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Abstract
Rationale MK801, like other NMDA receptor open-channel blockers (e.g., ketamine and phencyclidine), increases the locomo-
tor activity of rats and mice. Whether this behavioral effect ultimately relies on monoamine neurotransmission is of dispute.
Objective The purpose of this study was to determine whether these psychopharmacological effects and underlying neural
mechanisms vary according to sex and age.
Methods Across four experiments, male and female preweanling and adolescent rats were pretreated with vehicle, the
monoamine-depleting agent reserpine (1 or 5 mg/kg), the dopamine (DA) synthesis inhibitor ∝-methyl-DL-p-tyrosine (AMPT),
the serotonin (5-HT) synthesis inhibitor 4-chloro-DL-phenylalanine methyl ester hydrochloride (PCPA), or both AMPT and
PCPA. The locomotor activity of preweanling and adolescent rats was then measured after saline or MK801 (0.3 mg/kg)
treatment.
Results As expected, MK801 increased the locomotor activity of all age groups and both sexes, but the stimulatory effects were
significantly less pronounced in male adolescent rats. Preweanling rats and adolescent female rats were more sensitive to the
effects of DA and 5-HT synthesis inhibitors, as AMPT and PCPA caused only small reductions in theMK801-induced locomotor
activity of male adolescent rats. Co-administration of AMPT+PCPA or high-dose reserpine (5 mg/kg) treatment substantially
reduced MK801-induced locomotor activity in both age groups and across both sexes.
Conclusions These results, when combined with other recent studies, show that NMDA receptor open-channel blockers cause
pronounced age-dependent behavioral effects that can vary according to sex. The neural changes underlying these sex and age
differences appear to involve monoamine neurotransmission.
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Introduction

MK801 (dizocilpine), phencyclidine (PCP), and ketamine are
NMDA receptor open-channel blockers that produce a pro-
nounced trapping block (Huettner and Bean 1988;
MacDonald et al. 1991; Bolshakov et al. 2003; Fernandes
et al. 2015; Glasgow et al. 2018). Not surprisingly, MK801,
PCP, and ketamine share many of the same behavioral ac-
tions, as all three compounds increase the locomotor activity

of adult male rats and mice (Castellani and Adams 1981; Ford
et al. 1989; Liljequist 1991; Usun et al. 2013; Yamamoto et al.
2016). Important sex and age differences are evident, since
MK801 causes relatively greater amounts of locomotion in
female rats than in male rats (Blanchard et al. 1992; Criswell
et al. 1993; Hönack and Löscher 1993; Frantz and Van
Hartesveldt 1999b; Giordano and Mejía-Viggiano 2001;
Feinstein and Kritzer 2013). In addition, preweanling and ad-
olescent rats exhibit more MK801-induced locomotor activity
than adult rats (Frantz and Van Hartesveldt 1999a, 1999b;
Jacobs et al. 2000; Pesić et al. 2010).

In terms of the neural mechanisms mediating these behav-
ioral actions, there is conflicting evidence that MK801 in-
creases locomotor activity by either (a) directly or indirectly
modifying monoamine neurotransmission, or (b) activating
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neural circuity that is independent of monoamine systems.
Although initial studies suggested that MK801 and other
NMDA receptor open-channel blockers directly modulate
monoamine release and reuptake at the presynaptic terminal
(Hiramatsu et al. 1989; Jackisch et al. 1992; Kiss et al. 1994;
Hancock and Stamford 1999, but see Mele et al. 1998; Can
et al. 2016), it appears more likely that NMDA open-channel
blockers indirectly increase locomotor activity by altering the
firing rate of dopamine (DA) and 5-HT neurons in the ventral
tegmental area, substantia nigra, raphe, and/or striatum
(French and Ceci 1990; Overton and Clark 1992; Gartside
et al. 2007; Witkin et al. 2016; but see Mele et al. 1997;
Adams and Moghaddam 1998). Alternatively, Mele et al.
(1998) have hypothesized that DA neurotransmission is not
directly involved and that MK801 increases locomotor activ-
ity through “global” actions affecting multiple subcortical
structures.

Results from psychopharmacological studies are generally
consistent with monoaminergic involvement, because selec-
tive D1 and D2 receptor antagonists, as well as serotonin 5-
HT1A and 5-HT2A receptor antagonists, reduce the MK801-
induced locomotor activity of adult rodents (Maj et al. 1991;
Hoffman 1992; Löscher and Hönack 1992; Kuribara and
Uchihashi 1993; Ouagazzal et al. 1993; Martin et al. 1997).
Studies using monoamine-depleting agents and synthesis in-
hibitors provide a more complex pattern of results. Reserpine,
which depletes DA and 5-HT in vesicular storage pools, sig-
nificantly reduces the MK801-induced locomotor activity of
adult male rodents (Maj et al. 1991; Kuribara et al. 1992; Starr
and Starr 1994; Narayanan et al. 1996). Conversely, the DA
synthesis inhibitor ∝-methyl-DL-p-tyrosine (AMPT) has alter-
nately been reported to either decrease MK801’s locomotor-
activating effects in adult male rats (Maj et al. 1991) or leave
the MK801-induced locomotor activity of adult male mice
unaffected (Kuribara et al. 1992; Lapin and Rogawski
1995). Although the effect is small (i.e., about 17% reduction),
the 5-HT synthesis inhibitor 4-chloro-DL-phenylalanine meth-
yl ester hydrochloride (PCPA) also causes significant reduc-
tions in the MK801-induced locomotor activity of adult male
mice (Martin et al. 1998).

Although these results suggest that monoamine neurotrans-
mission is at least partially responsible for mediating the lo-
comotor activity caused byMK801, the bulk of these findings
are based on adult male rats and mice. The almost exclusive
use of these animal models is unfortunate because adult males,
when compared with younger rats and females, are substan-
tially less sensitive to the locomotor-activating effects of
MK801 and other NMDA receptor open-channel blockers
(Nabeshima et al. 1984; Hönack and Löscher 1993;
McDougall et al. 2017). This differential sensitivity also pro-
vides evidence that the neural mechanisms mediating
MK801-induced locomotor activity vary between male and
female rats and across ontogeny.

The purpose of the present study was to determine if DA
and 5-HT neurotransmission is responsible for mediating the
MK801-induced locomotor activity of preweanling and ado-
lescent male and female rats. Whether MK801’s locomotor-
activating effects are differentially sensitive to the depletion of
stored vs. newly synthesized DA and 5-HT was also exam-
ined. To accomplish these goals, male and female
preweanling and adolescent rats were pretreated with vehicle,
reserpine, or AMPT and PCPA (either alone or in combina-
tion), and the locomotor activity was assessed after an injec-
tion of saline or MK801 (0.3 mg/kg). Previous research has
shown that the effects of AMPT (2 × 200 mg/kg), PCPA (3 ×
200 mg/kg), and high-dose reserpine (5 mg/kg) treatment on
dorsal striatal DA and 5-HT content do not differ according to
age or sex (Crawford et al. 2020; McDougall et al. 2020).
Thus, any age- or sex-related behavioral effects shown by
MK801-treated rats cannot be ascribed to differences in the
effectiveness of the depleting agents at reducing DA or 5-HT.

Materials and methods

Animals

Subjects were 104 preweanling and 208 adolescent male and
female Sprague-Dawley rats that were born and raised at
California State University, San Bernardino (CSUSB).
Litters were culled to 10 pups on postnatal day (PD) 3.
Preweanling rats were kept with the dam and littermates,
whereas adolescent rats were weaned at PD 21 and group
housed with same-sex littermates. All rats were 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 done in a separate exper-
imental room and 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” (National Research
Council 2010) under a research protocol approved by the
Institutional Animal Care and Use Committee of CSUSB.

Apparatus

Behavioral testing was done in activity-monitoring chambers
that have a plastic floor, acrylic walls, and an open top
(Coulbourn Instruments, Whitehall, PA). Each chamber in-
cludes an X–Y photobeam array, with 16 photocells and de-
tectors, that measures distance traveled (cm).

In order to equate for differences in body size (Campbell
et al. 1969; Shalaby and Spear 1980), preweanling rats were
tested in smaller chambers (26 × 26 × 41 cm) than adolescent
rats (41 × 41 × 41 cm).
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Drugs

(+)-MK801 hydrogen maleate, AMPT, and PCPA were dis-
solved in saline, while reserpine was dissolved in a minimal
amount of glacial acetic acid and diluted with saline. All drugs
were purchased from Millipore-Sigma (St. Louis, MO) and
injected intraperitoneally (IP).

Procedure

Experiment 1: effects of reserpine, AMPT, or PCPA
on the MK801-induced locomotor activity of male and female
preweanling rats

On PD 20, preweanling rats were injected with saline and
habituated to the activity chambers for 30 min. Prior to
habituation, rats were randomly divided into one of five
pretreatment groups (the injection timeline can be seen in
Fig. 1). Rats in the PCPA group were injected with PCPA
(3 × 200 mg/kg) on PD 18, PD 19, and PD 20 (30 min
after habituation). Rats in the high-dose reserpine group
were injected with 5-mg/kg reserpine 24 h before testing
(i.e., 30 min after completion of habituation on PD 20).
Rats in the low-dose reserpine group were injected with 1-
mg/kg reserpine 4 h before behavioral testing on PD 21.
Rats in the AMPT group were injected with AMPT (2 ×
200 mg/kg) 4 h and 2 h before behavioral testing on PD
21. Rats in the vehicle group were divided into four sub-
sets of two rats and injected with vehicle at the same time
points as the four other pretreatment groups (the data pro-
vided by these separate vehicle groups did not differ and
was combined into a single “vehicle” group). The proce-
dure for administering the two doses of reserpine (1 and 5
mg/kg) differed because high-dose reserpine treatment
can have acute locomotor-debilitating effects. Therefore,
we used previously established protocols for administer-
ing 1-mg/kg (Uchihashi et al. 1992) and 5-mg/kg
(Niddam et al. 1985; Thomas et al. 1992) reserpine. On
PD 21 (24 h after the final injection of PCPA or 5-mg/kg
reserpine, 4 h after the injection of 1-mg/kg reserpine, and
2 h after the second injection of AMPT), preweanling rats
(n = 4 male and 4 female subjects per group) were
injected with saline or 0.3-mg/kg MK801 and immediate-
ly placed in activity-monitoring chambers, where distance

traveled was measured for 120 min. We used a 0.3-mg/kg
dose of MK801 (see also Duke et al. 1997), because only
a narrow dose range of MK801 (0.1–0.5 mg/kg, but not
0.01 or 1 mg/kg) significantly increases the locomotor
activity of preweanling and adolescent rats (Frantz and
Van Hartesveldt 1999b).

Experiment 2: effects of combined AMPT and PCPA treatment
on the MK801-induced locomotor activity of male and female
preweanling rats

On PD 20, rats were injected with saline and habituated
to the activity chambers for 30 min. Prior to habitua-
tion, rats were randomly divided into one of three pre-
treatment groups (the injection timeline can be seen in
Fig. 2). Preweanling rats in the PCPA+AMPT group
were injected with PCPA (3 × 200 mg/kg) and AMPT
(2 × 200 mg/kg) using the same drug administration
regimens as described in Experiment 1. Rats in the
high-dose reserpine group were injected with 5-mg/kg
reserpine 30 min after completion of habituation testing.
Rats in the vehicle group were divided into two subsets
of four rats and injected with vehicle at the same time
points as the two other pretreatment groups (the data
provided by these separate vehicle groups did not differ
and was combined into a single “vehicle” group). On
PD 21, preweanling rats (n = 4 male and 4 female
subjects per group) were injected with 0.3-mg/kg
MK801 and immediately placed in the activity-
monitoring chambers. Distance traveled was measured
for 120 min.

Experiment 3: effects of reserpine, AMPT, or PCPA
on the MK801-induced locomotor activity of male and female
adolescent rats

The procedures and injection timeline were the same as de-
scribed for Experiment 1 (see Fig. 1), with two exceptions: (1)
rats were habituated on PD 40 and tested on PD 41, and (2)
twice as many male and female rats were used. Although sex
differences are typically not reported in prepubertal groups,
NMDA receptor open-channel blockers often affect the loco-
motor activity of male and female adolescent rats differently
(Frantz and Van Hartesveldt 1999a; Wilson et al. 2007;

72 h 48 h 24 h 4 h 2 h 

Habituation (25 h)

PCPA PCPA PCPA Reserpine

(5 mg/kg)

Reserpine

(1 mg/kg)

AMPT AMPT MK801

Saline

Testing (0 h)

Fig. 1 Schematic diagram of the
injection timeline for Experiment
1 (preweanling rats) and
Experiment 3 (adolescent rats)
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McDougall et al. 2017, 2019, 2020; Crawford et al. 2020).
Therefore, to enhance statistical power, 8 male and 8 female
adolescent rats were assigned to each group.

Experiment 4: effects of combined AMPT and PCPA treatment
on the MK801-induced locomotor activity of male and female
adolescent rats

The procedures and injection timeline were the same as de-
scribed for Experiment 2 (see Fig. 2), with the exceptions that
rats were habituated on PD 40 and tested on PD 41, and eight
male and eight female rats were randomly assigned to each
group.

Statistics

Distance traveled data were analyzed using repeated mea-
sures analyses of variance (ANOVAs). When the assump-
tion of sphericity was violated, as determined by using
Mauchly’s test, the Huynh-Feldt epsilon statistic was used
to adjust degrees of freedom (Huynh and Feldt 1976).
Corrected degrees of freedom were rounded to the nearest
whole number and are indicated by a superscripted “a” in
the parenthetical statistical reports. Post hoc analysis of
distance traveled data was done using Tukey tests. When
interpreting statistically significant higher-order interac-
tions, 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, in-
teractions, and post hoc tests were considered significant
at P < 0.05. For both preweanling and adolescent rats,
litter effects were controlled by assigning no more than
one male and one female rat per litter per group (Holson
and Pearce 1992). Unlike for the statistical analyses in-
volving distance traveled data, analysis of body weight
data required that a single litter mean be calculated from
multiple littermates assigned to the same pretreatment
condition. The reason for this statistically conservative
approach is that multiple subjects from each litter were
pretreated with vehicle, reserpine, AMPT, or PCPA, thus
the unit of analysis for the body weight ANOVA was the
mean score of identically treated littermates (Holson and
Pearce 1992; Zorrilla 1997).

Results

Experiment 1: effects of reserpine, AMPT, or PCPA on
the MK801-induced locomotor activity of male and
female preweanling rats

MK801 significantly enhanced the locomotor activity of
preweanling rats (Drug main effect, F1,70 = 144.42, P <
0.001), but this effect varied according to pretreatment
condition (Pretreatment main effect, F4,70 = 57.40, P <
0.001). Among saline-treated rats (Fig. 3, upper graph,
right panel), minimal locomotor activity was evident and
it was not significantly affected by drug pretreatment.
Among MK801-treated rats (Fig. 3, lower graph, right
panel), reserpine (1 and 5 mg/kg) fully attenuated distance
traveled scores, while AMPT and PCPA partially attenuat-
ed MK801-induced locomotion (aPretreatment × Drug in-
teraction, F4,70 = 46.52, P < 0.001). More specifically,
MK801-treated rats injected with vehicle, AMPT, or
PCPA exhibited more distance traveled than saline-
treated rats injected with the same pretreatment compound
(Tukey tests). In contrast, preweanling rats pretreated with
reserpine (1 or 5 mg/kg) showed the same low level of
locomotion regardless of whether they were injected with
saline or MK801.

A finer-grain analysis examining time effects showed that
vehicle-pretreated rats injected with MK801 (i.e., the Vehicle-
MK801 group) exhibited greater distance traveled than saline-
treated controls (i.e., the Vehicle-Saline group) on time blocks
2–12 (aPretreatment × Drug × Time block interaction, F25,435

= 5.06, P < 0.001). On the same time blocks (i.e., time blocks
2–12), reserpine (1 or 5 mg/kg), AMPT, and PCPA signifi-
cantly reduced the distance traveled scores of MK801-treated
rats (Fig. 3, lower graph, left panel). On time block 3 and time
blocks 5–10, 5-mg/kg reserpine caused a greater reduction in
MK801-induced locomotor activity than AMPT, whereas 5-
mg/kg reserpine produced a greater reduction than PCPA on
time blocks 8 and 9 (Tukey tests). Consistent with these find-
ings, AMPT- and PCPA-pretreated rats injected with MK801
had greater distance traveled scores than the AMPT-Saline
group on time blocks 7–9 and the PCPA-Saline group on time
block 2 and time blocks 6–10, respectively (Tukey tests). At
this preweanling age, no sex differences in drug responsive-
ness were apparent.

72 h 48 h 24 h 4 h 2 h 

Habituation (25 h)

PCPA PCPA PCPA AMPT AMPT MK801

Testing (0 h)

Reserpine

(5 mg/kg)

Fig. 2 Schematic diagram of the
injection timeline for Experiment
2 (preweanling rats) and
Experiment 4 (adolescent rats)
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Fig. 3 Mean distance traveled scores (± SEM) of male and female
preweanling rats (n = 8 per group) tested with saline (upper graph) or
0.3-mg/kgMK801 (lower graph) on PD 21. Rats had been pretreated with
vehicle (“V”), reserpine (1 or 5 mg/kg, “R1” or “R5”), AMPT (2 × 200
mg/kg, “A”), or PCPA (3 × 200 mg/kg, “P”). The right panels show total
distance traveled collapsed across the testing session. *Significantly
different from all other groups on the same time block. a Significantly

different from the Vehicle-MK801 group. b Significantly different from
saline-treated rats injected with the same pretreatment drug (compare
upper and lower graphs). To enhance visual clarity, statistically signifi-
cant differences between saline- (upper graph) and MK801- (lower
graph) treated rats are presented in the bar graphs and text of the
“Results” section but are not represented by significant symbols on the
line graphs
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Experiment 2: effects of combined AMPT and PCPA
treatment on the MK801-induced locomotor activity
of male and female preweanling rats

Both reserpine (5 mg/kg) and combined treatment with
AMPT+PCPA fully attenuated the distance traveled of
MK801-treated preweanling rats (Fig. 4) (Pretreatment main
effect, F2,21 = 53.76, P < 0.001). On all time blocks, vehicle-
pretreated rats exhibited greater distance traveled scores than
reserpine- or AMPT+PCPA-treated rats (aPretreatment ×
Time block interaction, F7,57 = 8.46, P < 0.001).

Experiment 3: effects of reserpine, AMPT, or PCPA on
the MK801-induced locomotor activity of male and
female adolescent rats

Overall, female adolescent rats had greater distance traveled
scores than male rats (Sex main effect, F1,140 = 4.36, P <
0.05), and this effect was moderated by pretreatment condi-
tion, test drug, and time block (Sex × Pretreatment × Drug
interaction, F4,140 = 7.19, P < 0.001; aSex × Pretreatment ×
Drug × Time Block interaction, F21,740 = 3.25, P < 0.001). For

this reason, the distance traveled scores of male and female
adolescent rats were analyzed separately.

Female adolescent rats

MK801 increased distance traveled scores (Drug main effect,
F1,70 = 144.63, P < 0.001), but this effect was restricted to
specific pretreatment conditions (Pretreatment main effect,
F4,70 = 33.30, P < 0.001). Among saline-treated rats (Fig. 5,
upper graph, right panel), pretreatment condition did not sig-
nificantly affect basal locomotor activity. Among MK801-
treated rats (Fig. 5, lower graph, right panel), AMPT and 5-
mg/kg reserpine caused an almost complete attenuation of
MK801-induced locomotion (Pretreatment × Drug interac-
tion, F4,70 = 23.23, P < 0.001). In contrast, PCPA caused a
partial attenuation of MK801’s locomotor-activating effects,
because (1) the PCPA-MK801 group had significantly re-
duced distance traveled scores when compared with the
Vehicle-MK801 group, and (2) the PCPA-MK801 group
had greater distance traveled scores than both the PCPA-
Vehicle group and the High-Dose Reserpine-MK801 group
(Tukey tests). Interestingly, 1-mg/kg reserpine did not affect
the MK801-induced locomotion of female adolescent rats.
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Fig. 5 Mean distance traveled scores (± SEM) of female adolescent rats
(n = 8 per group) tested with saline (upper graph) or 0.3-mg/kg MK801
(lower graph) on PD 41. Rats had been pretreated with vehicle (“V”),
reserpine (1 or 5 mg/kg, “R1” or “R5”), AMPT (2 × 200 mg/kg, “A”), or
PCPA (3 × 200 mg/kg, “P”). The right panels show total distance traveled
collapsed across the testing session. *Significantly different from the
Vehicle-MK801 group on the same time block. a Significantly different

from the Vehicle-MK801 group. b Significantly different from saline-
treated rats injected with the same pretreatment drug (compare upper
and lower graphs). To enhance visual clarity, statistically significant dif-
ferences between saline- (upper graph) andMK801- (lower graph) treated
rats are presented in the bar graphs and text of the “Results” section but
are not represented by significant symbols on the line graphs
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Analyses involving the repeated measures factor showed
that AMPT and 5-mg/kg reserpine reduced the distance trav-
eled scores of MK801-treated female rats on time blocks 3–12
and time blocks 1–12, respectively (Fig. 5, bottom graph, left
panel) (aPretreatment × Drug × Time Block interaction,
F19,331 = 5.21, P < 0.001). Relative to the Vehicle-MK801
group, PCPA decreased the locomotor activity of MK801-
treated female rats on time blocks 4–12. This PCPA-induced
effect did not represent a complete attenuation of MK801-
induced locomotion because the PCPA-MK801 group had
greater distance traveled scores than the PCPA-Saline group
on time blocks 2–4 and time block 12 (Tukey tests). The
Vehicle-MK801 and 1-mg/kg Reserpine-MK801 groups ex-
hibited more locomotor activity than their saline-treated con-
trols (i.e., the Vehicle-Saline and 1-mg/kg Reserpine-Saline
groups) on time blocks 2–12 (Tukey tests). Among saline-
treated female rats (Fig. 5, upper graph, left panel), AMPT,
PCPA, and 5-mg/kg reserpine only reduced distance traveled
scores on time block 1 (Tukey tests).

Male adolescent rats

MK801 enhanced the distance traveled scores of male adoles-
cent rats (Drug main effect, F1,70 = 108.75, P < 0.001). This

MK801-induced effect was not altered by AMPT or PCPA
pretreatment (Fig. 6, lower graph, right panel), although 1-
mg/kg reserpine caused a small, but significant, potentiation
of MK801’s locomotor-activating effects (Pretreatment ×
Drug interaction, F4,70 = 8.72, P < 0.001). All of the afore-
mentioned MK801 groups (i.e., the Vehicle-MK801, AMPT-
MK801, PCPA-MK801, and 1-mg/kg Reserpine-MK801
groups) evidenced more locomotor activity than saline-
treated rats from the same pretreatment condition (Tukey
tests). Even so, only 5-mg/kg reserpine fully attenuated the
MK801-induced locomotion of male adolescent rats (Tukey
tests). None of the pretreatment regimens differentially affect-
ed the distance traveled scores of saline-treated rats (Fig. 6,
upper graph, right panel).

Among saline-treated rats (Fig. 6, upper graph, left panel),
AMPT, PCPA, and 5-mg/kg reserpine significantly reduced bas-
al locomotor activity on time block 1 (aPretreatment × Drug ×
Time Block interaction, F21,356 = 2.76, P < 0.001). On subse-
quent time blocks, the various saline-treated groups exhibited
minimal amounts of locomotion. Among MK801-treated rats
(Fig. 6, lower graph, left panel), 5-mg/kg reserpine fully attenu-
ated locomotor responding across the testing session, while the
locomotor activity of the other groupswas best represented by an
inverted U-shaped function of approximately the same
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rats are presented in the bar graphs and text of the “Results” section but
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magnitude. MK801-treated rats given vehicle or AMPT
responded almost identically, with these two groups exhibiting
more locomotor activity than the Vehicle-Saline, AMPT-Saline,
and 5-mg/kg Reserpine-MK801 groups on time blocks 4–7
(Tukey tests). Surprisingly, MK801-treated rats given PCPA or
1-mg/kg reserpine were generally more active than MK801 rats
pretreated with vehicle, although this effect only reached statisti-
cal significance on time block 3. The PCPA-MK801 and 1-
mg/kg Reserpine-MK801 groups had more distance traveled
than the PCPA-Saline and 1-mg/kg Reserpine-Saline groups on
time blocks 2–12, and more locomotor activity than the 5-mg/kg
Reserpine-MK801 group on time blocks 1–12 (Tukey tests).

Experiment 4: effects of combined AMPT and PCPA
treatment on the MK801-induced locomotor activity
of male and female adolescent rats

As in Experiment 3, female adolescent rats exhibited more loco-
motor activity than male rats (Sex main effect, F1,42 = 15.88, P <
0.001; aSex × Pretreatment × Time Block interaction, F7,153 =
6.53, P < 0.001), thus the distance traveled scores of male and
female rats were presented and analyzed separately.

Female adolescent rats

Overall, female adolescent rats given reserpine or AMPT+
PCPA had significantly smaller distance traveled scores than
vehicle-treated female rats (Fig. 7, upper graph, right panel)
(Pretreatment main effect, F2,21 = 43.49, P < 0.001). When

collapsed across time blocks, reserpine and AMPT+PCPA did
not differentially affect the MK801-induced locomotion of
adolescent female rats (Tukey tests, P = 0.20).

Reserpine significantly reduced the MK801-induced dis-
tance traveled scores of female rats on time blocks 1–12,
whereas AMPT+PCPA only decreasedMK801-induced loco-
motion on time blocks 1 and 4–12 (Fig. 7, upper graph, left
panel) (aPretreatment × Time Block interaction, F7,71 = 6.42,
P < 0.001). On time blocks 2 and 3, MK801-treated rats given
AMPT+PCPA exhibited significantly greater distance trav-
eled scores than reserpinized rats (Tukey tests).

Male adolescent rats

Among MK801-treated male adolescent rats (Fig. 7, lower
graph, right panel), both reserpine and AMPT+PCPA signif-
icantly reduced distance traveled scores (Pretreatment main
effect, F2,21 = 17.48, P < 0.001). Reserpine caused significant
reductions on time blocks 1–10, while AMPT+PCPA de-
creased MK801-induced locomotor activity on time blocks 1
and 3–8 (Pretreatment × Time Block interaction, F8,80 = 4.90,
P < 0.001).

Separate analyses assessing sex-dependent differ-
ences in the MK801-induced locomotor activity of
preweanling and adolescent rats

When data were collapsed across Experiments 1 and 2, it
was evident that the MK801-induced locomotor activity
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of preweanling rats did not vary according to sex (Fig. 8,
upper graph). The absence of sex differences was apparent
in preweanling rats that were pretreated with vehicle as
well as reserpine (1 or 5 mg/kg), AMPT, PCPA, or
AMPT+PCPA.

In contrast, female adolescent rats from Experiments 3
and 4 had significantly greater distance traveled scores than
male adolescent rats (Fig. 8, lower graph) (Sex main effect,
F1,116 = 6.15, P < 0.05). This sex effect varied according to
pretreatment condition (Pretreatment × Sex interaction,
F5,116 = 10.40, P < 0.001), as the Tukey tests (P < 0.05)
indicated that only vehicle-pretreated rats showed a sex
difference after MK801 administration. Female adolescent
rats given reserpine (1 mg/kg) and MK801 appeared to
exhibit more locomotor activity than similarly treated male
rats, but this effect was only statistically significant when
an independent t test was used (t14 = 2.41, P < 0.05) and not
when family-wise error rate was controlled by Tukey tests
(P > 0.05).

Effects of reserpine and PCPA on the body weights of
male and female preweanling and adolescent rats

Although male rats weighed more than female rats (Table 1)
(Sex main effect, F1,176 = 132.68, P < 0.001), this sex effect
was only evident in adolescent rats (Age × Sex interaction,
F1,176 = 92.79, P < 0.001). Reserpine (5 mg/kg) and PCPA (3
× 200 mg/kg) significantly reduced body weights at both ages
and in both sexes (Pretreatment main effect, F2,176 = 44.70, P
< 0.001; Pretreatment × Age interaction, F2,176 = 7.38, P <
0.001). Rats treated with AMPT and 1-mg/kg reserpine were
not included in the analyses, because these drugs were admin-
istered only 4 h and/or 2 h before testing.

Discussion

It is well established that administering MK801 to adult ro-
dents causes substantially more locomotor activity in females
than males (Blanchard et al. 1992; Criswell et al. 1993; Frantz
and Van Hartesveldt 1999b; Giordano and Mejía-Viggiano
2001). In adult male rats, this MK801-induced locomotion is
attenuated by moderate and high doses (5 and 10 mg/kg) of
reserpine (Maj et al. 1991; Starr and Starr 1994; Narayanan
et al. 1996), while low doses of reserpine (0.5–2 mg/kg) are
sufficient to block the locomotor activity of MK801-treated
adult male mice (Kuribara et al. 1992). In the present study,
0.3-mg/kg MK801 robustly increased the locomotor activity
of adolescent female rats and preweanling rats (no sex differ-
ences were apparent at this age). Although MK801 also en-
hanced the locomotor activity of adolescent male rats, the
increase was less than half (37%) of that evidenced by adoles-
cent females. Thus, only in adolescent and adult rats, but not
preweanling rats, do females show more MK801-induced lo-
comotor activity than males (see also Duke et al. 1997; Frantz
and Van Hartesveldt 1999a, 1999b).

The effects of reserpine also differed according to both sex
and age. In terms of sex differences, 1-mg/kg reserpine
potentiated the MK801-induced locomotor activity of male
adolescent rats, while not significantly altering the behavior
of female adolescent rats. The reason for this seemingly odd
effect is uncertain, but reserpine was previously reported to
potentiate the locomotor activity of D-amphetamine-treated
adolescent and adult male rats and mice (Smith 1963; Stolk
and Rech 1967; Crawford et al. 2020). In terms of age differ-
ences, both doses of reserpine (1 and 5 mg/kg) completely
attenuated the MK801-induced locomotion of preweanling
rats, while only the higher dose of reserpine (5 mg/kg) signif-
icantly reduced the MK801-induced locomotor activity of
male and female adolescent rats. This effect is almost certainly
due to age differences in monoamine depletion, because 1-
mg/kg reserpine causes large reductions in the dorsal striatal
DA and 5-HT contents (94.2% and 74.9% declines,
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respectively) of preweanling rats, whereas the same dose of
reserpine produces only small reductions in the DA and 5-HT
contents (13.6% and 14.3% declines, respectively) of adoles-
cent rats (Crawford et al. 2020). Thus, it appears that modest
depletions of DA and/or 5-HT are insufficient to attenuate
MK801’s locomotor-activating effects. An important caveat
to this conclusion is that the effects of reserpine, as well as
AMPT and PCPA, on monoamine content were only assessed
in the dorsal striatum of preweanling and adolescent rats, and
not in other brain regions that might be critical for NMDA/
monoamine interactions (Crawford et al. 2020; McDougall
et al. 2020). Even so, available evidence using striatal tissue
suggests that the amount of monoamine depletion is a critical
factor affecting the occurrence of MK801-induced locomotor
activity.

DA and 5-HT synthesis inhibitors caused age- and sex-
dependent behavioral differences in MK801-treated rats. For
example, AMPT and PCPA produced substantial declines
(72.7–84.6% and 47.2–57.3%, respectively) in the MK801-
induced locomotor activity of preweanling rats and female
adolescent rats, while neither drug significantly reduced the
MK801-induced locomotor activity of male adolescent rats.
The latter effect is also observed in adult mice, as Kuribara
et al. (1992), as well as Lapin and Rogawski (1995), reported
that AMPT did not decrease the MK801-induced locomotor
activity of adult male mice (but seeMaj et al. 1991). Likewise,
Martin et al. (1998) conducted a series of six experiments in
which PCPA did not significantly reduce MK801’s
locomotor-activating effects in adult male rats. Only when a
meta-analysis of these data was conducted did Martin et al.
(1998) note that PCPA caused a small, but statistically signif-
icant, reduction (17%) in the MK801-induced locomotor ac-
tivity of adult rats. What appears certain is that the age- and
sex-dependent behavioral effects of AMPT and PCPA are not
due to differences in the effectiveness of synthesis inhibition,
because the ability of AMPT and PCPA to reduce dorsal
striatal DA and 5-HT levels is similar in male and female
preweanling and adolescent rats (McDougall et al. 2020).

In both age groups and with both sexes, 5-mg/kg reserpine
caused a greater reduction in MK801-induced locomotor

activity than PCPA alone; likewise, 5-mg/kg reserpine pro-
duced a more pronounced decline in MK801-induced loco-
motion than AMPT in all but female adolescent rats. These
behavioral differences may be a consequence of reserpine
depleting both DA and 5-HT, while the synthesis inhibitors
affect only a single neurotransmitter (Crawford et al. 2020;
McDougall et al. 2020). This explanation received only partial
support from the present behavioral results, as combined treat-
ment with AMPT and PCPA, like reserpine, fully attenuated
the MK801-induced locomotor activity of preweanling rats;
however, 5-mg/kg reserpine reduced the MK801-induced lo-
comotion of adolescent rats to a greater extent than AMPT+
PCPA. An alternative explanation involves the mechanism of
action of each compound, as reserpine depletes DA and 5-HT
located in vesicular storage pools, whereas AMPT and PCPA
block the synthesis of new DA and 5-HT (Callaway et al.
1989; Cummings and Walker 1996; Watanabe et al. 2005).
This mechanistic difference can have behavioral implications.
For example, the D-amphetamine-induced locomotor activity
of adult rats is more sensitive to AMPT than reserpine (Finn
et al. 1990), presumably because D-amphetamine primarily
releases newly synthesized DA from cytosolic pools rather
than from storage vesicles (Kuczenski 1983; Parker and
Cubeddu 1986). In terms of our adolescent rats, reserpine (5
mg/kg) caused a greater reduction in MK801-induced loco-
motor activity than AMPT+PCPA, thus it is possible that
MK801’s locomotor-activating effects are more sensitive to
manipulations that deplete monoamines from vesicular stores.

Regardless of interpretation, results using PCPA and/or
AMPT suggest that both DA and 5-HT systems are involved
in mediating the MK801-induced locomotor activity of
preweanling rats and female adolescent rats. Using adult male
rats and mice, Carlsson and colleagues came to a similar con-
clusion, as they reported abundant evidence that DA systems
were involved in mediating MK801-induced locomotion
(Svensson et al. 1992, 1994; Martin et al. 1994, 1997,
1998). These same authors viewed the role of 5-HT neuro-
transmission as being more complex, since they concluded
that multiple 5-HT receptor subtypes were involved in medi-
ating MK801-induced locomotion, with individual subtypes

Table 1 Mean (SEM) body
weights (g) of vehicle-, reserpine-
, and PCPA-pretreated male and
female preweanling and adoles-
cent rats on the test day

Pretreatment Age

Preweanling Adolescent

Male Female Male Female

Vehicle 63.03 (1.3) 59.79 (1.4) 207.76 (2.8)a 165.07 (1.8)

Reserpine (5 mg/kg) 53.55 (1.5)b 49.70 (2.5)b 176.69 (3.9)ab 144.67 (2.3)b

PCPA (3 × 200 mg/kg) 51.90 (2.4)b 48.75 (1.7)b 184.19 (4.0)ab 144.12 (3.4)b

a Significantly different from adolescent female rats
b Significantly different from vehicle-treated rats of the same sex and age
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exerting either excitatory or inhibitory effects (Martin et al.
1998). In adult male rodents, Martin et al. (1998) found that
exc i t a tory in f luences were “a lmos t comple te ly
counterbalanced” by inhibitory influences, which is consistent
with the pattern of effects exhibited by our male adolescent
rats (i.e., PCPA neither reduced nor potentiated MK801-
induced locomotor activity). In contrast, PCPA reduced the
MK801- and ketamine-induced locomotor activity of
preweanling rats and female adolescent rats (McDougall
et al. 2020), suggesting that in a normosensitive state the ex-
citatory influences of 5-HT receptor subtypes outweigh inhib-
itory influences. If Martin et al.’s (1998) model is accurate,
our results may indicate that the balance of excitatory and
inhibitory 5-HT receptor systems mediating MK801-induced
locomotor activity differs between male and female rats, and
across ontogeny. Specifically, the locomotor activation pro-
duced by NMDA receptor open-channel blockers is more de-
pendent on 5-HT neurotransmission during the preweanling
period and with female adolescent rats, than with male ado-
lescent and adult rats (see also McDougall et al. 2020).

In comparing the results of the present study using MK801
with previous ontogenetic studies using ketamine (Crawford
et al. 2020; McDougall et al. 2020), it appears that at each age
and with each sex, the individual pretreatment agents (reser-
pine, AMPT, or PCPA) affected MK801- and ketamine-
induced locomotor activity similarly. The only exceptions in-
volved low-dose reserpine treatment, as 1-mg/kg reserpine
attenuated the locomotor activity of ketamine-, but not
MK801-treated male and female adolescent rats. In
preweanling rats, the opposite was the case, as 1-mg/kg reser-
pine attenuated the effects of MK801, but not ketamine.
Therefore, it appears that MK801-treated adolescent rats are
less sensitive to the effects of monoamine depletion than
ketamine-treated adolescents, whereas preweanling rats show
the opposite pattern. Despite these exceptions involving 1-
mg/kg reserpine, the lack of a major dissociation between
MK801 and ketamine is informative, because it suggests that
the two NMDA receptor open-channel blockers affect loco-
motor activity through common mechanisms.

Independent of monoamine depletion and synthesis inhibi-
tion, it is interesting that female rats and preweanling rats,
when compared with adolescent and adult male rats, are more
sensitive to the locomotor-activating effects of NMDA recep-
tor open-channel blockers (e.g., MK801, PCP, and ketamine).
One possibility is that ontogenetic and sex-dependent differ-
ences in NMDA, DA, and/or 5-HT systems underlie these
behavioral effects. Not only do NMDA receptor binding site
densities differ according to age and sex (Cyr et al. 2001; Insel
et al. 1990) but also DA and 5-HT systems show pronounced
changes depending on age and sex. For example, DA release
and uptake are greater in female rats than male rats (Walker
et al. 2000, 2006), and the same is true when adolescent rats
are compared with adults (Walker and Kuhn 2008). It is also

the case that D1 and D2 receptor sites are transiently over-
produced in adolescence, with the magnitude of the effect
being much larger in males than females (Andersen et al.
1997; Andersen and Teicher 2000). In terms of serotonergic
systems, 5-HT content and turnover is greater in females than
in males (Carlsson et al. 1985; Carlsson and Carlsson 1988;
Staiti et al. 2011), while various 5-HT receptor subtypes vary
in number depending on both age and sex (Zilles et al. 1985;
Mendelson and McEwen 1991; Morilak and Ciaranello 1993;
Morilak et al. 1994; Sumner and Fink 1997; Schiller et al.
2006). Drug pharmacokinetics is another important factor that
is at least partially responsible for the ontogenetic and sex-
dependent differences in responsiveness to NMDA receptor
open-channel blockers. Specifically, total drug availability, as
well as peak plasma and brain concentrations ofMK801, PCP,
and ketamine, is significantly greater in adult female rats than
in male rats (Nabeshima et al. 1984; Andiné et al. 1999;
Shelnutt et al. 1999; Saland and Kabbaj 2018; McDougall
et al. 2019). Likewise, peak brain concentrations of ketamine
are significantly elevated in preweanling rats when compared
with male adolescent or adult rats (McDougall et al. 2019). In
sum, pharmacokinetic factors, along with age- and sex-
dependent differences in NMDA, DA, and 5-HT elements,
may be responsible for the behavioral differences exhibited
by MK801-treated male and female preweanling and adoles-
cent rats.

In terms of limitations, an often unmentioned issue is that
reserpine and PCPA cause weight loss, or a reduction in nor-
mal weight gain, in rats of all ages. In the present study, re-
serpine (5 mg/kg) and PCPA (3 × 200 mg/kg) significantly
reduced the body weights of male (15.0% and 17.7%, respec-
tively) and female (16.9% and 18.5%, respectively)
preweanling rats, as well as male (15.0% and 11.4%, respec-
tively) and female (12.4% and 12.7%, respectively) adoles-
cent rats. Whether these body weight changes systematically
affected locomotor activity is doubtful, because 5-mg/kg re-
serpine and PCPA did not reduce the basal locomotor activity
of saline-treated rats. That being said, a floor effect could have
masked differences between the drug and vehicle groups, thus
leaving open the possibility that weight loss might have con-
tributed to differences between the groups. A separate issue is
whether the monoamine-depleting agent and synthesis inhib-
itors caused a general suppression of locomotor activity irre-
spective of the neural mechanism mediating MK801’s ac-
tions. This concern is mitigated by the finding that at least
one male or female age group treated with AMPT, PCPA, or
reserpine (1 mg/kg) exhibited as much MK801-induced loco-
motor activity as the Vehicle-MK801 group. In terms of high-
dose reserpine treatment, we previously reported that 5-mg/kg
reserpine did not attenuate the D-amphetamine-induced loco-
motor activity of male and female preweanling and adolescent
rats (Crawford et al. 2020). The latter set of findings suggests
that young rats are physically capable of exhibiting substantial
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locomotor activity when pretreated with 5-mg/kg reserpine.
Nonetheless, these pretreatment agents do affect locomotion,
so care must be taken when interpreting their behavioral ef-
fects, especially when given in conjunction with locomotor-
activating drugs.

In summary, MK801’s locomotor-activating effects differ
according to both age and sex, with preweanling rats and
adolescent female rats exhibiting more MK801-induced loco-
motor activity than adolescent male rats. Preweanling rats and
adolescent female rats were more sensitive to the effects of
DA and 5-HT synthesis inhibitors, as AMPT or PCPA caused
only small reductions in theMK801-induced locomotor activ-
ity of adolescent male rats. In contrast, manipulations that
produced substantial and simultaneous reductions in both
DA and 5-HT levels caused profound reductions in MK801-
induced locomotor activity regardless of age or sex. The pres-
ent results are consistent with other studies, showing that
NMDA receptor open-channel blockers stimulate locomotor
activity through mechanisms that involve DA and 5-HT neu-
rotransmission, and that these systems differ according to sex
and across ontogeny.
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