
VoL 267, No. 3
Printed in U.S�A.

ABSTRACT

Abbreviations: DRL 72-s, dlfferential-reinforcement-of-low-rate 72-s; IRT, interresponse time; 5-HT, 5-hydroxytryptamine (serotonin); 5,7-DHT, 5,7-
dihydroxytryptamlne; 5-HTP, 5-hydroxytryptophan; 8-OH-DPAT, 8-hydroxy-2-(di-n-propylamlno)tetralin; V, vehicle; PkA, peak area; PkL, peak
location; BR, burst ratio.
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This study compared the effects of fenfluramine and fluoxetine
on the differential-reinforcement-of-low-rate 72-s schedule of
reinforcement. Fluoxetine, a clinically effective antidepressant,
increases extracellular serotonin (5-HT) by blocking the uptake
of 5-HT after release. Fenfluramine increases extracellular 5-HT
through transporter-mediated release (although it also blocks 5-
HT uptake). The following characteristics were identified. First,
fenfluramine and fluoxetine had two different effects on the
dlfferential-reinforcement-of-Iow-rate 72-s schedule. Fluoxetine
had an antidepressant-like effect by increasing reinforcement
rate without disrupting the interresponse time distribution. Fen-

fluramine’s effect on the differential-reinforcement-of-low-rate
72-s schedule was not antidepressant-like: it did not increase
the reinforcement rate, whereas it did disrupt the interresponse
time distribution. Second, when fluoxetine and fenfiuramine were
given in combination, fluoxetine prevented the disruptive effects
of fenfluramine. This result is consistent with fluoxetine’s ability
to block fenfluramine-induced 5-HT release, and supports the
argument that the uptake transporter mediates fenfluramine’s
effects on both 5-HT release and behavior. Putative behavioral
mechanisms(waiting capacity and temporal discrimination) which
may mediate the acute effects of fluoxetine are discussed.

A variety of antidepressant compounds have been shown to
have distinctive effects on the DRL 72-s schedule of reinforce-
ment (Seiden et at., 1985). The DRL 72-s schedule requires rats
to wait at least 72 s between bar press responses in order to
earn a reinforcer. The IRT distributions of rats trained on the
DRL 72-s schedule have modes (or peaks) at IRT durations
less than the 72-s criterion for reinforcement. These peaks
indicate that rats trained on the DRL 72-s schedule systemat-

ically wait between responses but that they do not wait long
enough. Because the rats systematically respond too soon they

typically obtain only 10 to 12 reinforcers on average in a 1-hr

test session. Antidepressant compounds shift the peak of the
IRT distribution toward longer IRT durations in a coherent
fashion (i.e., without disrupting the profile of the IRT distri-
bution). The shift in the IRT distribution toward longer dura-

tions results in an increased reinforcement rate (O’Donnell and
Seiden, 1982, 1983; Richards et at., 1993; Richards and Seiden,

1991).

Manipulation of the 5-HT system has resulted in a variety
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of effects on the DRL 72-s schedule. Selective serotonergic

lesions (induced by the neurotoxin 5,7-DHT) cause a decrease
in earned reinforcers, which is accompanied by a complete
disruption of the IRT distribution (Jolly et at., 1991). 5-HTP
(the precursor to 5-HT) increases reinforcers earned, without
disrupting the IRT distribution (Marek et at., 1989; Richards
et al., in press). The gepirone-like 5-HT1A agonists also increase
reinforcement rate, however, this increase is accompanied by a
disruption of the IRT distribution (Richards et at., in press;
Richards and Seiden, 1991). The serotonergic agonist fluoxe-

tine (a 5-HT uptake inhibitor with antidepressant efficacy in
humans [see Rudorfer and Potter, (1989)] also increases rein-
forcement rate (Marek et at., 1989; Seiden et at., 1985), but its
effects on the distribution of IRTs have not previously been
characterized.

The antidepressant fluoxetine is an indirect serotonergic
agonist which facilitates serotonergic transmission by blocking
the uptake of 5-HT back into the nerve terminal after release
(Fuller et al., 1991; Wong et at., 1975). Another indirect 5-HT
agonist is fenfluramine, a 5-HT releasing agent with uptake
inhibition capability (Fuxe et at., 1975; Garattini et at., 1975;
see Sabol et at., 1992). Fenfluramine’s efficacy as an antide-
pressant agent in humans has not been systematically tested,
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but it has been described as both potentially effective
(O’Rourke et at., 1989), and ineffective (Price et al., 1990) for
the treatment of depression.

Both fenfluramine and fluoxetine are similar in that their
effects are thought to be mediated primarily by an increase in
extracellular levels of 5-HT. The two compounds are dissimilar,
however, in their mechanism of action at the cellular level.
Fenfluramine increases extracellular concentrations of 5-HT
predominantly by transporter-mediated release. That is, fen-
fluramine is thought to enter the 5-HT nerve terminal through
the uptake carrier and cause 5-HT to be released, also through
the uptake carrier (Garattini et at., 1975; see also Fuller, 1980).
Fenfluramine-induced 5-HT release is independent of nerve
cell firing in vivo (Carboni and Di Chiara, 1989). Fluoxetine,
on the other hand, blocks the uptake of 5-HT after it is released
into the synaptic cleft (Wong et at., 1975). The increase in
extracellular 5-HT concentrations with fluoxetine (Perry and
Fuller, 1992), as well as with other uptake inhibitors (Carboni
and Di Chiara, 1989; Matos et at., 1990) is dependent on nerve
cell firing in vivo. The amount of 5-HT overflow that occurs

will depend on the amount ofiznpulse-dependent release. Fluox-

etine’s effects are therefore dependent upon 5-HT cell firing.
Even though both fenfluramine and fluoxetine increase ex-

tracellular concentrations of 5-HT, these drug-induced in-

creases in 5-HT are not additive. As described above, both
fenfluramine and fluoxetine depend upon the 5-HT uptake
transporter to increase extracellular 5-HT. Fluoxetine not only
blocks the uptake of 5-HT, it also blocks the fenfluramine-
induced release of 5-HT in vivo (Sabol et at., 1992) and in vitro
(Hekmatpanah and Peroutka, 1990).

Previous research has demonstrated that fluoxetine can pre-

vent some but not all of the functional consequences of fen-
fluramine administration. Fluoxetine attenuates fenfluramine-

induced hyperthermia (Sugrue, 1984), as well as the stimulation
of prolactin and corticosterone secretion (McElroy et at., 1984;
Van de Kar et at., 1985) by fenfluramine. Fluoxetine has been
reported to either attenuate (Clineschmidt and McGuffin, 1978)
or have no significant effect on (Fornal and Radulovacki, 1982)
fenfluramine-induced head twitches. Fluoxetine also failed to
prevent the sleep suppressing effects of fenfluramine (Fornal
and Radulovacki, 1982). In other cases the prevention of fen-
fluramine’s effects by fluoxetine is made unlikely by the fact
that both compounds have similar effects. For example both
fluoxetine and fenfluramine reduce food intake (Fuller and
Wong, 1989; Fuxe et at., 1975; Garattini et at., 1975; Goudie et

at., 1976; Wurtman and Wurtman, 1977).
The first objective of this study was to determine the effects

of fluoxetine and fenflurainine on DRL 72-s schedule perform-
ance. Because both fluoxetine and fenfluramine increase extra-
cellular 5-HT (although through different mechanisms) the
effects of these two compounds on DRL 72-s performance
would be expected to be similar. However, in terms of antide-
pressant activity, the effects of fenfluramine and fluoxetine on
the DRL 72-s schedule performance would be predicted to be

different. The second objective of the study was to determine
the ability of fluoxetine to prevent the effects of fenfluramine
on DRL 72-s schedule performance. If fenfluramine’s effects
on DRL 72-s performance depend upon the transporter-me-
diated 5-HT release, then fluoxetine should attenuate fenflur-
amine’s effects. The results showed that the antidepressant
fluoxetine had antidepressant-like effects while fenfluramine

did not. When given together fluoxetine attenuated the effects

of fenfluramine in a dose-dependent fashion.

Methods

Animals. Nineteen male Sprague-Dawley rats (Holtzman, Madison,
WI) weighing between 350 and 500 g were used. The rate were 11

months old at the beginning of the experiment reported below. The

rats were housed two per cage in hanging stainless steel wire cages.
Lights were on in the colony room from 7 AM. to 7 P.M. Food (4%

Teklad rat chow) was available ad libitum. Access to water was re-
stricted to 20 mm per day. On the training days the rats received 20-
mm access to water at the end of their training session. On nontraining
days (weekends), the rats were given 20-mm access to water between

10 A.M. and 2 P.M. Before the experiment, the rats had previously

received dose-response determinations of various 5-HT1A agonists. Six

of the rats received previous injections of zalospirone (WY-47,846), 8-

OH-DPAT and gepirone. Seven ofthe rats received previous injections
of WY-48,723, buspirone and gepirone. Six ofthe rats received previous

injections of WY-50,324, ipsapirone and gepirone.
Apparatus. Nineteen operant chambers were used. Each operant

chamber was 20.5 cm wide, 20.5 cm deep and 23.5 cm long. The operant
chambers had grid floors, aluminum front and back walls and Plexiglas

sides. A lever was mounted 3 cm above the grid floor 4.5 cm from the
nearest side. A downward force of approximately 0.15 N was required
for a lever press to be detected. A solenoid-operated dipper was located
10 cm to the left of the lever. Access to the dipper was through a round

4.5-cm diameter hole in the front panel. Reinforcement consisted of
lifting the dipper (0.025 ml) from a water trough to within reach of the
rat’s tongue for a period of 4 s. A stimulus light mounted 15 cm above
the floor on the back wall ofthe chamber provided the only illumination
within the chamber. The stimulus light was turned on when a training
session began and off when the training session ended. The operant

chambers were enclosed in 80-quart Coleman ice chests to attenuate
external stimuli. Fans mounted on the ice chests provided ventilation

and masking noise. The operant chambers were connected to a PDP-

11/73 microcomputer via a Coulbourn Lablinc interface. The schedule
contingencies were programmed using the SKED- I 1 software system
(Snapper et a!., 1976). The timing resolution of the system was 0.01 s.

Training. Upon arrival in the colony the rats were adapted to the
20-mm per day access to water regimen for 1 week. The rats were then

trained to bar press in overnight training sessions using an alternative
FR1, FT 1-mm schedule. Rats which did not acquire the lever press
response after five overnight training sessions were hand shaped. The
rats were then shifted to a DRL 72-s training regimen. DRL 72-s
overnight training consisted of six 1-hr sessions with a 30-mm timeout
(house light off) between each session. The rats were trained overnight

on the DRL 72-s schedule for 10 nights. Finally, the rats were trained
during daily (5 days a week) 1-hr sessions on the DRL 72-s schedule.
At the beginning of the present experiment the rats had been trained
on the DRL 72-s schedule for approximately 7 months (5 days a week)
in 1-hr sessions.

Drug administration. Fenfluramine hydrochloride (Sigma Chem-
ical Co., St. Louis, MO) was dissolved in saline and fluoxetine hydro-
chloride (a gift from Lilly, Indianapolis, IN) was dissolved in distilled

water to form an injectable solution of 1 ml/kg. Both fenfluramine and
fluoxetine were in their racemic forms. Fenfluramine was injected
intraperitoneally 60 mm before the start of the 1-hr session and
fluoxetine was injected intraperitoneally 80 mm before the start of the
session. The animals received drugs in the following sequence: first, a

dose response determination for fenfluramine (V, 0.5, 1.0, 2.0, 4.0 mgI
kg); second, a dose response determination for fluoxetine (V, 2.5, 5.0,
10.0, 20.0 mg/kg); third, a single dose of fenfluramine (4.0 mg/kg)

combined with a dose-response determination of fluoxetme (V, 2.5, 5.0,
10.0 mg/kg of fluoxetine). In the combined fenfluramine-fluoxetine

experiment, fluoxetine was administered 20 mm before fenfluramine.
AU doses were given in ascending order, with the exception of 4.0 mgI
kg of fenfluramine + fluoxetine V, which was given last. All drug doses
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were given as the salt. Drugs were administered on Tuesdays and

Fridays. Control performance was the average of the Thursdays which
occurred during each drug’s dose response determination.

IRT analysis. The IRT distributions generated by DRL 72-s sched-
ule performance were quantitatively characterized using peak deviation
analysis. Peak deviation analysis includes three measures for the char-
acterization of the profile of DRL IRT distributions: PkA, PkL and

BR. The PkA metric indicates the proportion of responses in the peak
of the IRT distribution which lie above a random prediction. The PkL
metric indicates the central location of the peak. The BR metric
indicates the propensity to burst. Each of these measures is briefly
described below (see Richards et at., 1993 for a detailed description).

An example DRL 72-s IRT distribution is shown in figure 1. The
IRT distribution of most rats trained on the DRL 72-s schedule is

bimodal, with one mode occurring at short IRT durations and a second
mode occurring at longer IRT durations. Because ofthe bimodal nature

of DRL 72-s IRT distributions, peak deviation analysis divides the
obtained IRT distribution into separate burst (IRTs <6 s) and pause

(IRTs �6 5) components.

The basis for peak deviation analysis is the comparison of each rat’s
obtained IRT distribution with a theoretical distribution that predicts

the appearance of the obtained IRT distribution had the rat emitted
responses at the same overall rate, but randomly in time with respect
to the preceding response. This expected curve is called the correspond-
ing negative exponential. The corresponding negative exponential was
computed based on the mean of the obtained pause IRT durations with
bursts (IRTs <6 s) excluded. [For computational details see Richards
et at., 1993, and Richards and Seiden (1991)]. Because the correspond-
ing negative exponential is determined by the mean IRT duration of
the obtained distribution the random prediction of the corresponding
negative exponential adjusts as the mean of the obtained IRT distri-
bution changes. Adjustment of the corresponding negative exponential
insures that deviations from the corresponding negative exponential
are equivalent for obtained distributions with different mean IRT

w.I;;:� - -

IRT Duration (6-s bins)

Fig. 1. Relative frequency histogram of the lRTs of rats trained on a DRL
72-s schedule of reinforcement illustrating the PkA, PkL and BR metrics.
The single shaded histogram bar on the left Indicates the burst compo-
nent of the IRT distribution (lRTs <6 s). The bars to the right of the burst
component indicate the pause component of the IRT distribution (IRTs
�6 s). The connected dots indicate the expected appearance of the
pause component of the IRT distribution if the rats emitted the same
number of responses, but randomly in time with respect to the preceding
response. This expected curve is called the corresponding negative
exponential. The PkA is indicated by the shaded region of the obtained
IRT histogram above the corresponding negative exponential. The PkL
Is the median IRT duration which biseCtS the shaded region above the
corresponding negative exponential. The triangle in the burst category
indicates the relative frequency of burst responses predicted by extrap-
olatlon of the corresponding negative exponential into the burst compo-
nent. The ratio of the Obtained to the predicted burst responses is
designated the BR measure. The single dot at the far right indicates the
relative frequency of IRT >144 s predicted to occur in the tail of the
corresponding negative exponential. Similarly, the single histogram bar
at the far right Indicates the relative frequency of IRTs >144 s in the tail
of the Obtained IRT distribution. The dashed vertical line indicates the
72-s IRT duration requirement for reinforcement.

Vol. 267

durations. For example, drugs which change the obtained response rate
(and its reciprocal, mean IRT duration) also change the corresponding
negative exponential prediction.

In figure 1 the single shaded histogram bar on the left indicates the

burst component of the obtained IRT distribution (IRTs <6 s). The
histogram bars to the right of the burst component indicate the pause
component of the obtained IRT distribution. The single histogram bar
at the far right of figure 1 indicates the relative frequency of IRTs
>144 s in the tail of the obtained IRT distribution. Connected dots

show the shape of the pause distribution (IRTs �6 s) if the rats had
responded randomly (i.e., the prediction made by the corresponding
negative exponential curve). The triangle in the burst category indicates
the relative frequency ofburst responses predicted by the corresponding
negative exponential. The single dot at the far right of figure 1 indicates

the relative frequency of IRTs >144 s predicted to occur in the tail of
the corresponding negative exponential.

The PkA and PkL metrics characterize the pause component (IRTs
>6 s) of the IRT distribution. The PkA measure is the area of the
obtained IRT distribution above the corresponding negative exponen-
tial (sum of the relative frequencies in the shaded area of the pause

component of the distribution in fig. 1). The areas under the obtained
pause distribution and corresponding negative exponential pause IRT
distribution are equal. The largest possible PkA value (1.0) would occur

only if all of the obtained IRT durations have exactly the same value.
The smallest possible PkA value (0.0) would indicate that the obtained
and corresponding negative exponential distributions are identical.
Thus, decreases in PkA indicate that the rat’s IRT distribution has
become more similar to random performance. The PkL measure is the
central IRT duration (median) of the shaded area in of the pause

component in figure 1. The PkL does not always correspond to the
modal value of the obtained IRT distribution because its computation

does not include the area below the corresponding negative exponential.
The corresponding negative exponential shown in figure 1 is extrap-

olated into the burst category to provide a prediction for the number

of IRT durations expected to occur in the burst category if the rat
emitted responses randomly at a constant overall rate with no differ-
ence between burst and pause responding. This prediction (indicated
by the triangle in the shaded burst category of the histogram in fig. 1)
is used to calculate the BR metric. The BR is the number of obtained

IRT durations in the burst category divided by the number of IRT
durations predicted to occur in the burst category by the corresponding
negative exponential. Measuring only the absolute or relative frequency
of IRTs in the burst category ignores the fact that as the mean of the
pause IRT distribution becomes smaller the chance probability of an
IRT occurring in the burst category increases.

A computer-based method for computation of the PkA, PkL and BR
metrics is fully described in Richards et at., 1993. Disruption of the
pause component ofthe IRT distribution by drug treatments frequently
causes multiple peaks to occur. The above method uses a peak search

algorithm which locates the largest deviation (peak) above the corre-
sponding negative exponential and calculates its area and location. The
algorithm computes PkA and PkL without sorting the IRTs into class
intervals. A PASCAL routine which implements this algorithm is
available from the authors.

Data Analysis. Response and reinforcement rate measures are valid
even if the subjects make zero responses. However, in the case of IRT
analysis, a minimum number of IRTs are required in order for there to
be a distribution to measure. Reliable estimates of the peak deviation
analysis metrics require at least 25 responses in the pause component
(IRTs �6 s) of the IRT distribution. Under base-line conditions the
rats trained on the DRL 72-s schedule in this study always made more
than 25 pause responses. However, when given drugs, some rats failed
to make 25 or more responses, particularly at higher doses. The PkA,
PkL and BR metrics of individual rats were not included in the data
analysis at doses where they failed to make at least 25 pause responses.
To ensure that the IRT analysis corresponded to the response and
reinforcement rate analysis, response and reinforcement rate measures
were not included in the data analysis for individual rats which made
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Fig. 2. Effects of fenfiuramine and fluox-
etine on response rate, reinforcement
rate, PkA, PkL and BR measures of DRL
72-s schedule performance. The PkA,
PkL and BR metrics quantitatively char-
actenze the shape of the IRT distribution
which resulted from training on the DRL
72-s schedule (see text and fig. 1 for
explanation). The plots in the left panel
show the effects of fenfluramine and
fluoxetine when given alone. The doses
of fenfluramine are shown on the top
abscissa and the doses of fluoxetine are
shown on the bottom abscissa. The plots
in the right panel show the effects of 4.0
mg/kg offenfiuramine when administered
after VarIOUS doses of fluoxetine, includ-
ing V. The data points indicate means,
and the error bars indicate S.E.M. The
�c” on the x axis indicates nondrug con-
trol days and the V indicates vehicle
injection. Rats which made fewer than 25
responses were not included in the analy-
sis. Numbers next to data points on re-
sponse rate graphs indicate sample size.
a p .< .05 compared to nondrug control.
t P < .05 compared to 4.0 mg/kg of fen-
fluramine + V.

2.5 5.0 10.0 20.0

Fluoxetine (mg/kg)

1993

fewer than 25 pause responses at a given dose. Occasions when rats
failed to make at least 25 pause responses are clearly indicated in the
results and figures.

Response rate, reinforcement rate, PkA, PkL and BR measures were
taken for each rat at each dose of the drug (except as noted above).
Control values for each measure were compared to each drug dose
(including vehicle) using t tests. A Bonferroni correction (Neter and
Wasserman, 1974) was used to guard against a type 1 error due to

multiple comparisons. The overall level of significance was set at P <

.05, two-tailed.

Results

Fenfluramine. Response and reinforcement rates were not

significantly affected by fenfluramine during the initial dose
response determination (fig. 2, left panel). Two rats failed to
make at least 25 responses at the 4.0-mg/kg dose of fenflura-
mine.

In contrast to the absence of a systematic effect on overall
response and reinforcement rate fenfluramine dose-depend-
ently decreased PkA (fig. 2, left panel). This decrease in PkA
indicates that fenfluramine disrupted the distribution of IRTs.

FENFLURAMINE (mg/kg)

Fenfluramlne and Fluoxetlne 1259

At the highest dose of fenfluramine the PkL was significantly
shifted toward shorter IRT durations. The BR was not signif-
icantly affected at any dose of fenfluramine.

The disruptive effects of fenfluramine on the IRT distribu-
tion profile are shown graphically in figure 3 (left panel). As
the dose of fenfluramine increased, the obtained IRT distribu-
tion became increasingly similar to the corresponding negative
exponential distribution. The disruption of the IRT distribu-
tion is reflected in the significant decrease in PkA and indicates
a decrease in temporal stimulus control.

Fluoxetine. Reinforcement rate was increased and response
rate was decreased in a dose-dependent fashion by fluoxetine
(fig. 2, left panel). Five rats failed to make 25 or more pause
responses at the 20-mg/kg dose.

Fluoxetine had very different effects on the profile of the
IRT distribution than fenfluramine (fig. 2, left panel). In strong
contrast to the effects of fenfluramine, the PkA of the IRT
distribution was not affected by any dose of fluoxetine. Also in
contrast to fenfluramine the PkL of the IRT distribution was
significantly shifted toward longer IRT durations. The BR was
significantly decreased at the 20.0-mg/kg dose.
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�1�� Fig. 3. Effects of fenfluramine and fluox-
etine on DRL 72-s IRT distributions. The
four histograms in the left panel show the
effects of fenfluramine alone, the histo-
grams in the center panel show the ef-
fects of fluoxetine alone and the histo-
grams In the right panel show the effects
of 4.0 mg/kg of fenfluramine when admin-
istared after various doses of fluoxetine,
including V. Each histogram represents
averaged relative frequencies. The aver-
age PkA, PkL and BR measures are
shown for each dose of the drug. Rats
which made fewer than 25 pause re-
sponses were not used in the analysis.
The value of n indicates the number of
rats that were used to determine the rel-
ative frequency plots. See text and figure
1 for a more detailed description.

Visual inspection of the IRT plots (fig. 3, middle panel)
confirms the quantitative analysis provided by the PkA, PkL
and BR measures. Fluoxetine did not cause the IRT distribu-
tion to become more similar to the corresponding negative
exponential as did fenfluramine. This indicates that temporal
stimulus control was not disrupted by fluoxetine, even at the
highest dose at which five rats failed to make at least 25
responses.

Fluoxetine + 4.0 mg/kg of fenfluramine. Fluoxetine
given in conjunction with fenfluramine, decreased response rate
and increased reinforcement rate (fig. 2, right panel). When 4.0
mg/kg of fenfluramine was given after the fluoxetine V (water)
an increase in response rate above nondrug control levels was
observed. Two rats failed to emit at least 25 pause responses,
and were not included in the analysis. The increase in response
rate was not observed when 4.0 mg/kg of fenfluramine was
given alone in the first dose-response determination (see
above). Response rate was decreased below levels recorded for
vehicle + 4.0 mg/kg of fenfluramine at the 2.5-, 5.0- and 10.0-
mg/kg doses of fluoxetine plus 4.0 mg/kg of fenfluramine.
Response rate was decreased below nondrug control perform-
ance only at the 10.0 mg/kg dose of fluoxetine plus 4.0 mg/kg
of fenfluramine. One rat emitted less than 25 responses at the
2.5 and 5.0 mg/kg doses of fluoxetine + 4.0 mg/kg dose of

fenfluramine. Five rats emitted less than 25 responses at the
10.0 mg/kg dose of fluoxetine + 4.0 mg/kg dose of fenfluramine.

A decrease in reinforcement rate below nondrug control levels
was observed for V + 4.0 mg/kg of fenfluramine (fig. 2, right
panel). Increasing doses of fluoxetine increased reinforcement
rate above both the V + 4.0 mg/kg dose of fenfluramine and
the nondrug control performance levels at the 10.0 mg/kg dose

of fluoxetine + 4.0 mg/kg of fenfluramine.
The disruptive effects of 4.0 mg/kg of fenfluramine on the

proffle of the IRT distribution were reversed by fluoxetine. The
PkA of the IRT distribution was decreased by V + 4.0 fenflur-

amine (fig. 2, right panel). This decrease was similar to the
decrease in PkA observed in the first administration of 4.0 mgI
kg of fenfluramine. This decrease was dose-dependently re-
versed by increasing doses of fluoxetine. The PkL of the IRT
distribution was shifted to the left, toward shorter IRT dura-
tions by vehicle + 4.0 mg/kg of fenfluramine. Increasing doses
of fluoxetine + 4.0 mg/kg of fenfluramine dose-dependently
shifted the IRT distribution back to the right, toward longer
IRT durations. The BR was not significantly affected.

Fluoxetine reversed the effects of fenfluramine on the IRT
distribution profile (fig. 3). Vehicle + 4.0 mg/kg of fenfluramine
disrupted the IRT distribution profile, indicating a decrease in
temporal stimulus control. Increasing doses of fluoxetine in
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combination with 4.0 mg/kg of fenfluramine reversed the dis-
ruption of the IRT distribution profile by fenfluramine and
restored temporal stimulus control.

Discussion

The results demonstrate that fluoxetine and fenfluramine
have very different effects on DRL 72-s schedule performance.
Fluoxetine showed an increase in reinforcement rate, a decrease
in response rate, a shift in the peak of the IRT distribution
toward longer IRT durations, no change in PkA and a decrease
in BR at the highest dose. The increase in reinforcement rate,
without a disruption of the IRT distribution (as indicated by
no decrease in PkA), shows that fluoxetine has an antidepres-
sant-like effect on the DRL 72-s schedule. Despite fluoxetine’s
effects on response and reinforcement rate, it did not disrupt
the profile of the IRT distribution. This is demonstrated by the
fact that the PkA of the IRT distribution was not significantly
affected at any dose of fluoxetine, including the high dose (20
mg/kg) at which five rats failed to make at least 25 responses.

Fenfluramine did not have consistent effects on response
and reinforcement rate. In the initial dose-response determi-
nation for fenfluramine, there were no changes in response or
reinforcement rate; with the second administration of 4.0 mgI
kg of fenfluramine (given with the fluoxetine V) there was a
small but significant increase in response rate, and a decrease
in reinforcement rate. Fenfluramine’s effect on PkA were,
however, consistent. There was a dose-dependent decrease in
PkA; the effects of 4.0 mg/kg of fenfluramine on PkA were
replicated with the second administration of that dose. This
result indicates that fenfluramine caused a profound disruption
of the IRT distribution, an effect not observed with fluoxetine.
The fenfluramine-induced decrease in PkA indicates that the
IRT distribution became similar to the “random” prediction of
the corresponding negative exponential indicating a loss of
control by the DRL schedule.

The difference between fenfluramine alone and fenfluramine
with water pretreatment is difficult to interpret. One explana-
tion is that the rats changed their response to fenfluramine
with repeated administration. (The V + 4.0 mg/kg dose of
fenfluramine was the last treatment given in this experiment.)
Because the effects of fenfluramine on response and reinforce-
ment rate were not considered between the first and second
administration of the 4.0-mg/kg dose, it could be argued that
4.0 mg/kg of fenfluramine was not a sufficiently high dose.
However, at this dose, two rats stopped responding (for both
administrations).

The differential effects of fenfluramine and fluoxetine on
DRL 72-s schedule performance reported here are consistent
with results reported by Willner et at. (1990). These authors

found that fenfluramine disrupted a postprandial behavioral
sequence of grooming and resting, whereas fluoxetine did not.
Similarly, McElroy and Feldman (1984) found that whereas
other 5-HT-releasing agents (such as para-chloroampheta-
mine) substituted for fenfluramine in a drug discrimination
paradigm, fluoxetine did not.

Fluoxetine, given in combination with fenfluramine, caused
a dose-dependent reversal of the effects of fenfluramine on
PkA. That is, fluoxetine in combination with fenfluramine
dose-dependently increased the PkA of the IRT distribution.
At the 10.0 mg/kg dose of fluoxetine plus 4.0 mg/kg of fenflur-
amine, the PkA was not different from control. The IRT

distributions of figure 3 graphically demonstrate this result. In
terms of response and reinforcement rate, the combination of
fenfluramine and fluoxetine had effects similar to fluoxetine
alone. Fluoxetine plus fenfluramine increased reinforcement
rate and decreased response rate.

The prevention of fenfluramine’s disruptive effects on DRL
72-s performance by fluoxetine is consistent with previous work
indicating that 5-HT uptake blockers inhibit fenfluramine’s
effects on 5-HT release (Hekmatpanah and Peroutka, 1990;
Sabolet at., 1992), 5-HT depletions (Fuller et at., 1978; Steranka
and Sanders-Bush, 1979), hyperthermia (Sugrue, 1984), hor-
mone secretion (McElroy et at., 1984; Van de Kar et at., 1985)
and drug discrimination (McElroy and Feldman, 1984). These
results support the interpretation that fenfluramine’s effects
on DRL 72-s schedule performance are due to transporter-
mediated 5-HT release.

Antidepressant-like effects on the DRL 72-s screen.
The antidepressant fluoxetine caused a shift of the IRT distri-
bution toward longer intervals without changing PkA, and
without causing disruption. Similar observations have been
made for the antidepressants desipramine, and 5-HTP using
the same quantitative IRT analysis (Richards et at., in press;
Richards et al., 1993; Richards and Seiden, 1991). These quan-
titative observations for fluoxetine, desipramine and 5-HTP
are consistent with previous qualitative reports indicating that
antidepressants cause a coherent shift of the DRL 72-s IRT
distribution toward longer intervals (O’Donnell and Seiden,
1982; O’Donnell and Seiden, 1983).

As described above, fenfluramine had very different effects
from fluoxetine on DRL schedule performance. The large effect
of fenfluramine on the PkA in the absence of a systematic
effect on response and reinforcement rates shows that IRT
analysis adds important information to the assessment of drugs
on DRL performance. By using the PkA measure, in addition
to response and reinforcement rate, we were able to detect
changes caused by fenfluramine that would not have been
detected by response and reinforcement rate alone. This result
indicates that peak deviation analysis, by providing three new
measures, allows for a more complete description of the effects
of drugs on DRL schedule performance.

Chemical-induced release ye. impulse-dependent re-
lease. Because both fenfluramine and fluoxetine cause in-
creases in extracellular 5-HT in vivo (Sabol et at., 1992), it is

not clear why they should have different effects on DRL sched-
ule performance. One explanation for the differences observed
between fenfluramine and fluoxetine on DRL 72-s schedule
performance is that they induced unequal increases in extra-
cellular 5-HT. However, the dose response determinations for
fenfluramine and fluoxetine make this seem unlikely. At no
dose was the effect of fenfluramine similar to the effect of
fluoxetine on DRL 72-s schedule performance.

A second explanation for the differences between fenflura-
mine and fluoxetine on the DRL 72-s schedule is that fenflur-
amine may not be as selective a 5-HT agent as is fluoxetine. It
has been reported that L-fenfluramine (but not D-fenfluramine)
has effects on in vivo dopamine release (Bettini et al., 1987),
and amphetamine-induced stereotypies [see Invernizzi et at.,

1989)1 similar to neuroleptic agents. If one were to take into
account L-fenfluramine in DL-fenfluramine’s effects on the
DRL 72-s schedule, neuroleptic-like effects would be predicted.
This is not the case however. DL-Fenfluramine did not decrease
response rate, whereas the neuroleptics haloperidol and chlo-
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ropromazine both decreased response rate on the DRL 72-s
schedule (Britton and Koob, 1989; O’Donnell and Seiden, 1983;
Pollard and Howard, 1986; Seiden et at., 1985).

A third explanation ofthe differential effects of fenfluramine
and fluoxetine on DRL 72-s schedule performance may be the
different mechanisms through which fluoxetine and fenflura-
mine cause increases in extracellular 5-HT. The increases in
5-HT caused by fenfluramine are due to the transporter-me-
diated release and uptake inhibition of 5-HT (Fuxe et al., 1975;
Garattini et al., 1975). The fenfluramine-induced release of 5-
HT in vivo does not rely upon normal cell firing (Carboni and
Di Chiara, 1989). Fluoxetine, on the other hand, increases
extracellular 5-HT by blocking the uptake of 5-HT that is
released into the synapse by nerve impulses (Perry and Fuller,
1992; Wong et at., 1975). The distinction between impulse-
dependent release and chemically-induced release may be im-
portant for determining the behavioral consequences of in-
creases in extracellular 5-HT. The disruption of the IRT dis-
tribution after fenfluramine may reflect the fact that the chem-
ically induced release caused by fenfluramine occurs independ-
ently of inputs to 5-HT neurons which mediate impulse-
dependent 5-HT release. These mediating inputs could deter-
mine not only the amount but also the sequence and anatomical
locus of impulse-dependent 5-HT release. Fenfluramine may
cause an inappropriate global release of 5-HT which in effect
“short circuits” the effects of normal cell firing. In this manner
fenfluramine may disrupt behavioral output which requires
selective release of 5-HT rather than an enhancement of re-
lease. In contrast, fluoxetine, by blocking uptake and not in-
ducing 5-HT release, may serve to increase the effects of
impulse-dependent release. Consistent with these results, the
5-HT precursor, 5-HTP, has effects on the DRL schedule
similar to fluoxetine (Richards et at., in press). 5-HTP-induced
5-HT release has been suggested to be exocytotic; it is blocked

by 8-OH-DPAT (Gartside et at., 1992).
The effects of fenfluramine on DRL 72-s performance were

similar to the effects of 5-HT depletions induced by intracere-
bral injections of 5,7-DHT (Jolly et at., 1991). Although an

apparent contradiction, both chemically induced 5-HT release
and the 5-HT depletions may act to interfere with normal
serotonergic neuronal functioning, and result in disruption of

DRL performance.

Behavioral mechanisms underlying the effects of the
antidepressant fluoxetine on DRL 72-s schedule per-
formance. Rats responding on DRL schedules of reinforce-
ment have peaks in their IRT distributions near the temporal
requirement ofthe particular DRL schedule in use [for example

see (Malott and Cumming, 1964)]. Because of the functional
relationship between the peak of the IRT distribution and the
IRT requirement, DRL performance has often been character-
ized as reflecting the animal’s ability to make a temporal
discrimination (Kramer and Rilling, 1970; Malott and Cum-
using, 1964; Platt, 1979; Zeiler, 1986). Because of the timing
requirement, it is tempting to link changes in DRL performance
induced by drugs, to changes in the discrimination of time
intervals. However, the observed changes in performance on
the DRL schedule may be only indirectly related to the tem-
poral requirement of the DRL schedule.

Performance of the DRL task potentially involves many
behavioral processes other than time perception. Recently, it
has been suggested that the coherent shift to the right of the
IRT distribution induced by antidepressants such as fluoxetine,
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on the DRL 72-s schedule, may be due to an enhanced capacity
to wait (Soubrie and Bizot, 1990; Thiebot et at., 1991). These
authors have presented data which indicates that a variety of
antidepressant compounds increase waiting capacity (Bizot et

at., 1988). In these studies rats are given a choice between an
immediate small magnitude reinforcer and a delayed large

magnitude reinforcer in a T maze (i.e., two food pellets given
immediately vs. 10 food pellets given after a delay of 25 s).
Antidepressant compounds increased the frequency with which
the rats chose the delayed large magnitude reinforcer. This
increase in the choice of the delayed large magnitude reinforcer -

was interpreted as indicating an increase in waiting capacity.
These authors have also reported that compounds that decrease

5-HT transmission, such as benzodiazepine anxiolytics, de-
creased the frequency with which the rats chose the delayed
large magnitude reinforcer (Thiebot et al., 1985; Thiebot, 1986).
Conversely, the increase in waiting capacity induced by anti-
depressant compounds was hypothesized to be associated with
increased serotonergic transmission (Soubrie and Bizot, 1990;
Thiebot et at., 1991).

As was pointed out in the introduction, rats performing on
the DRL 72-s schedule have peaks in their IRT distributions
which occur before the criterion IRT duration for reinforce-
ment. The observation that rats have peaks at all indicates that
the rats are systematically waiting, however, the observation
that the peaks occur before 72 s indicates that they do not wait
long enough. Increases in the ability to wait or inhibit respond-
ing induced by the antidepressants on the DRL 72-s schedule

could cause a peak shift toward longer IRT durations resulting
in an increase in reinforcement rate and a decrease in response

rate. A reasonable alternative to inaccurate timing for the early
peaks in DRL 72-s IRT distributions, is an inability to wait
long enough between responses.

However, both the temporal discrimination and capacity to
wait explanations make similar predictions in both the DRL
72-s schedule and T maze tasks described above. If antidepres-
sants such as fluoxetine altered the perception of time so that

the delay before the larger reward was perceived as shorter, the
rats may choose the delayed large reward more frequently. This
same alteration in time perception could also cause rats to wait
longer between presses on the DRL 72-s schedule. Therefore,
the effects of fluoxetine on DRL 72-s performance can be
attributed to either changes in temporal discrimination or the
capacity to wait.
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