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LU, C. C., C. 1. TSENG, F. J. WAN, T. H. YIN AND C. S. TUNG. Role of locus coeruleus and serotonergic drug
actions on schedule-induced polydipsia. PHARMACOL BIOCHEM BEHAV 43(1) 255-261, 1992.—Schedule-induced
polydipsia (SIP) poses a general buffering property to reduce the heightened arousal produced by a schedule of intermittent
feeding. It thus provides a unique opportunity to study CNS integration in stress-coping reactions. In the present study, we
examined the role of the locus coeruleus (LC) and the pharmacological actions of serotonergic (5-HT,) analogs on SIP.
Water intake, licking, and bar presses per minute in rats were recorded as indices of SIP activity after they had been subjected
to 1-h performance of a fixed-interval 1-min operant pellet conditioning. Our results showed that SIP was progressively
decreased after lesions were placed bilaterally in the LC areas and then followed by further lesioning in the bilateral ventral
tegmental area. Neurotoxin DSP-4 also had an inhibitory action on the SIP potency. In addition, SIP was attenuated by
2,5-dimethoxy-4-iodoamphetamine (0.1, 0.5, or 1.0 mg/kg, IP), a 5-HT, agonist, and activated by ritanserin (2.5 mg/kg,
IP), a 5-HT, antagonist. After bilateral LC lesions, SIP was attenuated and the activating effect of RIT was abolished. Our
data suggest that the LC is involved in the central integration of SIP and that the modulating effects of 5-HT, receptors on

SIP depend upon the integrity of LC function.
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PERIODIC schedules of pellet presentation elicit schedule-
induced polydipsia (SIP), which shows a burst of vigorous
drinking following almost every pellet delivery. This behavior
is one kind of adjunctive behavior (8). Although a number
of hypotheses have been advanced, our understanding of the
nature of the SIP phenomenon remains inadequate in terms of
both motivated learning and homeostatic drinking (7,14,19).

To elucidate the mechanisms of SIP, a number of studies
have been directed toward finding anatomic and biochemical
substrates that might be involved in development of this be-
havior. Emphasis has been focused on the central catechol-
aminergic systems. Robbins and Koob (22) reported a decade
ago that initiation of SIP is dependent upon the mesolimbic
dopaminergic system, specifically the ascending projections
arising from the ventral tegmental area (VTA). Others also
have reported that d-amphetamine administration facilitated
the development of SIP (15). Selective lesions of the nucleus
accumbens blocked the development of SIP, but selective le-
sions of the lateral septum had the opposite effect (26). Selec-
tive lesions of the medial prefrontal cortex, however, have
failed to affect SIP (4). It is also known that VTA descending

pathways innervate several brainstem regions, notably the lo-
cus coeruleus (LC) (13). The relationship of VTA-LC interac-
tions to behavior regulation (1), such as in the control of SIP
(10), is still an unsolved problem.

The LC is a bilateral pontine structure with a widespread
terminal network throughout the neuraxis, which in primates
accounts for about 70% of brain norepinephrine (NE). The
activation of LC neurons in animals is known to be correlated
with vigilance or arousal, particularly responses associated
with noxious stimuli (25,27). A substantial binding and high
levels of serotonin [5-hydroxytryptamine (5-HT)] have been
found around LC regions (12). This indicates that LC receives
5-HT innervations, where an essential interaction between
these two systems might be also required for animals in behav-
ior regulation.

Electrophysiological evidence indicates that 5-HT might
have an inhibitory influence on the discharge of LC neurons
(23), and this regulation appears to be mediated at an extra-
coerulear 5-HT, receptor (20). Although recent findings have
criticized that 5-HT has a pronounced and consistent effect
on basal LC discharge, this agent still potently and selectively
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attenuates responses of LC neurons to some excitatory stimuli
in anesthetized rats (2). For many years, serotonergic systems
have been implicated in the processes of underlying anxiety
(9) and depression, and a great deal of research has been
devoted to these topics. It has been found that 5-HT, antago-
nists have effects on reinforcement rate at schedules of regu-
larly spaced intervals (17). Several NE reuptake blockers such
as desipramine have effects similar to those of 5-HT, antago-
nists (11).

Based upon the above evidence, we were intrigued to ex-
plore the role of LC in SIP control. Actions of the 5-HT,
receptor in modulating LC activity in arousal, which might be
expressed by changes in SIP, is another interesting question
we wished to address. Our purpose in the present study was to
determine the influence of LC destruction on SIP mainte-
nance. In addition, an ancillary topic was undertaken to deter-
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mine the pharmacological effect of selective 5S-HT, stimulation
and antagonism on SIP activities.

METHOD

Animals

Male Sprague-Dawley rats weighing 300 + 50 g were used.
Rats were maintained on a 12 L: 12 D cycle (light at 7:00
a.m., off at 7:00 p.m.) at room temperature (25°C) and al-
lowed access to food and water ad lib except during periods
of controlled deprivation and experimentation. Rats were al-
lowed to adjust to their home cages for at least 1 week before
studies.

Behavioral Procedure

Apparatus. Four rodent operant chambers (Coulbourn In-
struments, Lehigh Valley, PA) with matching sound attenua-
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FIG. 1. Representation of size and location of bilateral symmetrical lesions (shaded
areas) in the VTA (top) or LC (bottom). Numbers to the left of each section refer to
AP coordinates according to Paxinos and Watson (18).
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tion cubicles and 45-mg food pellet dispensers were used for
SIP training. A 100-ml glass graduated cylinder was fixed on
the back wall outside the chamber with its stainless steel spout
protruding 2 cm into the chamber and 4 cm above the grid
floor. The lever for pellet release was positioned on the wall 3
cm above the floor adjacent to a food chute and to the right
of the water spout.

SIP training procedure. Rats were gradually reduced to
80% of their ad lib feeding weights by restricting their daily
food rations for 1 week. The next 4 days, rats were trained in
the operant chamber to press a lever for food pellets on a
continuous food-reinforced schedule 1 h per day. On the fifth
day, the schedule was changed to a session of 1 h perdayona
fixed interval of 1-min food-reinforced schedule until SIP was
fully developed. When SIP was developed and stabilized
about 10 days later, we started the behavioral test. Number of
licks and presses were recorded by individual counters, and
water consumption was acquired by weighing the water bottle
before and after the test.

Water deprivation procedure. Rats (n = 15) were deprived
of water for 72 h before performing the drinking test. Thirst-
induced drinking was evaluated by the total water intake im-
mediately after water bottles were offered. Amount of water
consumption was determined at 0.5, 1.0, and 2.0 h after drink-
ing. These data were then utilized to compare between “ad-
junctive” and “deficit” drinking.

Stereotaxic surgery. After anesthesia with IP pentobarbital
(40 mg/kg), rats were placed in a David Kopf (Tujunga, CA)
stereotaxic apparatus and the incisor bar was adjusted until
the heights of lambda and bregma skull points were equal. To
destroy the targeted nucleus, bilateral lesions were made by
radiofrequency-thermal electrode of 250 um o.d. insulated ex-
cept at the tip. This electrode was activated by passing a 20-V,
15-mA current for 60 s with a lesion temperature of 55°C at
the tip (RFG-4A, Radionics, Randolph, MA). Sham lesions
were made by placing the electrode in the brain 1 mm above
the lesion loci but without passing current. The coordinates
for lesions were (in mm): LC lesion, lambda —1.1, lateral
+ 1.0, ventral 6.0 from dura; VTA lesion, lambda + 3.3, lat-
eral +0.65, ventral 7.5 from dura.

Initially, rats were received either LC or sham lesions; sub-
sequently, 20 days later, they received VTA lesions. After
surgery, rats were allowed 3 days to recover from surgery
before the test. At the end of each experiment, rats were
deeply anesthetized and perfused transcardially with 4% for-
malin. Whole brain was removed, cut in 40-um frozen sec-
tions, and stained with cresyl violet for histological examina-
tion. The identification of lesion loci was based upon the
coronal sections from Paxinos and Watson (18) as templates.

DSP-4 treatment and drug studies. Two divisions of SIP
rats were tested by DSP-4 administration. In the first division,
SIP rats were subdivided into three groups and tested by pe-
ripheral (IP) administration of DSP-4. Group 1 (n = 7) re-
ceived 0.9% NaCl as control; the other two groups (n = 5
each) were administered a dose of DSP-4 (50 mg/kg) in equal
volume as saline (0.1 ml). In the second division, again three
groups of SIP rats were tested by central (ICV) administration
of DSP-4 plus zimelidine. Group 1 (n = 5) received Ringer’s
solution as control; the other two groups (Group 2, n = §;
Group 3, n = 4) were administered a dose of zimelidine (2
mg/kg) 10 min before administration of DSP-4 (3 mg/kg) in
equal volume as Ringer’s solution (10 ul). Behavioral tests
were always conducted 3 days after drug treatment. At the
completion of the test on the 8th (Group 2) or 15th day (Group
3), animals in each group were killed by decapitation. The
brain and heart were rapidly removed and chilled on an ice-
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FIG. 2. Relative levels (%) of water intake, licks, and bar presses
as compared to basal values before and after LC lesions and later
superimposed by VTA lesions in SIP rats. Top: LC sham control
(n = 11) followed by VTA lesions (n = 8). Bottom: LC lesions
(n = 11) followed by VTA lesions (n = 7). Data indicated levels of
SIP activity after 2 weeks of surgery. Values are mean + SEM.
*» < 0.05; **p < 0.01.

cold plate. Several brain regions and the left ventricular mus-
cle were dissected for NE and S-HT assaying by the high-
performance liquid chromatography with electrochemical
detection (HPLC-ED) technique (6).

For drugs studies, SIP rats (n = 27) were injected IP 5
min before the test with either one dose of 5-HT, analog or
vehicle (0.9% NaCl) in a total volume of 0.1 ml. These analogs
were ritanserin (RIT), a 5-HT, antagonist, in a dosage of 2.5
mg/kg and 2,5-dimethoxy-4-iodoamphetamine (DOI), a 5-
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FIG. 3. Differences in water intake betwen sham control (n = 7)
and LC lesion (n = 8) in water-deprived rats after 0.5, 1, and 2 h.
Basal: normal rats’ water intake in home cages. Values are mean +
SEM; N.S., nonsignificant.
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TABLE 1

EFFECTS OF DSP-4 (50 mg/kg) OR CONTROL SALINE
(100 pl) IP ADMINISTRATION ON ENDOGENOUS NE

Treatment

Tissue (ng/mg) Control 1 Week 2 Week

Pfc 0.34 + 0.07 (6) 0.18*% + 0.04 (5) 0.11* + 0.03 (5)
Cx 0.18 +£ 0.03 (D) 0.00* £+ 0.00 (5) 0.01* £ 0.00 (5)
Hi 0.36 + 0.06 (7) 0.00* + 0.00 (4) 0.00* + 0.00 (5)
Lm 0.45 + 0.13 (6) 0.25 + 0.01 (4 0.131 + 0.02 4)
Hp 1.51 £ 0.38 (7) 1.04 + 0.29 (5) 1.28 + 0.47 (5)
P 1.14 + 0.19 (7) 0.52* + 0.09 (5) 0.25* + 0.06 (5)
Lv 0.71 + 0.14 (6) 0.60 =+ 0.28 (5) 0.54 <+ 0.07 (5)

Pfc, prefrontal cortex; Cx, cortex; Hi, hippocampus; Lm, limbic areas; Hp, hypo-
thalamus; P, pons; Lv, left ventricle. Values are mean + SEM (n = number of

samples).
*p < 0.01.
tp < 0.05.

HT, agonist, in a dosage of 0.1, 0.5, or 1.0 mg/kg (Research
Biochemical Inc., Wayland, MA).

Statistics

Changes of levels of water intake, licks, and bar presses
were presented. Because of the differences between groups
and individual animals during SIP analysis, basal values aver-
aged from the last three sessions (— 3 to 0 day) in each animal
before surgical lesions were compared with the respective aver-
age value of sessions 13, 14, and 15 (2 weeks) after surgical
lesions. Basal values averaged from the last three sessions (-3
to 0) in each animal before DSP-4 treatment were compared
with the average value of 6, 7, and 8 sessions (Group 2) or 13,
14, and 15 sessions (Group 3). These changes were then shown
by percentage (%) changes. In addition, basal values averaged
from the last three sessions in each animal before 5-HT, ana-
log treatment were compared with the individual values of the
drug test. These changes were then shown by a mean value
per minute of session records. Data were reported as mean
+ SEM and were analyzed by Student’s paired #-test. A two-
tailed p-value less than 0.05 was selected as the lower limit for
statistical significance.

RESULTS

Effects of Focal Brain Lesions on SIP

A total of 22 rats were used to test for the role of LC in
SIP control. Rats were assigned to two groups according to
the experimental protocol based upon lesion loci and the ex-
tent of tissue damage. In the first group, 11 rats received
bilateral symmetrical lesions in both LC and VTA. In this
group, we lost three rats due to failure to have subsequent
lesions in VTA; therefore, only eight rats received a complete
experimental protocol for both LC and VTA lesions. In the
second group, another 11 rats received sham LC lesions and
subsequent bilateral symmetrical VTA lesions. Again in this
group, we lost four rats due to failure in the surgery of VTA
lesions; therefore, only seven rats received a complete experi-
mental protocol for both sham L.C and VTA lesions. Histolog-
ical examination revealed that all these lesions were located
either at the LC or VTA area (Fig. 1).

Normal SIP rats under the 1-min FI food-reinforced sched-
ule showed a steady high drinking action during the 1-h daily
operant session (water intake: 25.8 + 3.0 ml; licking: 6,050
+ 659 licks, n = 22), while with the sham-operated controls
SIP rats decreased their activities in a persistent way after
lesioning of the LC (water intake, p < 0.01; licks, p < 0.01)
and VTA (water intake, p < 0.01; licks, p < 0.05) (Fig.
2).Sham LC lesions did not alter SIP activity but a significant
fall occurred after bilateral VT A lesions (water intake, p <
0.01; licks, p < 0.01) (upper panel). No difference of bar
presses between the trials before and after lesions was ob-
served. The salient feature was that SIP activity after VTA
lesions dropped to almost the same level as it had after LC
lesions (lower panel).

Effects of LC Lesions on Thirsty Drinking

Normal rats (# = 8) in their home cages drank 28.8 + 2.9
ml per day, and after bilateral LC lesions they still drank 26.4
+ 3.0 ml per day. When these rats were deprived of water for
72 h, a strong thirst is elicited as reflected by an immediate
full-blown drinking when the water bottle is offered. Thirsty
rats drank 27.6 + 1.0 ml in 2 h, while after bilateral LC le-
sions they drank 27.0 + 4.8 ml. There was no difference be-
tween those rats with or without LC lesions in total water
consumption (Fig. 3).

Effects of DSP-4 on SIP

Two weeks after treatment, central as well as peripheral
administration of DSP-4 did not result in depietion of NE in
the left ventricular sympathetic fibers but did produce a severe
and long-lasting depletion of NE in the coeruleo-NE brain-
stem projections (Table 1). We noted that 5-HT content was
also slightly lowered by DSP-4 (50 mg/kg, IP) in some brain
regions including the cortex, limbic areas, and pons; however,
these were not statistically significant.

Figure 4 (upper panel) shows the action of DSP-4 (50 mg/
kg, IP) on SIP activity. One week after DSP-4 treatment, the
SIP activity, that is, licks and water intake, was significantly
reduced (Group 2, n = 5) (p < 0.01) but this reduction was
not seen 2 weeks later (Group 3, n = 5). On the other hand,
central administration of DSP-4 (3 mg/kg) plus zimelidine (2
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FIG. 4. Relative levels (%) of water intake, licks, and bar presses as
compared to basal values after DSP-4 treatment in SIP rats. Data
were averaged into plots for test days —3 to 0 (basal), 6-8 (1 week,
Group 2), and 13-15 (2 weeks, Group 3). Top: DSP-4 (50 mg/kg) IP
administration. Bottom: DSP-4 (3 mg/kg) plus zimelidine (2 mg/kg)
ICV administration. Values are mean + SEM. *p < 0.05; **p <
0.01.

mg/kg) still caused the similar reduction of SIP activity as the
above treatment, and reduction extended to 2 weeks (Fig. 4,
lower panel).

Effects of 5-HT Analogs on SIP

Figure 5 shows the vehicle or RIT effects on SIP activity.
Under vehicle treatments, SIP rats (n = 9) drank water 22.0
+ 0.9 ml and licked 4,913 + 463 during the 1-h session in
performance. After administration of RIT at a dose of 2.5
mg/kg, rats exhibited a significant increase of SIP activities
with changes in water intake (28 + 2.1 ml/h, p < 0.01) and
licks (7,284 + 466/h, p < 0.01) but no changes in food pellet
consumption or bar presses. After bilateral LC lesions, con-
trol SIP rats (n = 10) significantly (p < 0.01) decreased
drinking (water intake: 15.1 + 1.8 ml/h) and licking behav-
iors (3,719 + 539 licks/h). The activation of RIT on SIP ac-
tivity was entirely eliminated after bilateral LC lesions.

Finally, SIP activities were attenuated by DOI (0.1, 0.5,
and 1.0 mg/kg). This was shown by the changes in water
intake and licks in a dose-related manner (n = 10) (Fig. 6).
RIT (2.5 mg/kg) significantly blocked DOI inhibition on wa-
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FIG. 5. Effects of RIT (2.5 mg/kg, IP) or vehicle (0.9% NaCl) on
water intake, licks, and bar presses in SIP rats (n = 17). Values are
mean + SEM. **p < 0.01; ***p < 0.001.

ter intake and licking and reversed the inhibitory action of
DOI (0.5 mg/kg) on licking from a reduction to an increase
( < 0.01).

DISCUSSION

Because there exists a consistent relationship between pellet
reward and drinking activation, SIP provides an interesting
model for determining the neural basis of behavioral activa-
tions, for example, reinforcement and arousal (16). Previous
findings have already indicated that SIP in the rat has a potent
arousal-reducing property and reflects a mood buffering reac-
tion (3). The propensity to exhibit SIP is related to the differ-
ence in coping capabilities among rats under various aversive
stimulations (5). Wayner introduced a concept that a contin-
gent reinforcing schedule will build up in rats a nonspecific
motor excitability that is then released as adjunctive behavior
(30). We also proposed in advance that when hungry rats are
under an intermittent reinforced schedule they are aroused
and stressed and are compelled to keep vigil to each reward
event. Therefore, these rats build up internally a high tonic
neural coupling activation between the CNS and the periphery
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FIG. 6. Effects of 5-HT analogs on water intake, licks, and bar
presses in SIP rats (n = 10). Data represent the averaged value from
the last three sessions before treatment (B); value of vehicle treatment
(V), values of DI-DIII (DOI 0.1, 0.5, or 1.0 mg/kg, IP) or DOI +
RIT (R, 2.5 mg/kg, IP) treatments. Values are mean + SEM. *p <
0.05; **p < 0.01, ***p < 0.001.
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(28,29), and then release externally in the form of SIP as a
physical index of their stress coping reactions.

In studies in physiological behavior regulation, mesolimbic
systems are recognized for incentive motivation or response
initiation and are known to be important for behavioral vigor,
for example, for the hungry rat to attain or perform SIP
(15,22,26). On the other hand, the pontine nucleus LC and its
ascending systems are recognized for their role in stimulus
analysis and response selection and are known to be important
for selective attention during stress, for example, for stressful
rats to persevere a correct choice in a continuous performance
task (24). To examine the interactions between these two sys-
tems and their specificity on SIP, we conducted the present
studies by observing the behavioral changes after focal brain
lesions or pharmacological challenges.

In the first experiment, we demonstrated that lesions in the
LC are capable of attenuating SIP activities by lowering licks
and water consumption (Fig. 2). Similar lowering effects also
have been found in SIP rats after lesions in bilateral mesolim-
bic dopamine pathways at the level of the nucleus VTA (Fig.
2). Because these lesions did not affect the bar presses, we
consider that SIP attenuation is not a result secondary to the
action of motor disruption. Because thirsty rats after LC le-
sions did not show the lower drinking response observed in
SIP rats (Fig. 3), we believe SIP attenuation is not caused by
a disturbance of primary thirst either.

We thus speculate that lesions in the LC might incapacitate
judgment of SIP rats to make proper postpellet drinking due
to either distraction or primary deficit in attention. Because
of this misjudgment, LC-lesioned rats lose their coping abili-
ties in a stressful situation and consequently the SIP activities
drop. On the other hand, the reduction of SIP after VTA
lesions provided evidence that the VTA has an important
function for the initiation and execution of motivated actions.
This finding also extended the observations of many other
investigators concerning dopaminergic terminal functions on
SIP modulation. Furthermore, our data clearly show that the
level of SIP potency is lowered persistently following both LC
and VTA lesions. This implies that, if the rat is at well-
established levels of SIP, the NE-containing pathways origi-
nating from the LC may facilitate the VTA-dopamine (DA)
pathways. It also provided a possible explanation of why re-
ward behavior under stress such as SIP is induced by the
coping reactions due to LC activation. Whether LC or VTA
lesions differ in terms of the postpellet temporal variation of
SIP activity (21) is an interesting issue for future study.
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From the biochemical approach, we found that the neuro-
toxin DSP-4 could deplete NE contents in the coeruleo~NE
projections for at least 2 weeks (Table 1). Nevertheless, DSP-4
causes a partial reduction of the SIP activity within 1 week
after it (50 mg/kg, IP) is given but then the activity returns to
normal 2 weeks later (Fig. 4, upper panel). This phenomenon
can be interpreted in two ways. First, LC systems may play an
important role in SIP maintenance but NE projections from
the LC may not be the only pathway involved in SIP regula-
tion. Second, there are other neuronal circuits that can com-
pensate for the loss of action consequent to LC lesions. In-
deed, in this report we emphasized the influence of 5-HT on
SIP integration. We also showed that depletion of the central
coeruleo-NE projections but protection of the serotonergic
pathways, achieved by an ICV injection of DSP-4 (3 mg/kg)
plus zimelidine (2 mg/kg), could affect SIP similar to that
after LC lesions (Fig. 4, lower panel),

Regarding the inhibitory effect of 5S-HT on LC activities
(2,18,22), we clearly demonstrated a dose-dependent suppres-
sion on SIP by DOI (Figs. 5 and 6), and these effects are
reversed by RIT treatment. In addition, RIT caused a strongly
enhanced SIP activity that is blocked by bilateral LC lesions.
Because the properties of both compounds in behavioral mod-
ification are known to be mediated by selective 5-HT, recep-
tors, our data thus are consistent with the findings that sero-
tonergic influence on the LC are mediated via 5-HT,
receptors. It furthermore implies that central raphe systems
might link with the circuit of the LC and VTA to maintain
this activated behavior.

Central catecholamines have been known to be involved in
behavioral pathology of a number of neurological and psychi-
atric disorders. SIP may involve both DA and NE in behavior
regulation. Our experimental findings suggested that the LC
participates in the central integration of SIP. We also pro-
vided evidence that the central modulating effect of 5 HT,
analogs on SIP depends upon the integrity of LC function.
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