveled on time blocks 2–12 (Figure 6, middle graphs), while cocaine stimulated 

locomotor activity on time blocks 2–11 [Tukey tests, p < 0.05].

3.5.2. Female adolescent rats—All test compounds increased the distance traveled 

scores of female adolescent rats (Figure 7, right graphs), with D-amphetamine producing the 

greatest increase in locomotor activity and 20 mg/kg ketamine causing the smallest increase 

[Treatment main effect, F (4, 70) = 54.23, p < 0.001; and Tukey tests, p < 0.05]. PCPA 

caused a significant reduction in distance traveled scores [Pretreatment main effect, F (1, 70) 

= 13.43, p < 0.001], but this PCPA-induced decline was only evident in cocaine-treated rats 

[Pretreatment × Treatment interaction, F (4, 70) = 5.48, p < 0.001; and Tukey tests, p < 

0.05].

The lower dose of ketamine (20 mg/kg) enhanced the distance traveled scores of vehicle 

pretreated rats on time blocks 1 and 2 (Figure 7, left graphs); whereas, 40 mg/kg ketamine 

significantly increased locomotion on time blocks 4–10 [aPretreatment × Treatment × Time 

Block interaction, F (17, 298) = 2.75, p < 0.001; and Tukey tests, p < 0.05]. PCPA did not 

affect the distance traveled scores of female adolescent rats treated with 20 mg/kg ketamine, 

but the 5-HT synthesis inhibitor did blunt the locomotor activity of rats treated with 40 

mg/kg ketamine on time blocks 4 and 5 [Tukey tests, p < 0.05]. In vehicle-pretreated rats, D-

amphetamine increased locomotor activity on time blocks 2–12 (Figure 7, middle graphs) 

[Tukey tests, p < 0.05], which was an effect not modified by PCPA. Cocaine enhanced the 

locomotor activity of vehicle-pretreated female adolescent rats on time blocks 2–11, with 

PCPA significantly reducing cocaine-induced distance traveled scores on time blocks 4–7 

and 9–11 [aPretreatment × Treatment × Time Block interaction; and Tukey tests, p < 0.05].
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3.6. Cross-sex comparisons involving vehicle-, AMPT-, and PCPA-pretreated adolescent 
rats

Overall, female adolescent rats had greater distance traveled scores than male rats [Sex main 

effect, F (1, 330) = 39.85, p < 0.001]. Among vehicle-pretreated adolescent rats (Figure 8, 

upper graph), females injected with cocaine (15 mg/kg) or either dose of ketamine (20 or 40 

mg/kg) exhibited more locomotor activity than male rats [Sex × Pretreatment × Treatment 

interaction, F (8, 330) = 2.66, p < 0.01; and Tukey tests, p < 0.05]. Although Tukey tests 

indicated that D-amphetamine-treated male and female rats did not differ, a separate t-test 

comparing the two groups was significant [Sex effect, t (34) = 2.86, p = 0.007]. No drug-

induced sex effects were apparent when rats were pretreated with AMPT. Among PCPA-

pretreated adolescent rats (Figure 8, lower graph), the only significant sex difference was 

between male and female D-amphetamine-treated rats, with females showing more 

locomotion than male rats [Tukey tests, p < 0.05].

3.7. Effects of AMPT and PCPA on the body weights of male and female preweanling and 
adolescent rats

Adolescent rats weighed substantially more than preweanling rats (Table 1) [Age main 

effect, F (1, 232) = 3515.01, p < 0.001]. Overall, male rats weighed more than female rats 

[Sex main effect, F (1, 232) = 142.59, p < 0.001], but this sex-dependent difference was only 

statistically significant in adolescent rats [Age × Sex interaction, F (1, 232) = 84.43, p < 

0.001; and Tukey tests, p < 0.05]. At both ages, PCPA significantly reduced the body 

weights of male and female rats [Pretreatment main effect, F (1, 232) = 44.03, p < 0.001].

3.8. Experiment 5: Effects of AMPT and PCPA on monoamine content in the dorsal 
striatum of male and female preweanling, adolescent, and adult rats

3.8.1. Basal DA and 5-HT content—Among vehicle-pretreated rats, dorsal striatal DA 

values (pg/mg wet weight tissue) of preweanling (M = 4,715, SEM = 87), adolescent (M = 

6,659, SEM = 200), and adult (M = 9,763, SEM = 359) rats increased in a step-wise manner 

according to age [Age main effect, F (2, 33) = 109.96, p < 0.001; and Tukey tests, p < 0.05]. 

Dorsal striatal 5-HT values of vehicle-pretreated preweanling rats (M = 217.2, SEM = 15.1) 

were significantly lower than vehicle-pretreated adult rats (M = 312.3, SEM = 22.9), with 

adolescent rats (M = 292.2, SEM = 26.7) being intermediate between the other two age 

groups and significantly different from neither [Age main effect, F (2, 33) = 5.15, p < 0.05; 

and Tukey tests, p < 0.05].

3.8.2. DA and 5-HT content expressed as percent of vehicle-pretreated 
controls—At all ages, AMPT significantly reduced dorsal striatal DA levels relative to 

vehicle controls (Figure 9, upper graph) [Age main effect, F (2, 99) = 569.10, p < 0.001; and 

Tukey tests, p < 0.05], whereas PCPA did not affect DA content. Conversely, AMPT did not 

alter 5-HT levels (Figure 9, lower graph), while PCPA caused a significant reduction in the 

dorsal striatal 5-HT levels of preweanling, adolescent, and adult rats [Age main effect, F (2, 

99) = 175.98, p < 0.001; and Tukey tests, p < 0.05]. The effects of AMPT and PCPA on DA 

and 5-HT content did not vary according to sex at any age [DA: Sex × Age × Pretreatment 
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interaction, F (2, 60) = 0.94, p = 0.40; 5-HT: Sex × Age × Pretreatment interaction, F (2, 60) 

= 0.03, p = 0.98].

4. Discussion

Ketamine produced a familiar pattern of age- and sex-dependent behavioral effects [25,26], 

as the NMDA open channel blocker robustly increased the locomotor activity of 

preweanling rats and female adolescent rats, while causing only a minor enhancement in the 

locomotor activity of male adolescent rats. At the highest dose tested, ketamine (40 mg/kg) 

initially caused a muted locomotor response in preweanling rats and adolescent female rats 

that lasted for approximately 30 min, which was followed by robust locomotor activity that 

eventually tapered away (i.e., the pattern of locomotor activity looked like a bell-shaped 

curve). In contrast, lower doses of ketamine (e.g., 20 mg/kg) produced peak locomotion in 

the first 5-min time block. This pattern of dose-dependent effects, which is not observed in 

adolescent male rats, is due to the acute anesthetic and motor debilitating effects of 40 

mg/kg ketamine [25,26]. In contrast, few sex- and age-dependent differences were apparent 

when vehicle-pretreated rats were tested with psychostimulants. At both ages, D-

amphetamine (2 mg/kg) tended to produce a more pronounced locomotor response than 

cocaine (15 mg/kg), but no overarching statements can be made about this effect since dose-

response data were not collected. The greater point is that ketamine produced a unique 

pattern of locomotor activity that varied substantially according to age and sex, while D-

amphetamine and cocaine produced only minor age- and sex-dependent differences at the 

doses tested.

4.1. Effects of DA depletion on ketamine-, D-amphetamine-, and cocaine-induced 
locomotor activity

AMPT partially attenuated ketamine’s locomotor activating effects in both preweanling rats 

and female adolescent rats, while having no discernable impact on the ketamine-induced 

locomotor activity of male adolescent rats. These age and sex effects were not the result of 

age-dependent differences in the effectiveness of the pretreatment regimen, because AMPT 

caused a similarly large decline in the dorsal striatal DA levels of preweanling and 

adolescent rats. AMPT did not significantly reduce dorsal striatal norepinephrine levels (data 

not shown), indicating that AMPT’s locomotor effects were mediated by DA. Consistent 

with this interpretation, α- and β-adrenergic antagonists do not modulate ketamine- and 

MK-801-induced locomotor activity [16,33]. Age- and sex-dependent effects were not 

apparent when D-amphetamine and cocaine were administered to AMPT-pretreated rats. 

Specifically, selective DA depletion fully attenuated the D-amphetamine-induced locomotor 

activity of male and female rats at both ages; whereas, AMPT caused a significant, but less 

than complete, attenuation of cocaine-induced locomotor activity in preweanling and 

adolescent rats.

Past research is generally consistent with these results, as AMPT leaves the MK-801-

induced locomotor activity of male adult mice unaffected [34], while attenuating the D-

amphetamine-induced locomotor activity of male adult rats [61,71]. The only divergent 

findings involved AMPT and ketamine, as Uchihashi and colleagues [35] reported that 
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AMPT (2 × 100 mg/kg or 2 × 300 mg/kg) reduced the ketamine-induced locomotor activity 

of male adult mice (we found that AMPT did not affect ketamine-treated male adolescent 

rats). The reason for this discrepancy is unclear, but it may involve species or age differences 

since their male adult mice exhibited a far more pronounced locomotor response to ketamine 

than did the male adolescent rats tested in the present study. Nonetheless, the two most 

prominent features of these data are: (a) AMPT only partially attenuated the ketamine-

induced locomotor activity of preweanling and female adolescent rats, while not affecting 

the ketamine-induced locomotor activity of adult rats; and (b) ketamine produced a different 

pattern of behavioral effects in AMPT-pretreated rats than did the psychostimulant 

compounds.

4.2. Effects of 5-HT depletion on ketamine-, D-amphetamine-, and cocaine-induced 
locomotor activity

PCPA had a suppressing action on the ketamine-induced locomotor activity of preweanling 

rats and female adolescent rats. This effect is best seen in Figures 3 and 7 (left graphs), as 

vehicle- and PCPA-pretreated rats evidenced the same pattern of ketamine-induced 

locomotor activity across the testing session, but the magnitude of ketamine’s effects were 

reduced by PCPA. Although ketamine stimulated little locomotor activity in male adolescent 

rats, the effect was not altered by PCPA pretreatment. Consistent with the latter findings, 

PCPA did not significantly decrease the MK-801-induced locomotor activity of male adult 

rats and mice, although a minor suppression was noted [38]. PCPA also did not alter the D-

amphetamine-induced locomotor activity of male and female adolescent and preweanling 

rats (except for two time blocks). This result is generally consistent with past findings 

[72,73], although PCPA has occasionally been reported to potentiate the D-amphetamine-

induced locomotor activity of male adult rats and mice [74,75].

Lastly, PCPA produced a modest and nonsignificant reduction in the cocaine-induced 

locomotor activity of both preweanling rats and male adolescent rats [see also 76]. Female 

adolescent rats showed a statistically significant decline, as PCPA caused over a 50% 

reduction in cocaine-induced locomotor activity (Vehicle–Cocaine, M = 55,066 cm; PCPA–

Cocaine, M = 24,708 cm). The reason why cocaine-treated female adolescent rats are 

particularly susceptible to the effects of PCPA is unclear, but estrogens are known to 

influence 5-HT system functioning [77–79]. Regardless, these results show that ketamine, 

D-amphetamine, and cocaine cause very different patterns of sex- and age-dependent 

locomotor effects in rats depleted of 5-HT.

4.3. Possible neuronal mechanisms mediating ketamine- and psychostimulant-induced 
locomotor activity

In the companion article to this paper, Crawford et al. [43] reported that 5 mg/kg reserpine 

fully attenuated the ketamine-induced locomotor activity of preweanling, adolescent, and 

adult rats, while leaving D-amphetamine-induced locomotor activity largely unaffected. In 

the present study, AMPT fully attenuated D-amphetamine-induced locomotor activity at all 

ages, while only partially attenuating the locomotor activity caused by 40 mg/kg ketamine. 

In terms of D-amphetamine, the different pattern of AMPT- and reserpine-induced effects 

may be a consequence of the different pools of DA affected by the pretreatment compounds. 
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Specifically, AMPT inhibits tyrosine hydroxylase activity, thereby reducing newly 

synthesized DA [80], while reserpine depletes DA located in vesicular storage pools [81]. 

Because D-amphetamine primarily [82], but not exclusively [83,84], releases newly 

synthesized DA from cytosolic pools, its actions are more sensitive to AMPT than reserpine 

[61]. Consistent with this model, AMPT fully attenuated D-amphetamine-induced locomotor 

activity in the present study.

There are at least two possible reasons why reserpine and AMPT differentially affected 

ketamine-induced locomotor activity. First, ketamine’s locomotor activating effects may 

preferentially rely on DA located in vesicular storage pools; thus, explaining why reserpine 

more strongly impacted ketamine-induced locomotor activity than did AMPT. Second, the 

partial attenuation of ketamine-induced locomotor activity by AMPT may indicate that 

multiple neurotransmitter systems, both of which are sensitive to reserpine, co-mediate 

ketamine’s locomotor activating effects. A candidate neurotransmitter is 5-HT because: (a) 

selective stimulation of certain 5-HT receptor subtypes increases locomotor activity in adult 

rats and mice [85–87; for a review, see 29]; (b) reserpine significantly reduces both 5-HT 

and DA levels, and fully attenuates ketamine-induced locomotor activity [43]; and (c) 

AMPT and PCPA, when given alone, significantly reduce only DA or 5-HT levels (Figure 

9), and only partially attenuate ketamine-induced locomotor activity. Consistent with the co-

mediation explanation, Carlsson and colleagues concluded, after a decade’s long series of 

studies, that the MK-801-induced locomotor activity of male adult rats and mice is mediated 

by both dopaminergic and serotonergic mechanisms [36,37,88]. Even so, they found that 5-

HT involvement was approximately neutral (i.e., the excitatory influences mediated by 5-

HT2A receptors were “almost completely counterbalanced” by inhibitory influences 

mediated by other 5-HT receptor subtypes [38]. In the present study, we also found that 5-

HT depletion had a neutral-like effect on the ketamine-induced locomotor activity of male 

adolescent rats. Conversely, 5-HT depletion did not have a “neutral effect” on preweanling 

and adolescent female rats, as PCPA partially suppressed the ketamine-induced locomotor 

activity of these groups. Thus, it is possible that both DA and 5-HT systems mediate the 

ketamine-induced locomotor activity of male and female rats, but the balance of serotonergic 

excitatory and inhibitory influences may change across ontogeny.

4.4. Nature of the interaction between ketamine and the DA/5-HT systems

Although ketamine has long been recognized as an NMDA channel blocker [89,90], 

ketamine’s locomotor activating effects were initially believed to be the result of direct 

actions at the DA presynaptic terminal (i.e., enhancing DA release or blocking reuptake 

much like D-amphetamine or cocaine) [16,50,51]. More recently, there is accumulating 

evidence that ketamine indirectly modulates DA system functioning [52,91]. The ventral 

tegmental area (VTA) and substantia nigra are rich in NMDA receptors [92,93], and 

stimulation of these receptors alters the firing rate of DA projection neurons [91,94–97]. 

Although fewer studies have examined the relationship between ketamine and 5-HT 

neurotransmission, NMDA receptors modulate the firing rate of 5-HT neurons in the raphe 

[98], and these 5-HT neurons are capable of mediating motor movement via projections to 

the VTA and structures of the basal ganglia [99]. In sum, results from the present study are 

consistent with the hypothesis that ketamine indirectly modulates locomotor activity through 
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dopaminergic and serotonergic mechanisms. Not only do DA and 5-HT synthesis inhibitors 

partially attenuate ketamine-induced locomotor activity, but ketamine does not produce the 

same pattern of locomotor effects as D-amphetamine or cocaine (i.e., ketamine does not act 

like a psychostimulant at the presynaptic terminal).

4.5. Sex effects in preweanling and adolescent rats

Multiple examples of sex differences were evident in the present study, with the following 

being the most notable: (1) ketamine produced substantially more locomotor activity in 

female adolescent rats than male adolescent rats; (2) among adolescents, the locomotor 

inhibiting effects of AMPT and PCPA were significantly greater in ketamine-treated females 

than males; (3) both psychostimulants caused greater locomotor activity in female 

adolescent rats than males; and (4) preweanling rats did not exhibit any sex differences and, 

at least in terms of ketamine, responded in the same manner as female adolescent rats. The 

ability of ketamine to produce more locomotor activity in female adolescent rats than males 

is almost certainly due to pharmacokinetic factors. Nabeshima was the first to show that (a) 

adult female rats metabolize PCP (an NMDA receptor open channel blocker) at a slower rate 

than males, and (b) this effect was due to estrogens inhibiting cytochrome P450 liver 

enzymes [100,101]. In terms of ketamine, it has recently been reported that administering a 

single bolus injection to adolescent and adult female rats causes greater drug availability in 

brain, higher peak drug levels, and slower drug metabolism than when the same dose of 

ketamine is administered to male rats [26,28]. Sex-dependent differences in monoamine 

systems may explain why AMPT and PCPA were more effective at reducing the ketamine-

induced locomotor activity of female adolescent rats; however, it is also possible that a floor 

effect obscured the actions of AMPT and PCPA in male rats (i.e., basal levels of ketamine-

induced locomotor activity were very low).

In terms of psychostimulants, adult female rats typically exhibit more D-amphetamine- and 

cocaine-induced locomotor activity than male rats [102–104], and the same effect was 

evident in the present study. It is well-established that estrogens are responsible for the 

differential responsiveness of male and female rats to psychostimulant drugs [105–107]; 

however, instead of affecting cocaine pharmacokinetics [108,109], estrogens may enhance 

DA release characteristics in brain [102,110]. Unlike adolescent and adult rats, preweanling 

rats have not yet reached puberty and, as a consequence, have low levels of circulating 

gonadal hormones [53,111]. For this reason, it is not surprising that the locomotor activating 

effects of indirect DA agonists [104,112,113] and NMDA receptor open channel blockers 

[25,114–116] do not differ according to sex. Even so, it is interesting that both preweanling 

rats (low levels of estrogen) and female adolescent rats (periodic high levels of estrogen) 

exhibit ketamine-induced hyperresponsiveness, whereas male adolescent and adult rats (high 

levels of testosterone) show reduced effects. This pattern of results suggests that testosterone 

may moderate ketamine-induced locomotor activity. Indeed, Nabeshima et al. found that 

testosterone altered PCP pharmacokinetics [100] and van den Buuse et al. recently reported 

that gonadectomy depressed the MK-801-induced locomotor activity of adult male mice, but 

not adult female mice [117].
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4.6. Limitations

Although monoamine-depleting agents and synthesis inhibitors are very commonly used in 

neurochemistry, electrophysiology, and behavioral research, an often ignored limitation is 

that these compounds cause weight loss, or a reduction in normal weight gain, in rats of 

various ages. PCPA is especially prone to causing weight loss because it is often 

administered over a three- or four-day span and at doses of 200–500 mg/kg 

[38,66,68,75,118]. Although we used a moderate dose of PCPA (3 × 200 mg/kg), the 5-HT 

synthesis inhibitor caused a relative decline in the body weights of male and female 

preweanling and adolescent rats. PCPA did not alter the locomotor activity of D-

amphetamine-treated male and female rats, suggesting that weight loss alone was not 

sufficient to significantly affect locomotion. Nonetheless, it cannot be ruled out that PCPA-

induced weight loss might have affected distance traveled scores at different ages or after 

different drug treatments. A second limiting feature is the lack of adult comparison groups. 

Because of a desire to reduce subject numbers we decided to rely on results from previous 

behavioral studies using adult rats and mice. Although this research strategy is often 

employed [22,25,119,120], interpretation might have been enhanced if adult groups were 

included.

4.7. Conclusions

Both AMPT and PCPA partially attenuated the ketamine-induced locomotor activity of 

preweanling and female adolescent rats, while leaving the ketamine-induced locomotor 

activity of male adolescent rats largely unaffected. These results are generally consistent 

with the findings of Carlsson and colleagues [36–38,88], who reported that the locomotor 

activating effects of a noncompetitive NMDA receptor antagonist (MK-801) were mediated 

by dopaminergic and serotonergic neurotransmission. Ketamine caused a different pattern of 

age- and sex-dependent locomotor effects than D-amphetamine or cocaine, thus indicating 

that ketamine was not functioning like an indirect DA agonist. When considered together, 

these results suggest that ketamine may indirectly activate locomotor activity through 

multiple monoaminergic mechanisms.
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Highlights

• DA and 5-HT synthesis inhibitors only partially attenuate the ketamine-

induced locomotor activity of preweanling and adolescent rats

• This pattern of results suggests that DA and 5-HT systems may jointly 

mediate ketamine’s locomotor activating effects

• In AMPT- and PCPA-pretreated rats, cocaine and amphetamine produce 

different patterns of behavioral effects than ketamine, thereby indicating that 

ketamine stimulates locomotion via a different mechanism than prototypical 

psychostimulant compounds
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Fig. 1. 
Mean distance traveled scores (±SEM) of male and female preweanling rats pretreated with 

vehicle (upper graphs) or 2 × 200 mg/kg AMPT (lower graphs) and then tested after saline 

or ketamine (5–40 mg/kg) treatment on PD 21. The right graphs represent total distance 

traveled collapsed across the testing session. a = Significantly different from saline-treated 

rats from the same pretreatment condition; b = Significantly different from AMPT-pretreated 

rats given the same dose of ketamine.
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Fig. 2. 
Mean distance traveled scores (±SEM) of male and female preweanling rats pretreated with 

vehicle (upper graphs) or 2 × 200 mg/kg AMPT (lower graphs) and then tested after saline, 

cocaine (15 mg/kg), or D-amphetamine (2 mg/kg) treatment on PD 21. The right graphs 

represent total distance traveled collapsed across the testing session. a = Significantly 

different from saline-treated rats from the same pretreatment condition; b = Significantly 

different from AMPT-pretreated rats given the same agonist.
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Fig. 3. 
Mean distance traveled scores (±SEM) of preweanling rats pretreated with vehicle (upper 

graphs) or 3 × 200 mg/kg PCPA (lower graphs) and then tested after saline, ketamine (20 or 

40 mg/kg), cocaine (15 mg/kg), or D-amphetamine (2 mg/kg) treatment on PD 21. The right 

graphs represent total distance traveled collapsed across the testing session. a = Significantly 

different from saline-treated rats from the same pretreatment condition; b = Significantly 

different from reserpine-pretreated rats given the same treatment drug.
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Fig. 4. 
Mean distance traveled scores (±SEM) of male adolescent rats pretreated with vehicle 

(upper graphs) or 2 × 200 mg/kg AMPT (lower graphs) and then tested after saline, 

ketamine (20 or 40 mg/kg), cocaine (15 mg/kg), or D-amphetamine (2 mg/kg) treatment on 

PD 41. The right graphs represent total distance traveled collapsed across the testing session. 

a = Significantly different from saline-treated rats from the same pretreatment condition; b = 

Significantly different from reserpine-pretreated rats given the same treatment drug.
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Fig. 5. 
Mean distance traveled scores (±SEM) of female adolescent rats pretreated with vehicle 

(upper graphs) or 2 × 200 mg/kg AMPT (lower graphs) and then tested after saline, 

ketamine (20 or 40 mg/kg), cocaine (15 mg/kg), or D-amphetamine (2 mg/kg) treatment on 

PD 41. The right graphs represent total distance traveled collapsed across the testing session. 

a = Significantly different from saline-treated rats from the same pretreatment condition; b = 

Significantly different from reserpine-pretreated rats given the same treatment drug.
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Fig. 6. 
Mean distance traveled scores (±SEM) of male adolescent rats pretreated with vehicle 

(upper graphs) or 3 × 200 mg/kg PCPA (lower graphs) and then tested after saline, ketamine 

(20 or 40 mg/kg), cocaine (15 mg/kg), or D-amphetamine (2 mg/kg) treatment on PD 41. 

The right graphs represent total distance traveled collapsed across the testing session. a = 

Significantly different from saline-treated rats from the same pretreatment condition; b = 

Significantly different from reserpine-pretreated rats given the same treatment drug.
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Fig. 7. 
Mean distance traveled scores (±SEM) of female adolescent rats pretreated with vehicle 

(upper graphs) or 3 × 200 mg/kg PCPA (lower graphs) and then tested after saline, ketamine 

(20 or 40 mg/kg), cocaine (15 mg/kg), or D-amphetamine (2 mg/kg) treatment on PD 41. 

The right graphs represent total distance traveled collapsed across the testing session. a = 

Significantly different from saline-treated rats from the same pretreatment condition; b = 

Significantly different from reserpine-pretreated rats given the same treatment drug.
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Fig. 8. 
Total distance traveled (mean, ±SEM) of male and female adolescent rats pretreated with 

vehicle (upper graph), AMPT (middle graph), or PCPA (lower graph) and then tested after 

saline, ketamine (20 or 40 mg/kg), cocaine (15 mg/kg), or D-amphetamine (2 mg/kg) 

treatment on PD 41. a = Significantly different from male rats given the same drug 

treatment.
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Fig. 9. 
Mean dorsal striatal DA (upper graph) and 5-HT (lower graph) content (±SEM) of male and 

female preweanling (PD 21), adolescent (PD 41), and adult (PD 81) rats pretreated with 

vehicle, AMPT (2 × 200 mg/kg) or PCPA (3 × 200 mg/kg). Data are expressed as percent of 

same age vehicle controls. a = Significantly different from same-age vehicle-pretreated rats.
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Table 1.

Mean (SEM) body weights (g) of vehicle- and PCPA-pretreated male and female preweanling (n = 20 per 

group) and adolescent (n = 40 per group) rats on the test day

Pretreatment Age

Preweanling Adolescent

Male Female Male Female

Vehicle 64.95 (2.3) 60.15 (2.0) 207.85 (3.2)
a 158.25 (2.6)

PCPA (3 × 200 mg/kg) 53.85 (1.9)
b

47.60 (1.6)
b

185.85 (2.6)
ab

150.63 (2.2)
b

‘a’
Significantly different from adolescent female rats.

‘b’
Significantly different from vehicle-treated rats.
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