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The present study investigated the effects of serotonergic dysfunction on working memory. Therefore, the effects of inhibition
of serotonin [5-hydroxytryptamine (5-HT)] synthesis induced by p-chlorophenylalanine (p-CPA) and pharmacological block-
ade of 5-HT receptors by methysergide on the performance of rats in a delayed nonmatching to position task assessing spatial
working memory were studied. Methysergide (1.0, 5.0, or 15.0 mg/kg) significantly disrupted behavioral activity of rats and
decreased the percent correct total responses. However, the impairment in the percent correct responses was delay indepen-
dent, indicating a nonmnemonic disruption of the performance. p-CPA (500 mg/kg/day x 3) induced an almost total
depletion (>97%) of frontal cortical and hippocampal serotonin and its major metabolite 5-hydroxyindoleacetic acid and
slightly affected noradrenergic and dopaminergic systems. p-CPA treatment did not affect the percent correct responses.
However, the behavioral activity of rats was slightly decreased by p-CPA. The disruptions in behavioral activity and the
percent correct responses induced by methysergide (2.0 mg/kg) were not abolished by p-CPA. The present results do not
support any important role for the serotonergic system in spatial working memory as assessed using the delayed nonmatching
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to position task.
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THE ascending chemically directed projections (cholinergic,
dopaminergic, histaminergic, noradrenergic, and serotonergic
projections) from the brain stem and basal forebrain widely
innervate the forebrain, including the cortical mantle and lim-
bic system (15). These subcortical ascending systems have been
shown to have state-dependent effects on the function of in-
formation networks of the forebrain underlying higher cere-
bral functions, such as attention and vigilance, as well as
learning and memory functions (25). Degeneration of these
subcortical transmitter systems, including the serotonergic sys-
tem (9,32,49), has been suggested to contribute to cognitive
disorders related to aging, with this being accentuated in Alz-
heimer’s disease (AD).

The brain pathology and cognitive symptoms in patients
with AD are so severe at the time of death that adequate
information for clinicopathologic correlations is difficult to
obtain (5). To determine the functional consequences of spe-
cific pathologic changes in the ascending chemically directed
subcortical transmitter systems observed in AD patients, sys-
tematic studies using rodents or subhuman primates as animal
models of dementia are needed (5). The rationale for studying
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the possible relationship between the serotonergic neuropa-
thology and AD-related cognitive deterioration in animal
models has been to investigate the effects of lesions of the
serotonergic system, brain serotonin [5-hydroxytryptamine (5-
HT)] depletion, or pharmacological blockade of 5-HT recep-
tors on higher cerebral functions (2). The most commonly
used procedures to lower endogenous 5-HT levels throughout
the brain are peripheral administration of the tryptophan hy-
droxylase blocker p-chlorophenylalanine (p-CPA), which in-
hibits the synthesis of serotonin, intraventricular infusion of
the serotonergic neurotoxin 5,7-dihydroxytryptamine (5,7-
DHT), which destroys the serotonergic cell bodies located in
the raphe nuclei, and peripheral administration of the seroton-
ergic neurotoxin p-chloroamphetamine (PCA), which destroys
the serotonergic nerve terminals (2).

The serotonergic system has been proposed to be involved
in the activation of the cerebral cortex (15,33,35,47,48).
Depletion of brain serotonin either by systemic administration
of p-CPA or intraventricular administration of 5,7-DHT abol-
ishes atropine-resistent (serotonin dependent) low-voltage fast
activity in the neocortex and rhythmic slow activity in the
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hippocampus (47,48). Based upon behavioral studies, Vander-
wolf et al. proposed that impairments in performance of ani-
mals in tasks assessing learning or memory following seroto-
nin depletion in the forebrain would more likely be due to a
generalized deficit in behavior, that is, due to impaired control
of motor activities by sensory stimuli, rather than learning or
memory (47,48). However, many studies have attempted to
define the role of the serotonergic system in learning and
memory processes (2,3,4,11,18,21,22,24,28,29,34,36,41,43,
45,46,47,48). Nevertheless, the precise nature of its role is still
unclear (2). The results of studies investigating the effects of
partial depletion of brain serotonin on learning and memory
have been inconsistent, depending upon the task used to assess
learning or memory and the procedure used to lower brain
serotonin concentrations (2). Indeed, partial depletion of
brain serotonin has been found to either slightly impair, have
no effect, or under certain conditions even facilitate learning
of animals assessed using different maze or discrimination
tasks (2,3,4,21,24,28,36,41,47,48). Further, memory retention
assessed using, for example, different avoidance paradigms
has also been found to be either impaired, improved, or with-
out any effect after partial depletion of brain serotonin or
pharmacological blockade of 5-HT receptors (2,11,18,22,29,
43,45,46,47,48). However, the serotonergic system also plays
an important role in nociception (22,29,37,43,45) and conclu-
sions from avoidance paradigm data are difficult to interpret.
Further, the interpretation of the results of the avoidance par-
adigms may be confused by behaviorally effective variables
such as arousal, motivation, and emotion (39), as well as mo-
tor abilities or perceptual processes (29).

Recently, continuous operant chamber tests analogous to
those used for primates have been developed to test working
(short-term, episodic) memory in rodents (14,30,40). These
continuous operant chamber tasks allow dissociation between
nonmnemonic and mnemonic changes in the performance of
rats. Recent studies have shown that the same neural sub-
strates, such as the prefrontal cortex and hippocampus, as
well as some subcortical nuclei related to them, are involved
in working memory of both primates (16) and rodents (1,14).

To study the role of the serotonergic system in higher cere-
bral functions, we are currently systemically investigating the
effects of serotonin depletion in brain induced by systemic
p-CPA administration on performance of rats in different
behavioral tasks (20,21). In the present study, we were inter-
ested in studying the possible involvement of the serotonergic
system in working memory. Therefore, the effects of p-CPA
on the performance of adult rats in the delayed nonmatching
to position task (DNMTP) (14,40) measuring spatial working
memory were studied. Previously, Sakurai and Wenk found
no effect with methysergide, a 5-HT, and 5-HT, receptor an-
tagonist (8), on the performance of rats in a nonspatial work-
ing memory task (41). To further characterize the involvement
of different 5-HT receptor subtypes in spatial working mem-
ory, the effects of methysergide, which has been used also in
previous studies in our laboratory (34), on the performance
of rats in the present DNMTP task were screened.

METHOD

Animals

Male Wistar rats (National Animal Center, Kuopio, Fin-
land) were used in the present experiments. At the beginning
of training, rats were 11 weeks old and at the beginning of the
drug testing of the present experiment were 30 weeks old.
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Rats were housed singly in Makrolon cages in a temperature
(20°C), humidity- (50-60%) and light period- (light on 0700-
2100 h) controlled room. During training and testing, rats
were food deprived 23 h before behavioral training and the
experiment. After daily training, rats received about 10 g food
pellets. Rats had free access to water except when in the op-
erant chamber.

Apparatus

Testing was conducted in two operant chambers equipped
with two retractable levers and a food dispenser (Campden
Instruments, London, UK). The operant chambers were under
the online control of microprocessors (Paul Fray Ltd., Cam-
bridge, UK) programmed using SPIDER (Paul Fray Ltd.).
The food dispenser deliver 45-mg pellets (Campden) (44).

Training Schedule

Rats were habituated to the chambers with the two retract-
able levers retracted and trained to collect food pellets and
associate the click of the dispenser plus illumination of the
panel light with pellet delivery. During this training (phase 1),
a pellet was delivered every time a rat made a nose-poke into
an illuminated pellet magazine. If the rat did not react within
20 s the illumination of magazine was turned off for 5 s. Rats
were trained 10 min/day until they learned to obtain at least
two pellets/min. In the next phase (phase 2), rats learned to
associate the pressing of a lever with delivery of a food pellet.
Both levers were inserted and each time a rat pressed a lever a
food pellet was delivered into the magazine, which was illumi-
nated. If the rat did not respond within 20 s, the levers were
retracted for 5 s. In phase 3, rats learned to press a lever
(either right or left) when it was inserted into the chamber to
get a food pellet. The right or left lever was inserted randomly,
and if the rat pressed the lever a food pellet was delivered and
the magazine was illuminated. Then, the lever was retracted
and after a 5-s period one of the levers was inserted once
again. If the rat did not press the lever within 20 s, the lever
was retracted and the houselight was turned off for S s.

In the next phase, rats were trained for nonmatching to
position task (0-delay). A right or left lever (cue), selected
randomly, was inserted into an operant chamber. When the
rat pressed the lever, it was retracted and a magazine was
illuminated but no food pellet was delivered. When the rat
made a nose-poke into a magazine, the magazine light was
turned off and both levers were inserted. In this choice phase,
the pressing of the noncue lever was reinforced with delivery
of a food pellet into the illuminated magazine. If the rat
pressed the cue lever, the houselight was turned off for 5 s.
After a 5-s period, a new cue lever was inserted. If the rat did
not press the cue lever (omission 1) or one of the choice levers
(omission 2) within 20 s, the houselight was turned off for 5 s
and a new cue lever was inserted after a S-s interval.

After rats (n = 18) had been trained for eight to nine times
in the nonmatching to position task, delays (0, 1, 2, 4, 8, and
16 s) before inserting the choice levers were included in this
nonmatching task (DNMTP). During each training session of
the DNMTP task, all delays, which were introduced ran-
domly, were used (about 10 trials/delay). The training (20
min/day) continued for 9 training days (2 training days/week)
before tests were preformed. Then, 12 rats were trained in the
DNMTP task using longer delays (0, 2, 4, 8, 16, and 30 s) for
9 training days. After this training, these rats were tested in
the DNMTP task after acute treatments of saline, tacrine, an
anticholinesterase, and zacopride, a 5-HT; receptor antagonist
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(Jakald et al., submitted). The rest of the rats (n = 6) were
tested using shorter delays (0-16 s) all the time during the
experiments. After the tacrine/zacopride experiment, all rats
(n = 18) were trained in a DNMTP task using shorter delays
(0-16 s) six times during a 3-week wash-out period. Then, all
rats were used for the present experiments. In the analysis of
data, using multivariance analysis, the type of training
(whether or not a rat was included in the tacrine/zacopride
experiment) was taken into consideration, but it did not ex-
plain the treatment effects in the present experiment (data not
shown in the results).

Drug Tests

Following the training period, the effects of methysergide
(1.0, 5.0, and 15.0 mg/kg, IP; 4 ml/kg) on DNMTP perfor-
mance were tested. Saline and the different doses of methyser-
gide were tested in a counterbalanced order every second day.
The injections were given 30 min before testing. Rats were
allowed to adapt to the testing apparatus for a few minutes
before testing. The percent correct total responses including
all delays and the total number of trials completed (correct
+ incorrect) were taken for behavioral analysis. During this
phase, one rat died.

One week after this part of the study, nine rats were treated
with p-CPA (500 mg/kg/day x 3) and eight with arabic gum
(AG) (500 mg/kg/day x 3) for control purposes. Six rats in-
cluded in the tacrine/zacopride experiment were treated with
p-CPA and six rats with AG. Injections were made IP (4.0
mi/kg) on each of 3 successive days. Three rats treated with
p-CPA showed signs of illness (i.e., did not eat all their daily
food pellets) and were excluded from the behavioral testing.
Three days after the last injections of p-CPA or AG, rats were
tested on concomitant days twice without any injections. The
percent correct responses made by rats at each delay (0-16 s)
were taken for behavioral analysis.

After this, the effects of saline and 2.0 mg/kg methysergide
were tested in a counterbalanced order. The dose of 2.0 mg/
kg methysergide was chosen because at the dose of 1.0 mg/kg
methysergide alone did not have any clear-cut effects on the
performance of rats whereas at the dose of 5.0 mg/kg the
effects were already so severe that 4 of 17 rats made no re-
sponses during testing. Rats were treated 30 min before behav-
ioral testing and allowed to adapt to the testing apparatus for
a few minutes before testing. All variables [the percent correct
responses, the total number of trials completed, omissions
(during cue or choice), the latencies to correct or incorrect
responses, and the latencies of sample press, nose-poke, and
food collection] were used for behavioral analysis.

Neurochemical Analysis

For the monoamine and metabolite assays, tissue samples
were weighed and homogenized (Potter, 10 times, 1,000 rpm)
(Braun, Germany). Previously, we demonstrated that the
changes in concentrations of 5-HT, 5-hydroxyindoleacetic
acid (5-HIAA), noradrenaline (NA), and dopamine (DA) in-
duced by p-CPA (400 mg/kg/day X 3) treatment did not dif-
fer between frontal cortical, parietooccipito cortical, and hip-
pocampal samples (20,21). Therefore, only frontal cortical
and hippocampal monoamine and metabolite concentrations
were determined. For determination of catecholamines, 65 ul
tissue homogenate, 7.0 ul 2.5 uM DHBA in 0.2 M HCI10,,
and 1 ml 0.5 M Tris-buffer, pH 8.6, were mixed and added to
20 mg A1,0;. After that, tubes were mixed (15 min, at 4°C),
centrifuged, and supernatant was aspirated off. The A1,0, was
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washed twice with 1 ml H,O and amines were eluted with 70
ul 0.2 M HCIQ,, of which 30 ul was injected into the chromato-
graphic system. For determination of indoleamines and me-
tabolites, 30 pl tissue homogenate and 5 ul 5§ uM MOPET in
0.2 M HC10, were mixed and centrifuged 10 min at +4°C.
Twenty microliters of the supernatant was injected into the
chromatographic system. Chromatography was performed
with an Hitachi L-6200L pump (Merck, Darmstadt, Germany)
fitted with an Hitachi AS-4000 autosampler. Compounds were
separated on C18 column (Beckman, Ultrasphere, 5-um parti-
cle size, 4.6 mm X 25 cm Beckman Instruments, Fullerton,
CA) using isocratic elution with a mobile phase consisting of
0.10 M sodium acetate, 0.10 M citric acid, 90 mg/1 sodium
octyl sulfate, and 20% MeOH at a flow rate of 0.8 ml/min
for catecholamines and 1.5 ml/min for indoleamines and me-
tabolites. An ESA detector 5100A (ESA, Inc.) with a 5011
dual analytic cell was used for electrochemical detection of
eluting compounds. Detector 1 was set at +0.02 V and detec-
tor 2 at +0.35 V. Peaks were analyzed with HPLC-Manager
software (Merck).

Statistical Analysis

Multivariate analysis of variance (MANOVA) or analysis
of variance (ANOVA) were used to compare the group, treat-
ment, and delay effects on the performance of rats. Before
analysis, the data for percent correct responses were trans-
formed using arcsine transformation, the data for omissions
transformed using square root transformation, and the data
for latencies transformed using logarithmic transformation.
Neurochemical data were analyzed using ANOVA test.

RESULTS

Behavior

Effects of methysergide. Methysergide at the doses of 1.0,
5.0, and 15.0 mg/kg significantly decreased the percent cor-
rect total responses (all delays included) made by rats (Table
1). This decline in the percent correct responses was delay
independent at 1.0 mg/kg methysergide (Table 1).

The total number of trials completed (correct + incor-
rect) was significantly decreased by all doses of methysergide
(Table 1).

Effects of p-CPA. There was no difference in the percent
correct responses between p-CPA-treated and control rats
(Fig. 1). Increasing the duration of the delay significantly de-
creased the percent correct responses in both p-CPA-treated
and control groups to the same extent (Fig. 1).

Methysergide at 2.0 mg/kg decreased the percent correct
total responses in both p-CPA-treated and control groups to
the same extent (Fig. 2). This decline in the percent correct
responses induced by methysergide at 2.0 mg/kg was delay
independent (Fig. 2).

In the analysis of the total number of trials completed, it
was observed that p-CPA-treated and control rats did not
differ between each other but that methysergide at 2.0 mg/kg
significantly decreased the total number of trials in both p-
CPA and control groups to the same extent (Table 2).

The numbers of omission 1 (during cue) were not affected
by p-CPA treatment but were decreased by methysergide at
2.0 mg/kg (Table 2). The numbers of omission 2 (during
choice) were increased by p-CPA treatment but not affected
by methysergide 2.0 mg/kg (Table 2).

In the analysis of the latencies to correct or incorrect re-
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TABLE 1
PERCENT CORRECT TOTAL RESPONSES INCLUDING
ALL DELAYS (0-16 s) AND THE TOTAL NUMBER OF
TRIALS COMPLETED OF SALINE AND METHYSERGIDE-
(MET 1.0, 5.0, AND 15.0 mg/kg) TREATED RATS IN
DELAYED NONMATCHING TO POSITION TASK
% Correct Responses Trials
Saline 76.1 £1.7 67.7 + 2.2
n=17 (n=17)
MET 1.0 70.2 £ 1.6 55.7 £ 2.6
(n = 17) n=17
MET 5.0 60.0 + 4.1 20.5 + 4.6
(n = 13) (n=17)
MET 15.0 53.3 £2.2 5.1 +£22
(n=4) (n=17)

Values are expressed as group means + SEM. The means +
SEM for % correct responses have been calculated for rats that
made at least four trials during a 20-min testing session. The num-
ber in parentheses indicates the number of rats/group. Four rats
treated with Met 5.0 and 13 rats treated with Met 15.0 made no
responses during testing. Statistical analysis (MANOVA followed
by Wilcoxon signed rank test): Analysis of the % correct responses
revealed a significant treatment effect, F(3, 45) = 374, p <
0.001. Methysergide-treated rats performed more poorly than sa-
line-treated rats: Met 1.0 vs. saline, Z(14, 3) = —2.53,p < 0.02;
Met 5.0 vs. saline, Z(16, 1) = —2.96, p < 0.005; Met 15.0 vs.
saline, Z(17, 0) = —3.62, p < 0.001. At 1.0 mg/kg methyser-
gide, delay effect, F(5, 96) = 32.3, p < 0.001, and methysergide
treatment effect, F(1, 96) = 7.28, p < 0.01, were significant, but
there was no interaction between delay and treatment, F(5, 96)
= 0.75, p > 0.1. Analysis of the number of trials revealed a sig-
nificant treatment effect, F(3, 45) = 81.7, p < 0.001. Methyser-
gide-treated rats made fewer trials than saline-treated rats: Met
1.0 vs. saline, Z(13, 3) = —2.95, p < 0.005; Met 5.0 vs. saline,
Z(16,1) = —3.52, p < 0.001; Met 15.0 vs. saline, Z(17, 0) =
-3.62,p < 0.001.

sponses, no significant p-CPA or methysergide 2.0 mg/kg
treatment effect was revealed (Table 2).

The latency of sample press was significantly increased by
p-CPA (Table 2). Methysergide at 2.0 mg/kg significantly in-
creased the latency of sample press in both p-CPA-treated and
control groups to the same extent (Table 2).

The latency of nose-poke was not affected by p-CPA treat-
ment but was significantly and equally increased by methyser-
gide 2.0 mg/kg in both p-CPA-treated and control rats (Table
2).

The latency to collect food pellets was significantly in-
creased by p-CPA (Table 2). Methysergide 2.0 mg/kg slightly
increased the food collection latency in both p-CPA treated
and control rats to the same extent (Table 2).

Neurochemical Analysis

p-CPA (500 mg/kg/day x 3, IP) treatment significantly
depleted the frontal cortical and hippocampal concentrations
of both serotonin and its major metabolite 5-HIAA when
measured 7 days after the last injection of p-CPA. Biochemi-
cal analysis revealed that the frontal cortical and hippocampal
concentrations of NA and DA were also slightly decreased by
p-CPA treatment (Table 3).

DISCUSSION

The present study investigated the effects of serotonergic
dysfunction on working memory. Therefore, the effects of
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FIG. 1. Percent correct responses at each delay (0-16 s) of p-
chlorophenylalanine- (p-CPA) (500 mg/kg/day X 3, IP) (n = 6)
treated rats. Arabic gum (AG) (500 mg/kg/day X 3, IP) (n = 8)
treatment served as control for p-CPA treatment. The percent correct
responses (%o CORRECT) have been calculated as correct responses/
correct responses + incorrect responses X 100 and are expressed as
a mean from two testing sessions 3 and 4 days after the last injections
of p-CPA or AG. The vertical bars indicate + SEM. Statistical analy-
sis was made using analysis of variance (group and delay as variables).
The effect of delay was significant, F(5, 7) = 22.6, p < 0.001. The
group effect did not reach significance, F(1, 7) = 0.003, p > 0.1,
and there was no interaction between the delay and groups, F(5, 11)
= 0.89,p > 0.1

serotonin synthesis inhibition induced by p-CPA and pharma-
cological blockade of 5-HT receptors induced by methysergide
on the performance of rats in the DNMTP task assessing spa-
tial working memory were studied.

p-CPA treatment induced an almost total depletion of
frontal cortical and hippocampal serotonin and its major me-
tabolite 5-HIAA and slightly decreased behavioral activity of
rats, as indicated by increased latencies and the tendency to-
wards decreased number of trials completed. Further, when
analyzed before testing with 2.0 mg/kg methysergide p-CPA
significantly decreased the number of trials completed (data
not shown). This finding of decreased behavioral activity is in
line with previous studies (20,47,48). However, also frontal
cortical DA and hippocampal NA concentrations were de-
creased by p-CPA treatment. Dopaminergic dysfunction
might affect response initiation and vigor (13), and it cannot
be excluded that the decrease in DA concentration in the fron-
tal cortex or some other brain area(s), such as, for example,
the striatum, where DA concentrations were not analyzed in
the present study, might at least partly account for the de-
creased behavioral activity induced by p-CPA treatment. p-
CPA also significantly increased the latency to collect earned
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FIG. 2. Percent correct total responses including all delays (0-16 s)
of p-chlorophenylalanine-(p-CPA) (500 mg/kg/day x 3, IP) (n =
6) treated rats following saline or methysergide (2.0 mg/kg) adminis-
tration. Arabic gum (AG) (500 mg/kg/day X 3, IP) (n = 8) treat-
ment served as control for p-CPA treatment. Methysergide and saline
were administered (4.0 mi/kg, IP) 30 min before testing. For the
calculation of the percent correct responses, see Fig. 1. Vertical bars
indicate group means + SEM. Statistical analysis were made using
multivariate analysis of variance (group, treatment, and delay as vari-
ables). The group effect was nonsignificant, F(1, 10) = 0.64, p >
0.1. The treatment effect was slight, F(1, 10) = 4.50, p = 0.06, and
there was no interaction between groups and treatments, (1, 10) =
0.02, p > 0.1. The effect of delay was significant, F(5, 60) = 13.8,
p < 0.001, but there was no interaction between delay and groups,
F(5,60) = 0.95, p > 0.1, or between delay and treatments, F(5, 60)
= 0.90,p > 0.1.

food pellets after a correct response, suggesting that p-CPA
might have affected the motivation of rats for food reward.
Previously, it was suggested that ICV p-CPA treatment may
induce hyperphagia with a concomitant increase in body
weight (7), whereas systemic p-CPA treatment was suggested
to produce a variety of changes in food consumption, some of
which may depend upon intestinal disturbances (7). However,
anorectic actions have most commonly been described for 5-
HT agonistic drugs (7,42).

Interestingly, almost total depletion of brain serotonin by
p-CPA as assessed in the frontal cortex and hippocampus had
no effect on the percent correct responses, suggesting that
brain serotonin may not necessarily be crucial for spatial
working memory of rats as assessed using the present continu-
ous DNMTP task. However, it could be speculated that some
changes occurring in other neurotransmitter systems, such as
increased turnover of NA (31) or acetylcholine (19,38), might
compensate for some of the behavioral consequences follow-
ing brain serotonin depletion. Previously, Altman et al. re-
ported enhanced acquisition and performance of rats in a
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TABLE 2

TOTAL NUMBER OF TRIALS, OMISSIONS AT THE TIME TO
RESPOND TO CUE (OMISSION 1) AND CHOICE (OMISSION 2),
LATENCY TO CORRECT AND INCORRECT RESPONSES,
AND LATENCY OF SAMPLE PRESS, NOSE-POKE,

AND FOOD COLLECTION OF p-CHLOROPHENYLALANINE-
(500 mg/kg/day x 3, IP) TREATED AND CONTROL RATS
FOLLOWING SALINE OR METHYSERGIDE TREATMENT

Saline MET 2.0

Trials

AG(n = 8) 67.3 = 3.0 316 + 7.1

p-CPA (n = 6) 538 £ 45 313 £ 59
Omission 1

AG 10.4 + 3.9 4.4 + 3.8

p-CPA 73 + 1.7 7.8 + 3.2
Omission 2

AG 0.1 £ 0.2 0

p-CPA 0.2 = 0.1 0.3 + 0.4
Correct

AG 0.48 = 0.11 0.75 £ 0.11

p-CPA 0.72 £ 0.19 0.76 + 0.24
Incorrect

AG 0.71 = 0.14 0.76 + 0.17

p-CPA 1.19 = 0.14 1.62 + 0.54
Sample Press

AG 2.49 = 0.13 4.15 + 0.45

p-CPA 4,77 £ 0.83 7.09 + 0.85
Nose-poke

AG 1.01 £ 0.11 4.58 + 1.30

p-CPA 1.75 + 0.51 4,01 + 1.69
Food collection

AG 0.53 + 0.03 0.64 + 0.10

p-CPA 1.02 + 0.22 1.50 + 0.55

Results are expressed as means + SEM. The number in parenthe-
ses indicates the number of rats/group. The latencies are expressed as
seconds. Statistical analysis using MANOVA [group (p-CPA/AG)
and treatment (saline/methysergide 2.0 mg/kg) as variables]: Trials:
Group effect was nonsignificant, F(1, 10) = 0.58, p > 0.1. Treat-
ment effect was significant, F(1, 10) = 25.9, p < 0.001, and there
was no interaction between groups and treatments, F(1, 10) = 0.84,
p < 0.1. Omission 1: Group effect was nonsignificant, F(1, 10) =
0.34, p < 0.1. Treatment effect was significant, F(1, 10) = 8.56,
p < 0.05, and there was no interaction between groups and treat-
ments, F(1, 10) = 4.16, p > 0.05. Omission 2: Group effect was
significant, F(1, 10) = 8.24, p < 0.05. Treatment effect was nonsig-
nificant, F(1, 10) = 0.02, p > 0.1, and there was no interaction be-
tween groups and treatments, F(1, 10) = 1.88, p > 0.1. Latency fo
a correct response (CORRECT): Group effect was nonsignificant,
F(, 10) = 0.00, p > 0.1. Treatment effect was nonsignificant, F(1,
10) = 1.42, p > 0.1, and there was no interaction between groups
and treatments, F(1, 10) = 1.43, p > 0.1. Latency to an incorrect
response (INCORRECT): Group effect was nonsignificant, F(1, 10)
= 2.27, p > 0.1, Treatment effect was also nonsignificant, F(1, 10)
= 0.27, p > 0.1, and there was no interaction between groups and
treatments, F(1, 10) = 1.60, p > 0.1. Sample press: Group effect
was significant, F(1, 19) = 13.2, p < 0.02. Treatment effect was sig-
nificant, F(1, 10) = 16.0, p < 0.01, and there was no interaction
between groups and treatments, F(i, 10) = 0.04, p > 0.1. Nose-
poke: Group effect was nonsignificant, F(1, 10) = 0.05, p > 0.1.
Treatment effect was significant, F(l, 10) = 7.13, p < 0.05, and
there was no interaction between groups and treatments, F(1, 10) =
0.65, p > 0.1. Food collection: Group effect was significant, F(l,
10) = 6.48, p < 0.05. Treatment effect was slight, F(1, 10) = 5.43,
p = 0.06, and there was no interaction between groups and treat-
ments, F(1, 10) = 0.36,p > 0.1.
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TABLE 3

EFFECTS OF p-CHLOROPHENYLALANINE (500 mg/kg/day x 3, IP)
TREATMENT ON THE CONCENTRATIONS OF FRONTAL CORTICAL
AND HIPPOCAMPAL MONOAMINES AND METABOLITES

NA DA S-HT 5-HIAA
AG
fc 285.0 + 34.2 74.5 £ 10.6 575.4 + 51.5 3029 = 16.4
hipp 557.2 + 237 n.d. 3959 + 459 503.1 + 43.8
p-CPA
fc 199.5 + 18.6 42.7 + 6.2 153+ 13 24+ 1.2
hipp 313.5 £ 12.0 n.d. 1.7+ 19 5.6 + 2.1

Values (ng/g brain tissue) are expressed as group means +
8); DA, dopamine; fc, frontal cortex; hipp, hippocampus;

mg/kg/day x 3, IP) (n =

SEM. AG, arabic gum (500

NA, noradrenaline; p-CPA, p-chlorophenylalanine (500 mg/kg/day x 3, IP) (n = 6);
5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, 5-hydroxytryptamine. Statistical analysis by
ANOVA, group effects: frontal cortical noradrenaline, F(1, 13) = 4.58, p > 0.05; frontal
cortical dopamine, F(1, 13) = 6.46, p < 0.05; frontal cortical S-HIAA, F(1, 13) = 280,

p < 0.001; frontal cortical 5S-HT, F(1, 13) =

99.3, p < 0.001; hippocampal noradrena-

line, F(1, 13) = 68.1, p < 0.001; hippocampal dopamine, not determined (n.d.); hippo-
campal 5-HIAA, F(1, 13) = 108, p < 0.001; hippocampal 5-HT, F(1, 13) = 25.1, p <

0.001.

complex positively reinforced spatial discrimination task fol-
lowing partial reductions in brain serotonin after either PCA-
induced destruction of 5-HT terminals (4) or 5,7-DHT-
induced serotonergic deafferentation of the hippocampus (3).
On the other hand, the performance of PCA-treated rats
trained in another complex positively reinforced spatial dis-
crimination task, that is, eight-arm radial arm maze, was not
different from controls (4). Further, in a study by Sakurai
and Wenk partial serotonin depletion induced by PCA did
not affect the performance of rats in a nonspatial working
memory task, that is, continuous nonmatching to sample task
(41). However, it is of interest that in many studies serotoner-
gic dysfunction alone has failed to affect or has had only a
limited effect on performance of a learning or memory task
but has interacted with other neurotransmitter systems, such
as the cholinergic system (18,24,28,34,36,41,47,48). Most
commonly, aggravation of an impairment in the performance
of a task proposed to assess learning or memory induced by
cholinergic dysfunction has been reported after partial brain
serotonin depletion or serotonergic lesions (18,24,28,36,47,
48), although this serotonergic dysfunction alone has failed to
affect or has had only a slight effect on performance of such
a task. However, in the study by Sakurai and Wenk partial
brain serotonin depletion by PCA significantly diminished the
performance impairment produced by scopolamine in a non-
spatial working memory task (41).

Methysergide (1.0-15.0 mg/kg) induced a disruption in the
percent correct responses. However, this disruption was delay
independent. Therefore, it is not reasonable to conclude that
methysergide affected working memory of rats. Further,
methysergide significantly decreased the behavioral activity of
rats. In the study by Markowska and Wenk, methysergide (5-
15 mg/kg) also impaired performance of rats in a nonspatial
memory task (24). On the other hand, in another study methy-
sergide at 15.0 or 30.0 mg/kg did not impair performance of
rats in a nonspatial working memory task, that is, continuous
nonmatching to sample task in an operant chamber (41). In
these studies, it was not reported whether methysergide af-
fected behavioral activity as was seen in the present task. Pre-
viously, in our laboratory methysergide (1.0, 5.0, or 15.0 mg/

kg) did not affect the speed of swimming or learning of rats
in a water maze spatial navigation task (34) and, further, in
the present study it was observed that after all doses of methy-
sergide rats were walking around and exploring the test cham-
ber. Therefore, it is plausible that the decreased behavioral
activity seen after methysergide treatment was not due to aki-
nesia. It is also unlikely that methysergide would have affected
motivation for food reward because: a) The latency to collect
food reward after a correct response was only slightly affected
by methysergide treatment; b) the number of omissions were
not increased by methysergide; and c¢) anorectic actions have
most commonly been described for 5-HT agonistic drugs
(7,42). Therefore, it is unlikely that methysergide would have
affected motor ability or motivational factors of rats in the
present task. Interestingly, cortical desynchronization induced
by noxious stimuli has been demonstrated to be abolished by
systemic or local application of serotonin receptor antagonists
to the cortex (27). Further, methysergide potentiates the de-
pressant effects of serotonin either in the somatosensory (10)
or prefrontal cortex (23) and antagonizes the excitatory effects
of serotonin in the somatosensory cortex (10) in rats. There-
fore, it is possible that the disruption of performance of rats
in the present task following methysergide treatment may be
attributable to a decreased level of cortical arousal.

Interestingly, p-CPA and methysergide did not produce
similar effects on the performance of rats in the task. Based
upon the above discussion, it may be speculated that the ef-
fects of methysergide may be due to antagonism of excitation
and potentiation of inhibition produced by serotonin whereas
after almost total depletion of brain serotonin by p-CPA nei-
ther excitatory nor inhibitory responses to serotonin could be
observed.

One curious finding of the present study was that the ef-
fects of methysergide were not diminished by p-CPA treat-
ment, which induced almost total depletion of brain seroto-
nin. A possible explanation for this unexpected finding is that
the depletion in brain serotonin, although almost total in the
frontal cortex and hippocampus, induced by p-CPA was not
severe enough in some other brain area(s) or the periphery to
prevent the effects of methysergide. Another possible explana-
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tion is that the effects of methysergide on the present task
may not be the result of a central antiserotonergic action. It
has been suggested that methysergide may not be a selective
antagonist of the central serotonergic system (17). Indeed, the
behavioral activity-decreasing effects of methysergide could
indicate an antidopaminergic action because dopaminergic
dysfunction may disrupt response initiation and vigor (13).
However, as mentioned above, in the present study methyser-
gide-treated rats were not akinetic and previously in our labo-
ratory methysergide did not affect the performance of rats in
a water maze test (34). Further, DA depletion in the prefrontal
cortex in monkeys has been shown to induce delay-dependent
short-term memory deficits in a delayed-alternation task (12),
whereas in the present study methysergide induced a delay-
independent disruption of percent correct responses. With
regard to the serotonergic system, methysergide is usually
considered as an antagonist at 5-HT, receptors (8). However,
methysergide may also possess affinity for 5-HT, receptors
(8). Therefore, in future studies more selective antagonists at
central 5-HT, receptors, such as ketanserin (8), should be used
to test whether the effects of methysergide on the performance
of the present task were due to antagonism at 5-HT, binding
sites.
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The results of the present study do not support any impor-
tant role for the serotonergic system in working memory and
therefore do not suggest that serotonergic degeneration alone
would contribute to AD-related working (episodic) memory
deficit (26). Interestingly, administration of a selective seroto-
nin reuptake blocker, alaproclate, has been reported to im-
prove the capacity to cope with life in some AD patients (6).
However, these improvements may be attributable to en-
hanced emotional function rather than alleviation of memory
deficits per se (18). Investigations of interactions of the sero-
tonergic system with other neurotransmitter systems, such as
with cholinergic neurons, on the performance of rats in the
present working memory, continuous DNMTP task may help
clarify the background of the AD-related short-term memory
deficit.
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