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Abstract

Ž .To test the hypothesis that serotonergic modulation of the effects of phencyclidine PCP are due to circuit- rather than receptor-based
interactions between glutamatergic and serotonergic systems, multivariate profiles of rat behavior were assessed after treatments with the

Ž . Ž . Ž Ž5-hydroxytryptamine 5-HT 5-HT receptor antagonist ketanserin 1.0 mgrkg , the 5-HT receptor agonist 1 2,5-dimethoxy-4-2 2
. . Ž . Ž .iodophenyl -2-aminopropane DOI; 0.27 mgrkg , various doses of PCP 0.75 to 10.125 mgrkg , or combinations thereof. Ketanserin

blocked all effects of DOI, but reduced the effects of PCP only on locomotion. Depending on the dose, PCP was observed to increase or
decrease locomotion and the roughness of the rats’ patterns of locomotion. In any case, DOI always increased the activity and decreased
the roughness of locomotor paths in PCP-treated rats. Thus, co-administration of DOI and PCP did not yield a shift in the dose–effect
curve for either drug, but instead resulted in a new behavioral profile consistent with a circuit-based dynamic interaction. q 1998 Elsevier
Science B.V.
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1. Introduction

Ž .Phencyclidine PCP is a drug of abuse that has a wide
Žrange of psychotomimetic effects in humans Luby et al.,

.1959, 1962 . Many researchers have drawn parallels be-
tween these effects of PCP in humans and some symptoms

Žof schizophrenia Luby et al., 1959, 1962; Garey, 1979;
Domino and Luby, 1981; Snyder, 1988; Javitt and Zukin,

.1991a,b . While not a perfect model of schizophrenia, PCP
has been utilized for developing animal models of the
effects of antipsychotic drugs. Accordingly, many com-
pounds have been tested for their ability to alter the effects
of PCP in animals. These experiments are of interest from
a practical, clinical standpoint, but also from a theoretical
one, as drugs which alter the expression of PCP-induced
behavior may be informative about how PCP works to

Žproduce these effects Murray and Horita, 1979; Castellani
and Adams, 1981; Yamaguchi et al., 1986; Lehmann-
Masten and Geyer, 1991; Jackson et al., 1994; Kitaichi et
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¨al., 1994; Ogren and Goldstein, 1994; Carlsson, 1995;
Corbett et al., 1995; Lapin and Rogawski, 1995; Maurel-
Remy et al., 1995; Svensson et al., 1995; Tsutsumi et al.,

.1995; Gleason and Shannon, 1997 .
PCP is a noncompetitive antagonist at NMDA receptors

which also acts as an indirect releaser of dopamine and
Ž .serotonin 5-hydroxytryptamine, 5-HT and as a

Žmonoamine reuptake inhibitor Garey and Heath, 1976;
Smith et al., 1977; Hernandez et al., 1988; Kameyama et
al., 1988; Rao et al., 1989; Johnson and Jones, 1990;
Steinpreis and Salamone, 1993; Ali et al., 1994; Lillrank et

.al., 1994; Hertel et al., 1996; Hori et al., 1996 . PCP
produces a variety of unusual behaviors in rodents, domi-
nated by increases in locomotor activity and stereotyped
behaviors.

These PCP-induced effects on locomotor activity and
stereotyped behaviors have been altered by various phar-
macological manipulations. Many researchers have exam-
ined the influences of serotonergic manipulations, particu-
larly 5-HT receptor antagonists, on PCP-induced locomo-2

tor or stereotyped behavior. The ability of 5-HT receptor2

antagonists to alter the effects of PCP, however, varies
with the behavioral measures examined. Pretreatment with
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5-HT or 5-HT receptor antagonists has been reported to2 2A

block the hyperactivity or stereotyped behaviors produced
Žby PCP Nabeshima et al., 1987a,b; Yamaguchi et al.,

1987; Kitaichi et al., 1994; Maurel-Remy et al., 1995;
.Gleason and Shannon, 1997 , while other researchers have

Žfailed to see this antagonism Nabeshima et al., 1987a,b;
Yamaguchi et al., 1987; Jackson et al., 1994; Kitaichi et

.al., 1994 . The importance of 5-HT receptors in the2

effects of PCP-induced behavior is emphasized by the
observations that PCP-induced hyperlocomotion in rats
and mice was also blocked by the atypical antipsychotic
clozapine and the putative atypical antipsychotics olanzap-
ine and risperidone and at doses lower than those which
reduced activity by themselves. These antipsychotics, while
active at numerous sites, are also known to be 5-HT2

receptor antagonists. Indeed, the ability to block PCP
correlated highly with the ability to antagonize 5-HT2

Žreceptors Maurel-Remy et al., 1995; Gleason and Shan-
.non, 1997 . Hence, 5-HT receptor antagonists block some2

effects of PCP, but not others.
The fact that antagonism of 5-HT receptors attenuates2

only some behavioral effects of PCP is inconsistent with
an interaction between serotonin and PCP at a particular
receptor or even within a particular class of synapses. If
the effects of PCP on locomotor activity are influenced by
5-HT receptor modulation through a circuit interaction2

involving multiple brain regions, a functional interaction
between 5-HT receptor modulation and PCP should be2

demonstrable with either a 5-HT receptor antagonist, as2

seen above, or a 5-HT receptor agonist. In fact, a 5-HT2 2

receptor agonist, because it is active, might actually be
more likely to demonstrate such an interaction than a silent
antagonist. Hence, we examined the effects of both a
5-HT receptor antagonist and a 5-HT receptor agonist on2 2

the effects of PCP on multiple measures of locomotor and
investigatory behavior.

To systematically test the influence of 5-HT receptors2

on the effects of PCP, we administered PCP to rats and
Ž .tested them in our Behavioral Pattern Monitor BPM ,

which is an activity and holeboard chamber that enables
analyses of quantitative and qualitative changes in patterns

Ž .of locomotor and investigatory activity Geyer, 1990 .
Previous experiments have demonstrated that PCP in-

Žcreased locomotor activity measures in the BPM Leh-
.mann-Masten and Geyer, 1991 . In the current experi-

ments, we explored the effects of PCP on the amount of
locomotor activity and the spatial patterns of activity, as
well as investigatory behavior. Based on previous evidence
that 5-HT receptor antagonists reduce the locomotor-2

activating effects of PCP, we predicted that a 5-HT2

receptor agonist would increase and a 5-HT receptor2

antagonist would decrease the effects of PCP. First, a dose
of the 5-HT receptor antagonist ketanserin that would2

block the effects of the 5-HT receptor agonist DOI2
Ž Ž . .1 2,5-dimethoxy-4-iodophenyl -2-aminopropane com-
pletely was determined. Second, the influence of this dose

of ketanserin on the behavioral effects of a selected dose
of PCP was determined. Third, a wide range of doses of
PCP was tested with and without a pretreatment of DOI.
As far as we know, this is the first time that a 5-HT2

receptor agonist has been examined for its influences on
PCP-induced behavior.

2. Materials and methods

2.1. Animals

ŽNaive male Sprague–Dawley rats Harlan Industries,
.San Diego, CA were housed two or three per cage under a

Ž .12 h reverse light cycle lights off: 07.00 h . Food and
water were available ad libitum. Weights ranged from 250
to 350 g. Animals were allowed to acclimatize for approxi-
mately 2 weeks after arrival.

2.2. BehaÕioral testing

All behavior was measured in the BPM, a 30.5=61.0
cm black Plexiglas chamber. Ten 2.5 cm holes are placed

Žin the chamber three in each long wall, one in one short
.wall, and three in the floor . Photocells in each hole detect
Ž .investigatory nosepokes holepokes . A touchplate, 15.2

cm above the floor, allows detection of rearings when
contact is made by the animal between the metal floor and
the metal touchplate. A 4=8 array of photobeams is used
to define the animal’s position in an X–Y coordinate
system with a resolution of 3.8 cm. Chambers are kept
dark with the exception of 7.5 W red lights. An IBMPC-
compatible computer monitors the status of all photobeams
and records the duration and nature of all changes with a
temporal resolution of 55 ms and stores the data for later
analysis.

2.3. Analysis

The raw data were reduced to: the X and Y coordinates
of the rat in the chamber, the occurrence of holepokes or
rearings, and the amount of time spent at a particular
coordinate or performing a particular behavior. Further
analyses produced specific measures of behavior. Locomo-
tor activity was quantified by the number of crossings
between any of eight equal square sectors within the BPM
Ž .crossings as a measure of horizontal locomotion. Analy-
sis of the spatial structure of rat locomotor paths was
assessed by calculating the descriptive statistic, spatial d.
Spatial d is based on fractal geometry and is derived using
scaling arguments, as described in detail in Geyer et al.
Ž . Ž .1986 and Paulus and Geyer 1991 . Spatial d is calcu-
lated by examining the path length through the BPM using
several different spatial resolutions. The rate at which the
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path length decreases as spatial resolution decreases is
fitted to an exponential function for which d is a coeffi-
cient of the spatial resolution. An increase in d reflects an
animal’s tendency towards rougher, varied, random move-
ments in the path, where the measured path length de-
creases quickly with decreasing spatial resolution. A de-
crease in d reflects an animal’s tendency to produce
smoother paths containing more relatively straight-line
movements, where the measured path length decreases
slowly with decreasing spatial resolution.

Data were first examined in 30 min time resolutions and
Ž .analyzed using two-way analysis of variance ANOVA

with time as a repeated measure. As there were numerous
Ž .significant interactions with time data not shown , behav-

iors were examined in specific time resolutions using
two-way ANOVA. Specific post hoc comparisons between
selected groups were done using Newman–Keuls. Signifi-
cance was demonstrated by surpassing an alpha level of

Ž .0.05 two-tailed .

2.4. Procedure

Animals were tested in the dark and during the dark
phase of their light cycle. For each experimental session,
naive animals were brought to the testing room and al-
lowed to sit for 60 min before being given treatment
injections under red lights in the testing room. Test injec-
tions were administered 10 min prior to testing in the BPM
chamber. Data were collected for 120 min during the dark
phase of the animals’ lightrdark cycle. The chambers were
cleaned thoroughly between testing sessions.

2.5. Drugs

Ž .Drugs used were: 1 2,5-dimethoxy-4-iodophenyl -2-
Ž .aminopropane DOI; Research Biochemicals, Natick, MA ;

Ž .ketanserin tartrate Research Biochemicals, Natick, MA

Žand phencyclidine PCP; Research Biochemicals, Natick,
.MA . All drugs were dissolved in saline and administered

in a volume of 1 mlrkg subcutaneously. Combinations of
drugs were administered in a cocktail preparation in a
single injection. Doses are expressed as the salt.

3. Results

3.1. Experiment 1

3.1.1. Procedure
Fifty-two rats were administered either saline or 1.0

mgrkg ketanserin along with either saline, 0.27 mgrkg
Ž .DOI, or 2.25 mgrkg PCP. The six groups ns8–9 were

tested for 120 min. These doses were based on past
Ž .experiments Wing et al., 1990 and pilot studies.

3.1.2. Results
Although these groups were tested together to conserve

animals, they were analyzed separately. As we had an a
priori hypothesis that ketanserin would antagonize the
effects of DOI, but were unsure about the effects of
ketanserin on PCP, we analyzed these data sets separately
into DOI groups and PCP groups. These data are presented
together, in Table 1, to avoid needless repetition of data.

3.1.2.1. DOI. DOI decreased locomotor and investigatory
activity and produced smoother locomotor paths. These
effects were antagonized by ketanserin pretreatment. There
were significant interactions between ketanserin and DOI

Ž Žduring the first 30 min of testing for crossings F 1,
. . Ž Ž . . Ž Ž .31 s11.62 , d F 1, 31 s11.87 , holepokes F 1, 31

. Ž Ž . .s21.08 and rearings F 1, 31 s32.84 . Some of these
significant interactions between ketanserin and DOI per-
sisted during the second 30 min of testing, i.e. for cross-

Table 1
Effects of pretreatment with either saline or 1.0 mgrkg ketanserin, combined with treatment of either saline, 0.27 mgrkg DOI, or 2.25 mgrkg PCP, on
locomotor and investigatory activity and locomotor patterns

Crossings Spatial d Holepokes Rearings

0–30 31–60 0–30 31–60 0–30 31–60 0–30 31–60

Saline 283"11 111"14 1.569"0.013 1.643"0.020 120"10 98"16 119"8 48"8
a a a a a a aDOI 164"20 68"9 1.472"0.019 1.636"0.025 28"5 21"8 19"7 11"4

a a a a a aPCP 288"48 411"84 1.644"0.030 1.512"0.040 28"4 39"10 2"2 2"1
Ketanserin 299"36 107"14 1.599"0.009 1.695"0.017 103"9 65"14 121"12 53"11

b b b b b b bKetanserinqDOI 325"13 130"11 1.597"0.022 1.623"0.015 94"11 74"13 123"9 56"10
b a a a a aKetanserinqPCP 194"38 214"40 1.688"0.018 1.635"0.063 23"5 24"5 0"0 0"0

DOI decreased all behaviors in the initial 30 min and these effects were blocked by ketanserin pretreatment. PCP increased crossings and decreased
investigation in the second 30 min. The effect of PCP on locomotor activity was blocked by ketanserin pretreatment. Increases in spatial d reflect
decreased smoothness of locomotor paths, while decreases in d reflect increased smoothness. Data are presented as group means"S.E.M. for the first and
second 30 min of testing.
aP-0.05, group is different from saline group.
bP-0.05, group is different from its respective treatment alone group.
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Ž Ž . . Ž Ž . .ings F 1, 31 s7.25 , holepokes F 1, 31 s10.77 and
Ž Ž . .rearings F 1, 31 s5.45 . Specific comparisons revealed

that, in the initial 30 min of testing, DOI treatment signifi-
cantly decreased crossings, spatial d, holepokes and rear-
ings, indicated by a in Table 1. Ketanserin, which had no
effect by itself, significantly attenuated these effects of
DOI, indicated by b in Table 1. This pattern of antagonism
was also exhibited during the second 30 min of testing for

Ž .all behaviors, except d Table 1 . Thus, 1.0 mgrkg ke-
tanserin was ascertained to be an effective antagonist of
the locomotor and investigatory effects of the 5-HT re-2

ceptor agonist DOI.

3.1.2.2. PCP. PCP increased locomotor activity and de-
creased investigatory behaviors. Ketanserin reduced the
effect of PCP on locomotor activity, without altering the
effects of PCP on investigatory behavior. As in the analy-
sis of the DOI data set, these data were examined for the
first and second 30 min blocks. There was a significant

Ž Žmain effect for PCP during the initial 30 min for d F 1,
. . Ž Ž . .30 s17.53 , holepokes F 1, 30 s138.96 and rearings

Ž Ž . .F 1, 30 s291.57 . There were also significant main
effects for PCP during the second 30 min of testing for

Ž Ž . . Ž Ž . .crossings F 1, 30 s16.86 , d F 1, 30 s6.04 , hole-
Ž Ž . . Ž Ž . .pokes F 1, 30 s16.49 and rearings F 1, 30 s56.44 .

Specific comparisons revealed that PCP treatment signifi-
cantly increased crossings and decreased holepokes and

Ž .rearings during the second 30 min see Table 1 . Ke-
tanserin reduced the effect of PCP on crossings, as sug-
gested by a trend for an interaction between PCP and

Ž Ž . .ketanserin for crossings F 1, 30 s3.77; ps0.06 . Based
on this trend and the a priori hypothesis, post-hoc compar-
isons were used to confirm that the ketanserinqPCP
group differed significantly from the PCP alone group for

Ž .crossings in the second 30 min of testing Table 1 . In
contrast, the same dose of ketanserin that robustly antago-
nized all the effects of the 5-HT receptor agonist DOI,2

failed to significantly attenuate the effects of PCP on
spatial d and investigatory activity.

3.2. Experiment 2

3.2.1. Procedure
One hundred and thirty-eight rats were treated with

either saline, 0.75, 2.25, 6.75, or 10.125 mgrkg PCP, 0.27
mgrkg DOI, or combinations thereof. The ten groups
Ž .ns8–25 were tested for 120 min. Data from seven rats
were lost due to technical problems. Data from the saline,
DOI and PCP 2.25 groups were shared, in part, with
Experiment 1. These drug doses were selected on the basis

Žof Experiment 1 and past experiments Wing et al., 1990;
.Lehmann-Masten and Geyer, 1991 .

3.2.2. Results
As in the preceding experiments, DOI decreased loco-

motor and investigatory behaviors while PCP increased

locomotor and decreased investigatory responses while
producing smoother locomotor paths. Complex interactions
between these effects were observed, especially for mea-
sures of locomotor activity. As in the above experiments,
the first 30 min block of testing was determined to be the
most sensitive for the effect of DOI, while the second 30
min block was determined to be the most sensitive time
resolution for the effect of PCP. Accordingly, these time
resolutions were examined further. There were significant
interactions between DOI and PCP in the first 30 min of

Ž Ž . . Ž Ž .testing for crossings F 4, 121 s14.31 , d F 4, 121 s
. Ž Ž . . Ž Ž12.82 , holepokes F 4, 121 s14.07 and rearings F 4,

. .121 s17.30 . There were also significant interactions be-
tween DOI and PCP in the second 30 min of testing for

Ž Ž . . Ž Ž .crossings F 4, 121 s18.31 , spatial d F 4, 121 s
. Ž Ž . .13.15 and holepokes F 4, 121 s7.01 .

Specific comparisons revealed that the acute administra-
tion of 2.25 and 6.75 mgrkg PCP significantly increased
crossings in the second 30 min of testing, indicated by the

Ž) . Ž .asterisk symbol Fig. 1 . No dose of PCP affected
crossings during the initial 30 min. The effect of PCP on
spatial d was somewhat more complex. In the first 30 min,
6.75 and 10.125 mgrkg PCP increased d and, thus, in-
creased the roughness of the locomotor path. For the
10.125 mgrkg dose of PCP, this effect persisted into the
second 30 min. These changes in locomotor patterns can
be noted in plots of rats representative of the 6.75 and

Ž .10.125 mgrkg PCP groups Fig. 3C and E . Conversely,
the 2.25 mgrkg dose of PCP decreased spatial d during
the second 30 min of testing. While these same data were

Ž .not significant in the context of experiment 1 Table 1 ,
Žthis biphasic effect of PCP has been noted before Masten,

.personal communication . PCP also decreased holepokes

Fig. 1. 2.25 and 6.75 mgrkg PCP treatment significantly increased
crossings, a measure of locomotor activity, during the second 30 min of
testing. This hyperactivity was not evident in the 10.125 mgrkg PCP
group, probably due to the ataxia caused by this high dose of PCP. 0.27
mgrkg DOI pretreatment produced hyperactivity in the 2.25–10.125
mgrkg PCP groups. Data are presented as group means"S.E.M. for the

Ž . Ž .first 30 min open bars and the second 30 min hatched bars of testing.
) P -0.05, group is different from saline group. aP -0.05, group is
different from its respective PCP treatment alone group.
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Table 2
Effect of pretreatment with either saline or 0.27 mgrkg DOI, combined
with treatment of either saline or 0.75–10.125 mgrkg PCP, on investiga-
tory activity

Holepokes Rearings

0–30 31–60 0–30 31–60

Saline 128"10 109"10 88"9 26"5
a aŽ .PCP 0.75 mgrkg 69"12 92"17 17"4 18"4

a a a aŽ .PCP 2.25 mgrkg 28"4 39"10 2"2 2"1
a a a aŽ .PCP 6.75 mgrkg 37"10 32"5 1"1 5"3
a a aŽ .PCP 10.125 mgrkg 71"11 56"6 0"0 10"4

a a aDOI 35"4 32"5 22"5 12"3
a a aŽ .DOIqPCP 0.75 mgrkg 68"11 56"18 34"11 12"6

a a a aŽ .DOIqPCP 2.25 mgrkg 36"8 37"14 34"1 1"1
a a a aŽ .DOIqPCP 6.75 mgrkg 30"4 34"8 1"0 3"2
a a aŽ .DOIqPCP 10.125 mgrkg 30"5 46"6 12"5 11"5

Data are presented as group means"S.E.M. for the first and second 30
min of testing.
aP -0.05, group is different from saline group.

Ž .and rearings see Table 2 . Thus, PCP increased locomotor
activity. Independent of the effect on locomotor activity,
PCP produced biphasic effects on locomotor patterns. 2.25
mgrkg PCP produced smoother locomotor paths, while
higher doses decreased the smoothness of the locomotor
path. PCP also decreased investigatory activity.

DOI pretreatment significantly decreased crossings,
rearings and spatial d, but only during the first 30 min
Ž .Figs. 1 and 2, Table 2 . DOI decreased holepokes over the

Ž .entire hour Table 2 . DOI pretreatment, which had no
effect on locomotion on its own during the second 30 min,
appeared to further increase the effect of some doses of
PCP on crossings and spatial d. The PCP2.25 group,

Ž .which showed increased crossings Fig. 1 , showed more
activity when DOI pretreatment was added, reflected in a
significant difference between the PCP2.25 group and the

Ž w xDOIqPCP2.25 group indicated by the pound a symbol
.in Fig. 1 . The PCP6.75 group was also significantly

different from saline, but interpreting any interaction of
this dose of PCP with DOI pretreatment is hampered by
the high level of activity produced by this dose of PCP.
Thus, while the PCP6.75 group was not significantly dif-
ferent from the DOIqPCP6.75 group, this result was
probably due to the already high level of activity produced
by 6.75 mgrkg PCP. Interestingly, DOI produced a robust
increase in crossings even when PCP did not produce
hyperactivity, but only at a high dose of PCP. That is, the
PCP10.125 group was not significantly different from
saline. This high PCP dose appears to be towards the end
of the dose response curve, in which ataxia and diminished
activity occur. When DOI pretreatment was added to the
10.125 mgrkg dose of PCP, crossings were increased
significantly, as indicated by the pound symbol in Fig. 1.
DOI pretreatment had no effect, however, on the lowest
dose of 0.75 mgrkg PCP, a dose which was also not
significantly different from saline.

The acute administration of 2.25 mgrkg PCP signifi-
Žcantly decreased spatial d during the second 30 min Fig.

.2 . DOI pretreatment, which again had no effect on its own
in this time resolution, appeared to further decrease spatial
d in rats treated with 2.25 mgrkg PCP. Higher doses of
PCP, however, increased d and produced rougher locomo-
tor paths. DOI pretreatment decreased d in these groups as
well, indicated by the significant difference between the
PCP6.75 and DOIqPCP6.75 groups and between the

ŽPCP10.125 and DOIqPCP10.125 groups indicated by
.the pound symbol in Fig. 2 . The effect of DOI on

PCP-induced changes in locomotor patterns can be noted
Žin the plots of rats representative of these groups Fig. 3D

.and F . DOI pretreatment again had no effect on the 0.75
mgrkg dose of PCP, a dose which was not significantly
different from saline.

Specific comparisons revealed that PCP decreased hole-
Ž .pokes and rearings in both blocks of testing Table 2 .

There was no significant difference, however, between any
of the PCP alone groups and their respective DOIqPCP
groups, which indicates that DOI pretreatment did not
influence the effect of PCP on investigatory activity as it
did on locomotor activity. Thus, despite the significant
interactions between DOI and PCP for investigatory activ-
ity, specific comparisons revealed that PCP did not pro-
duce further attenuations in investigation in DOI-pretreated
animals and, thus, DOI did not potentiate the effects of
PCP. The possibility that DOI may have reduced the
effects of PCP cannot be assessed because DOI alone
suppressed investigatory activity.

Thus, the interaction between DOI and multiple doses
of PCP suggests that the combination of these two drugs
produces a behavioral profile characterized by profoundly

Fig. 2. PCP produced biphasic effects on locomotor patterns. 6.75 and
10.125 mgrkg PCP treatment significantly increased d, while 2.25
mgrkg PCP decreased d during the second 30 min. 0.27 mgrkg DOI
pretreatment produced decreases in d for 2.25–10.125 mgrkg PCP
groups. Increases in spatial d reflect increased roughness of locomotor
paths, while decreases in d reflect increased smoothness. Data are

Ž .presented as group means"S.E.M. for the first 30 min open bars and
Ž . )the second 30 min hatched bars of testing. P -0.05, group is different

from saline group. aP -0.05, group is different from its respective PCP
treatment alone group.
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Fig. 3. Effects of DOI and PCP on the spatial patterning of exploration during the initial 30 min of testing. This time resolution was chosen for its ability to
represent changes in locomotor pattern while minimizing representation of confounding factors of locomotor activity increases. Shown are computer-gener-

Ž . Ž . Ž . Ž .ated plots of X–Y position changes of individual, representative rats administered: A saline, B 0.27 mgrkg DOI, C 6.75 mgrkg PCP, D
Ž . Ž . Ž .DOIqPCP6.75, E 10.125 mgrkg PCP and F DOIqPCP10.125. In contrast to the varied path with which the saline-treated rat A explored the entire

Ž . Ž .chamber, the DOI-treated rat B explored the periphery of the chamber and made relatively fewer entries into the center. Rats treated with PCP C and E
demonstrated more varied behavior with rougher paths, compared to the saline-treated animal. DOI pretreatment altered these PCP-induced patterns of

Ž .activity by producing smoother paths D and F .

enhanced locomotor activity and altered locomotor pat-
terns.

4. Discussion

The results of these studies provide converging evi-
dence of complex functional interactions between seroton-

ergic and glutamatergic systems in the modulation of
spontaneous locomotor behavior in rats. The robust poten-
tiation of the locomotor-activating effects of PCP by the
5-HT receptor agonist DOI, in the absence of any poten-2

tiation of the effects of PCP on investigatory behaviors and
in a manner that is inconsistent with a simple shift in the
dose–effect functions for either PCP or DOI, is a new
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finding that extends previous studies of the influences of
5-HT receptor antagonists on PCP effects. Collectively,2

these observations support the hypothesis that serotonergic
manipulations alter the behavioral effects of PCP by virtue
of interactions mediated through circuit connections rather
than more direct intra-synaptic interactions. Corroborating
previous reports, the 5-HT receptor antagonist ketanserin2

was able to block the full range of behavioral effects of the
5-HT receptor agonist DOI completely and to reduce only2

some of the effects of PCP. As ketanserin is somewhat
Žselective for 5-HT over 5-HT receptors Hoyer and2A 2C

.Schoeffter, 1991 , this interaction may be due to preferen-
tial antagonism of 5-HT receptors; but the dose of2A

ketanserin used was high enough to make selectivity
doubtful. Hence, this interaction is best characterized as
related to nonselective 5-HT antagonism. The interaction2

Ž .between the 5-HT agonist DOI Glennon et al., 19922Ar2C

and PCP, however, was not interpretable as either a simple
additivity of the separate effects of the two drugs or a shift
in the dose–effect function for PCP. Instead, examination
of the interaction between DOI and multiple doses of PCP
on the behavioral profile provided by the Behavioral Pat-
tern Monitor strongly suggests that the combination of
these two drugs produces a behavioral profile that is not
predicted by the effects of either drug by itself.

Acute PCP administration produced an increase in loco-
motor activity that began to fall off at the highest dose of
PCP. PCP had biphasic effects on locomotor patterns.
Higher doses of PCP decreased the smoothness of the
locomotor path, while a lower dose of 2.25 mgrkg PCP
increased the smoothness of the path. PCP also decreased
investigatory activity. Some of these effects were altered
profoundly by the concomitant activation of 5-HT recep-2

tors produced by DOI pretreatment.
It does not appear that this interaction reflects a shift of

the PCP dose–response curve, for several reasons. First,
the highest dose of PCP produced ataxia and, thus, a
decrease in locomotor activity and rougher locomotor paths
Ž .Figs. 1 and 2 . A shift of the dose–response curve to the
right would be expected to decrease activity and increase
the roughness of the locomotor path. DOI pretreatment,
however, produced even higher levels of activity and even
smoother paths in PCP-treated rats. Second, there was no
interaction between DOI and the 0.75 mgrkg dose of PCP
for any measure. If DOI pretreatment were shifting the
dose–response curve of PCP to the right, it would be
expected that the addition of DOI to the behaviorally
ineffective 0.75 mgrkg dose of PCP would increase activ-
ity. The fact that DOI had no effect on 0.75 mgrkg PCP
supports the hypothesis that DOI did not shift the PCP
curve to the right. Third, if DOI pretreatment were shifting
the dose–response curve of PCP to the left, it would be
expected that the addition of DOI to the 2.25 mgrkg dose
of PCP would produce a behavioral profile similar to that
of rats treated with 0.75 mgrkg PCP. The fact that the
DOIqPCP2.25 group exhibited increases in activity, very

much unlike the PCP0.75 group, supports the hypothesis
that DOI did not shift the PCP curve to the left.

DOI did not potentiate the effects of PCP treatment on
investigatory behavior. DOI pretreatment, which decreased
holepokes and rearings by itself, did not alter the PCP-in-
duced suppression of investigatory activity. This finding is
consistent with the observation that the 5-HT receptor2

antagonist ketanserin also failed to alter the effects of PCP
on investigatory behavior, despite decreasing the effect of
PCP on locomotor activity. Because of the significant
suppression of investigatory activity produced by DOI
alone, however, it would be difficult to observe if DOI
reduced the effects of PCP. Nevertheless, DOI did not
produce any further decreases in investigation in PCP-
treated rats. The lack of a robust effect of DOI pretreat-
ment on PCP-treated rats for investigation suggests that the
interaction between DOI and PCP is evident for locomotor
activity and patterns, but relatively absent for investigatory
activity.

Based on our knowledge of the effects of DOI on
locomotor and investigatory activity, reported elsewhere
Ž .Wing et al., 1990 , the combined effects of DOI and PCP
do not reflect a simple shift in the DOI dose–response
function. Throughout a wide dose range, DOI produces a
linear suppression of locomotor activity and investigatory

Ž .holepokes and rearings Wing et al., 1990 . Thus, the large
increases in locomotor activity observed with combina-
tions of DOI and PCP are inconsistent with a shift in the
DOI curve to either the right or the left. Similarly, admin-
istration of PCP did not alter the suppression of investiga-
tory activity produced by DOI, which does not support a
simple shift in the DOI dose–effect curve.

Thus, DOI administration interacted with PCP treatment
to produce a new effect characterized by a specific behav-
ioral profile. Whatever the mechanism for DOI modulation
of the effects of PCP on locomotor activity, it appears that
5-HT receptor agonism enhances the PCP-induced in-2

creases in locomotor activity if, and only if, there is a
sufficient concentration of PCP extant. The overriding
effect of DOI pretreatment to increase locomotion, despite
the behavioral effect of PCP alone, was mirrored in the
spatial d measurement. As these effects, in toto, did not
reflect a shift in the PCP dose–response curve, it appears
that the co-administration of DOI and PCP resulted in a
new profile of behavior, characterized by changes in the
amount and pattern of locomotor activity.

The specific mechanism mediating the interaction of
PCP and DOI is not known. The facts are inconsistent with
an interaction at a particular receptor or class of synapses.
Rather, it seems more likely that these interactions reflect
changes in the dynamics of neuronal circuits in which both
glutamatergic and serotonergic systems are involved. One
possible example of such a circuit interaction might be one
of the putative circuits between the limbic system and the
motor system, which are routed through the nucleus ac-

Žcumbens and globus pallidus for review see Mogenson et
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.al., 1980 . For example, there are glutamatergic projections
from the hippocampus to the nucleus accumbens and both
of these areas are known to contain 5-HT receptors2
ŽFonnum et al., 1979; Mogenson et al., 1980; Mogenson
and Nielsen, 1984; Palacios and Dietl, 1988; Morilak et

.al., 1993 . It is conceivable that agonism of either of these
receptor populations by DOI might interact with the gluta-
matergic influence of PCP in this circuit. This hypothesis
is speculation at this point and is only one of many
possible explanations of how DOI and PCP interact to
produce a new profile of locomotor behavior.

In conclusion, the effects of PCP on locomotor activity
were altered by 5-HT receptor antagonism. 5-HT recep-2 2

tor agonism altered not only the effects of PCP on locomo-
tor activity, but on locomotor patterns as well. Neither
5-HT receptor antagonism or agonism, however, modified2

the effects of PCP on investigatory behavior. These results
indicate that locomotor activity, rather than investigatory
behavior, is more sensitive to the proposed circuit interac-
tions between serotonin and glutamate.
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