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Conflict behavior in Maudsley reactive and nonreactive rats: Effects of noradrenergic neuronal destruction. PHARMACOL
BIOCHEM BEHAV 45(2) 429-438, 1993. — The present studies were designed to examine the effects of treatment with the
noradrenergic neurotoxin N-(2-chloroethyl)-n-ethyl-2-bromobenzylamine HC] (DSP4; 65 mg/kg, IP) on conflict behavior in
the Maudsley reactive (MR) and nonreactive (MNRA) rat strains. In daily 10-min sessions, water-restricted rats were trained
to drink water from a tube that was occasionally electrified; electrification was signaled by the presence of a tone (7-5
duration; ISI = 30 ). Consistent with previous reports, the number of shocks accepted by rats of the MR and MNRA strains
did not differ initially, but MNRA rats exhibited a dramatic increase in punished responding relative to their MR counterparts
over the course of several weeks of conflict testing. This MR vs. MNRA strain difference in punished responding did not
exhibit extinction following discontinuation of CSD conflict behavior testing for a period of 6 weeks. Whether it was
administered after conflict training or before, DSP4 treatment did not reduce the MR vs. MINRA strain difference in conflict
behavior; rather, DSP4 treatment tended to increase the magnitude of the MR vs. MNRA difference in conflict behavior.
The effects of DSP4 on norepinephrine (NE) and 5-hydroxytrypamine (5-HT) concentrations in the pons medulla region were
determined in one group of conflict-experienced MR and MNRA rats (35 weeks after administration) and in a second group
of naive MR and MNRA rats (3 weeks after administration). There were no MR vs. MNRA strain differences in NE or 5-HT
concentrations in vehicle-treated rats. DSP4 treatment significantly reduced NE, but not 5-HT, concentrations when com-
pared to control values; rats that were sacrificed 3 weeks following DSP4 administration exhibited a greater NE depletion
than did rats sacrificed 35 weeks after DSP4 administration. Finally, there were no significant correlations between pons
medulla region NE concentrations and conflict behavior in either strain alone or when the data from the two strains were
combined. The present results are not consistent with the hypothesis that the MR vs. MNRA strain difference in conflict
behavior is the result of strain differences in brain NE function.
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OPEN-field defecation behavior has been used as an indicator
of “emotionality” and/or anxiety in rodents, with a higher
number of defecations inferred to be reflective of more emo-
tionality and/or anxiety (3-5,11,19). The Maudsley reactive
(MR) and nonreactive (MNRA) rat strains were selectively
bred by Broadhurst for their differences in open-field defeca-
tion rates (3-5). Two of the Maudsley rat strains were main-
tained by Dr. Gordon Harrington at the University of North-
ern Iowa from 1965 (20) until 1986 and currently are
maintained at Wayne State University (Detroit, MI). MR
(anxious) rats exhibit high levels of open-field defecation,
whereas MNRA (nonanxious) rats exhibit low levels of open-
field defecation (2,20,21).
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A second animal procedure that has been used in the study
of anxiety-like behavior is the conditioned suppression of
drinking (CSD) conflict paradigm (6,8,9,14,23). This test is
a hybrid between the Geller-Seifter conditioned conflict test
(16,17) and the Vogel acute conflict test (30). Previous testing
of Maudsley rats in this paradigm has shown that the number
of shocks accepted initially is comparable in the two strains
but, upon repeated testing, MNRA rats accept significantly
more shocks than do their MR counterparts (6,7). The basis
for this gradually developing MR vs. MNRA difference in
anxiety-like behavior has not been determined.

Brain norepinephrine (NE) has been implicated by several
investigators as a critical neurotransmitter in anxiety-like situ-
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ations. Perhaps the most widely accepted hypothesis regarding
the role of norepinephrine in anxiety argues that anxiety states
are the result of increased activity of noradrenergic neurons
in the locus coeruleus (26). Evidence supporting this hypothe-
sis is that stimulation of the locus coeruleus in the monkey
produced behavioral and physiological changes that simulate
“natural fear” (27). Consistent with the hypothesis that in-
creases in locus coeruleus activity are associated with increased
anxiety, the a,-adrenoceptor antagonist piperoxane produced
an anxiety-like state in primates (26). Finally, benzodiazepines
and other antianxiety agents reduce the activity of locus coeru-
leus neurons (18).

A contrasting and perhaps less widely held theory is that
anxiety is not the result of increased activity of noradrenergic
neurons; rather, the increased activity of noradrenergic locus
coeruleus neurons observed following the presentation of anx-
iety-provoking stimuli serves as a rectifying mechanism de-
signed to help the subject cope with the stress (1). Evidence
supporting this theory is that stimulation of the locus coeru-
leus in man, via chronically implanted electrodes, failed to
produce any symptoms of anxiety but, rather, produced gen-
eral arousal with increased cognitive functions in subjects
tested (24).

The compound N-(2-chloroethyl)-n-ethyl-2-bromobenzyl-
amine HCI (DSP4) has been demonstrated to be a powerful
research tool available for the study of noradrenergic func-
tion. DSP4 is a noradrenergic neurotoxin that can produce a
selective and permanent destruction of central norepinephrine
nerve terminals after systemic administration (13,22,28).

The present studies were designed to examine the effects of
DSP4 treatment on conflict behavior in Maudsley reactive and
nonreactive rats. The effects of DSP4 treatment were determined
both in naive and in conflict-experienced Maudsley rats.

METHOD

Animals

Subjects for the present experiments were female Maudsley
rats from the Lafayette Clinic Maudsley colony (Detroit, MI).
MR rats were in the F77 generation; MNRA rats were in the
F82 generation. All subjects were housed in a climate-
controlled room with a regulated light-dark cycle (lights on
0700-1900 h). Initially, water was available in the home cage,
but after conflict testing had started all rats were placed on a
water-restricted schedule as described in the General Proce-
dure section (see below). Food was continuously available in
the home cages. An additional group of MR and MNRA sub-
jects was used only for ptosis testing and neurochemical analy-
sis and had continuous access to food and water.

Apparatus

Conflict testing was conducted in an apparatus similar to
that previously described by Fontana et al. (12) and McClos-
key et al. (25). The testing chamber was a rectangular box
with Plexiglas sides and a metal floor and top. Recessed into
one wall was a metal drinking tube, from which a calibrated
(0.5-ml units) length of polyethylene tubing was attached for
measuring the volume of water consumed by each subject.
Programming for the session was controlled by solid-state
modular programming equipment (Coulbourn Instruments
Co., Lehigh Valley, PA).

General Procedure

Conflict testing was conducted using the procedure de-
scribed by Fontana et al. (12) and Commissaris et al. (6). For
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the first few sessions (10 min daily), water-deprived (24 h) rats
were placed in the experimental cage and were allowed to
consume water freely without any shock contingency. After 1
week of daily nonshock sessions, the tone/shock contingency
was initiated. The 7-s tone periods were presented at regular
[30-s interstimulus intervals (ISI)] intervals to all subjects. Dur-
ing the latter 5 s of these tone periods, contact between the floor
and the metal drinking tube completed a circuit that resulted in
the delivery of an electric shock to the mouth of the subject.
The shock intensity was held constant at 0.25 mA except for the
period when the current intensity vs. response experiments were
conducted (see specific experiments). The duration of the shock
(less than 200 ms) was equal to the duration of the tube contact.
Shocks were delivered by a Coulbourn Instruments Two-Pole
Small-Animal Shocker (Model E13-02).

Initially, the shock inhibited fluid consumption in the test
chamber. After several days of testing, however, all subjects
learned to consume stable volumes of water during the silent
periods and made relatively few and brief contacts with the
tube during the tone. Subjects in all experiments were tested
individually in 10-min sessions at the same time of day (1000-
1300 h) 4 days/week (Monday through Thursday) and were
allowed free access to water on nontest days (Thursday post-
test until Sunday a.m.). This schedule of 4 days/week testing
was maintained throughout the study.

Neurochemistry

High-performance liquid chromatography (HPLC) deter-
minations of norepinephrine and serotonin were conducted
using a modification of the method described by Galloway
(15). Subjects receiving DSP4 or vehicle treatment were sacri-
ficed by decapitation. The brains were rapidly removed and
the brainstem region containing cell bodies for NE neurons
(the pons medulla) rapidly dissected out, frozen on dry ice,
wrapped in foil, and stored at — 80 degrees C until analysis.
Frozen tissues were weighed in Eppendorf tubes, sonically
disrupted (Sonica and Materials, Inc., Danbury, CT) for 5s in
400 ul homogenizing solution (0.1% Na,S,0s; 0.1 M HCIO,;
0.1 mg/ml each of dihydroxybenzylamine and N-methyl-
serotonin) and then centrifuged at 10,000 x g for 5 min. After
centrifugation, 50 ul 1.5 M Tris buffer were placed on acid-
washed alumina (Bioanalytic Systems, Inc., West Lafayette,
IN) columns and the effluent was passed into 20 ul 7.9 N HCI1
by centrifuging for 1 min at 2,000xg. An aliquot of this
effluent was used for serotonin analysis. After the alumina
columns were washed with 500 ul distilled water, 150 1 0.1 M
oxalic acid was placed on the columns and catechols were
eluted by centrifugation. A 50-ul aliquot of the final eluate
was injected into an HPLC system for electrochemical analy-
sis of norepinephrine. The mobile phase [0.1 M NaH,PO,, 2.0
mM octylsulfonic acid, 0.1 mM EDTA, phosphoric acid (pH
between 2.6 and 2.9), MeOH (2-10%)] was pumped at a flow
rate of 0.8-1.4 ml/min, depending upon the tissue under anal-
ysis. The HPLC-EC system consisted of two biophase octyl
100 x 4.6-mm 5-um columns linked in series (Bioanalytical
Systems, Inc.), an HPLC pump (series 10), and an autosam-
pler (ISS-100), both from Perkin Elmer (Norwalk, CT).

Electrochemical detection was performed using an LC 4-B
amperometric detector equipped with a glassy carbon elec-
trode (Bioanalytic Systems, Inc.) that was set at an oxidation
potential of +0.75 V relative to an Ag-AgCl reference elec-
trode. Peak heights were measured and the concentrations
of monoamines calculated based upon internal standards and
comparisons to external standards containing known amounts
of the measured catecholamines.
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Drug

DSP4 was purchased from Research Biochemicals, Inc.
(Natick, MA); it was dissolved in 0.9% saline and adminis-
tered in a volume of 1 ml/kg body weight.

Statistical Analyses

The two dependent variables monitored in the CSD conflict
task were the individual weekly averages (defined for each
subject as the average across the Monday-Thursday test ses-
sions) for shocks received (punished responding) and water
intake (unpunished responding). Strain differences in baseline
(i.e., untreated) conflict performance were statistically evalu-

ated using 2 X 8 factorial analyses of variance (ANOVAs).

with repeated measures. The effects of DSP4 or saline treat-
ment on shocks received and water intake were compared us-
ing 2 X 2 X 9 factorial ANOVAs with repeated measures
(main effects: DSP4/vehicle treatment, rat strains, test
weeks). The results of the current intensity vs. response de-
terminations were evaluated using a 2 x 2 x 3 factorial
ANOVA with repeated measures (main effects: DSP4/vehicle
treatment, rat strains, current intensities). Posthoc compari-
sons were made using the least significant differences (LSD)
test. Data from the experiment examining the effects of a
2-week interruption of conflict testing on the conflict behavior
were analyzed with 2 x 2 factorial ANOVA with repeated
measures (main effects: rat strains, test-retest). The frequency
of occurrence of ptosis in MR vs. MNRA rats at various inter-
vals following DSP4 administration was evaluated using a x*
for proportions. The effects of DSP4 treatment on the concen-
trations of NE or 5-hydroxytrypamine (5-HT) in the pons
medulla region were statistically analyzed by a 2 x 2 X 2
factorial ANOVA (main effects: rat strains, DSP4/vehicle
treatment, treatment-sacrifice interval). The effects of DSP4
treatment on NE and 5-HT concentrations were analyzed sep-
arately. In all statistical comparisons, p < 0.05 was used as
the criterion for statistical significance (29).

SPECIFIC EXPERIMENTS CONDUCTED

Experiment 1: Effects of DSP4 Treatment on Conflict
Behavior of Trained MR and MNRA Rats

A: Baseline Determinations — test weeks 1-8. The first part
of Experiment 1 was designed to demonstrate that the behav-
ioral difference previously reported between the Maudsley rat
strains during the course of CSD testing was reproducible.
For the first 8 weeks of the experiment, subjects were tested
in the CSD conflict task for the purpose of obtaining baseline
(pre-DSP4) values for punished and unpunished responding.
Subjects were tested as described above in the General Proce-
dure section. The number of shocks received and the volume
of water consumed were recorded daily and averaged weekly
for each subject.

B: DSP4 or vehicle treatment Effects on CSD Behavior—
test weeks 9-16. Prior to DSP4 or vehicle treatment, subjects
from each strain were assigned into two treatment groups with
comparable baselines for shocks received. This assignment
was based upon the average number of shocks accepted per
session by each subject for the last 2 weeks prior to DSP4 or
vehicle treatment. DSP4 or its vehicle was administered to
subjects of each strain in a single IP injection (65 mg/kg), 1
day prior to the beginning of the ninth week of testing. CSD
conflict testing was reinstated 24 h after DSP4 or vehicle treat-
ment and was continued as described above for an additional
8 weeks following DSP4 or vehicle treatment.

Part C: Current intensity vs. Response Determinations—
test weeks 17-22. The objective of this portion of the experi-
ment was to determine if the differences in punished respond-
ing observed between strains was dependent upon the intensity
of the shock used in the conflict task. Beginning at test week
17, current intensity vs. response functions were determined
in DSP4- or vehicle-treated rats of both strains. In these stud-
ies, the shock intensity was held constant for the Monday-
Thursday test sessions within a given test week and varied
from week to week in a counterbalanced “ABCCBA” design
using the current intensities 0.25 (A), 0.125 (B), and 0.5 mA
(O), respectively. Thus, each subject was tested for 2 weeks at
each of the three shock intensities.

Experiment 2: Effects of DSP4 Treatment on Conflict
Behavior in Untrained MR and MNRA Maudsley Rats

The objective of this study was to determine whether DSP4
administration prior to behavioral testing would prevent the
occurrence of the MR vs. MNRA strain difference in punished
responding observed in the CSD conflict task. Untrained, na-
ive Maudsley rats of both strains were accommodated in the
CSD apparatus for a period of 1 week with no tone and no
shock. At the end of this week, each subject was administered
a single IP injection of DSP4 or vehicle (saline). DSP4 or
vehicle treatments were randomly assigned to equal numbers
of MR and MNRA subjects. CSD testing, with the tone and
shock contingencies, was initiated the following week as de-
scribed above in Experiment 1 (shock intensity = 0.25 mA)
and was continued for a period of 9 weeks.

Conflict testing was then suspended for a period of 6
weeks. For 2 weeks, testing was reinitiated in vehicle-treated
MR and MNRA subjects. The purpose of this interruption of
conflict testing was to examine whether the MR vs. MNRA
difference that had developed over the course of several weeks
of conflict testing would persist in the absence of conflict
testing. DSP4-treated subjects were not tested during this
phase of the experiment.

Thirty-five weeks after DSP4 or vehicle administration, all
subjects in Experiment 2 were sacrificed by decapitation; their
pons medulla regions were dissected out and frozen. Concen-
trations of NE and 5-HT were later determined using HPLC
procedures described above.

Experiment 3: DSP4 Effects on Neurochemistry 3 Weeks
After Administration

In Experiment 2, subjects were sacrificed 35 weeks after
DSP4 or vehicle treatment, It is possible that some recovery of
brain NE might have occurred during this prolonged period.
Therefore, the objective of the present experiment was to de-
termine the effects of DSP4 treatment at a pretreatment inter-
val that more closely paralleled the interval between DSP4
treatment and behavioral testing used in Experiments 1 and 2.
To this end, naive subjects from the MR and MNRA strains
were treated with DSP4 (65 mg/kg, IP) or vehicle 3 weeks
prior to sacrifice. These subjects were not tested in the conflict
procedure.

DSP4-treated subjects in Experiment 3 were scored for the
presence or absence of ptosis on three occasions following
treatment. At 6, 24, and 48 h after DSP4 injection, both MR
and MNRA subjects were rated for the presence or absence of
ptosis (droopy eyelids) by a trained observer (J.S.V.) who was
blinded regarding rat strain.

Three weeks after DSP4 or vehicle administration, all sub-
jects in Experiment 3 were sacrificed and their pons medulla
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regions were dissected out and frozen until HPLC determina-
tions of NE and 5-HT concentrations were conducted.

RESULTS

Experiment 1: DSP4 Treatment Effects on Conflict Behavior
in Trained MR and MNRA Maudsley Rats

A: Baseline Determinations. The upper panel of Fig. 1 il-
lustrates the time course for baseline CSD conflict behavior in
MR and MNRA rats for 9 weeks of control (i.e., no treatment)
CSD conflict sessions. Consistent with previous reports, there
was no difference in punished responding between MR and
MNRA rats in the first week of CSD conflict testing [MNRA:
21 + 2 (mean + SEM shocks/session); MR: 24 + 3, n.s.].
Punished responding in rats of the MR strain did not change
appreciably across test weeks 1-8. In contrast, punished re-
sponding in rats of the MNRA strain increased gradually over
the course of the first 5 test weeks and then appeared to
achieve an asymptote around test week S. Statistically, there
was a significant main effect for rat strains, F(1, 29) = 8.26,
p < 0.05, and test weeks, F(7, 203) = 6.09, p < 0.05. Most
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FIG. 1. Time course for 8 weeks of control conditioned suppression
of drinking (CSD) conflict behavior in Maudsley reactive (MR) and
Maudsley nonreactive (MNRA) rats. Plotted are the mean + SEM
shocks received (top panel) and water intake (bottom panel) per con-
flict session. Each symbol and vertical line represents data obtained
from 16 subjects.

*MNRA rats are significantly different (p < 0.05) from MR rats
at the indicated test week, least significant differences posthoc test
following factorial analysis of variance.
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importantly, there was a significant rat strain x test week
interaction, F(7, 206) = 4.02, p < 0.05. Posthoc LSD com-
parisons revealed that MNRA rats accepted significantly more
shocks than did MR rats at test weeks 2-8.

The lower panel of Fig. 1 illustrates the time course for
baseline water intake in control CSD conflict sessions in MR
and MNRA rats. Statistically, there was no significant main
effect for rat strains, F(1, 29) = 1.13, p = 0.29, n.s. There
was, however, a significant main effect for test weeks, F(7,
203) = 26.42, p < 0.05, as rats from both strains increased
their water intake at relatively similar rates. Finally, the rat
strains X test weeks interaction was not significant, F(7, 203)
= 1.09, n.s. It should be noted that in both MR and MNRA
rats the number of punished licks (20-50 per session) was
insignificant when compared to the number of unpunished
licks (2,500-3,000 per session); thus, water intake is an accu-
rate reflection of unpunished responding in both strains.

B: DSP4 Treatment Effects. Baseline (i.e., pre-DSP4/vehi-
cle) values for punished responding were comparable in both
groups of MR rats prior to treatment (MR/vehicle: 25 + 4;
MR/DSP4: 27 + 2; values represent the mean + SEM de-
rived from the last 2 weeks of CSD conflict sessions prior to
DSP4 or vehicle treatment). Similarly, baseline values for pun-
ished responding were comparable in both groups of MNRA
rats (MNRA /vehicle: 46 + 7; MNRA/DSP4:44 + 8).

The upper panels of Fig. 2 illustrate the effects of vehicle
or DSP4 treatment (left and right panels, respectively) on pun-
ished responding in MR and MNRA rats. Both vehicle- and
DSP4-treated rats of the MNRA strain exhibited a decrease in
punished responding relative to baseline (i.e., pretreatment)
levels. Rats of the MR strain receiving DSP4 treatment also
exhibited a depression of punished responding, whereas MR
rats receiving vehicle treatment did not. The magnitude of
the MR vs. MNRA difference in punished responding was
comparable in vehicle- and DSP4-treated subjects. Statisti-
cally, the main effect for rat strains was significant, F(1, 27)
= 7.21, p < 0.05, but the main effect for DSP4/vehicle treat-
ment, F(1, 27) = 1.26, n.s., and the interaction of rat strains
x DSP4/vehicle treatment, F(1, 27) < 1, n.s., were not. The
main effect for test weeks, F(8, 216) = 12.78, p < 0.05, and
the interaction of rat strains x test weeks, F(8, 216) = 2.04,
» < 0.05, were statistically significant. The interactions of
DSP4/vehicle treatment X test weeks, F(8,216) = 1.38, n.s.,
and rat strains X DSP4/vehicle treatment X test weeks, F(8,
216) = < 1, n.s., were not significant. Posthoc LSD tests
revealed that vehicle-treated MNRA rats accepted signifi-
cantly more shocks than did vehicle-treated MR rats at the
baseline week and at test weeks 2, 3, 5, 6, 7, and 8 posttreat-
ment and that DSP4-treated MNRA rats accepted more
shocks than did DSP4-treated MR rats at the baseline week
and at test weeks 2-8 post-DSP4. Thus, DSP4 treatment did
not significantly alter the MR vs. MNRA strain differences in
punished responding.

Baseline (i.e., pre-DSP4/vehicle) values for unpunished re-
sponding (water intake) were comparable in both groups of
MR rats prior to treatment [MR/vehicle: 9.7 + 0.5; MR/
DSP4: 9.4 + 0.2; values represent the mean + SEM (inl) de-
rived from the last 2 weeks of CSD conflict sessions prior
to DSP4 or vehicle treatment]. Similarly, baseline values for
unpunished responding were comparable in both groups of
MNRA rats (MNRA/vehicle: 9.1 + 0.4; MNRA/DSP4: 9.4
+ 0.5).

The lower panels of Fig. 2 illustrate the effects of vehicle
or DSP4 treatment on water intake in rats of the MR and
MNRA strains (lower left and right panels, respectively). As
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FIG. 2. Effects of DSP4 treatment on conditioned suppression of drinking (CSD) conflict behavior in Maudsley reactive (MR) and
Maudsley nonreactive (MNRA) rats. Plotted are the mean + SEM (n = 8) shocks received (top panels) and water intake (bottom
panels) in vehicle-treated (saline; left panels) and DSP4-treated (65 mg/kg; right panels) rats of the MR (open symbols) and MNRA
(filled symbols) strains during the 2-week period prior to DSP4 or vehicle administration (baseline; B) and for each of the 8 weeks

following DSP4 or vehicle treatment (test weeks 1-8).

. *MNRA rats are significantly different (p < 0.05) from MR rats at the indicated test week and treatment condition (DSP4/
vehicle), least significant differences posthoc test following factorial analysis of variance.

can be seen, DSP4 treatment reduced water intake in both
MR and MNRA rats during the first week after treatment.
The effect of DSP4 to reduce water intake in MNRA rats did
not persist beyond the first week posttreatment; in contrast,
the effect of DSP4 to decrease water intake in MR rats per-
sisted for several weeks. Statistically, the main effect for rat
strains was not significant, F(1, 27) < 1.0, n.s.; the main ef-
fect for DSP4/vehicle treatment, F(1, 27) = 4.34, p < 0.05,
and test weeks, F(8, 216) = 28.36, p < 0.05, were signifi-
cant. The DSP4/vehicle treatment X rat strain interaction
also was significant, F(1, 27) = 2.84, p < 0.05, one-tailed.
The test weeks X rat strains, F(8, 216) = 2.41, p < 0.05,
and test weeks x DSP4/Vehicle, F(8, 216) = 3.25, p <
0.05, interaction effects were statistically significant. Finally,
the test weeks X DSP4/vehicle treatment X rat strain inter-
action was not significant, F(8, 216) = 1.34, n.s. Posthoc
LSD tests revealed that DSP4 treatment in MNRA rats signifi-
cantly depressed water intake relative to vehicle-treated
MNRA rats at test week 1, whereas DSP4 treatment in MR
rats significantly decreased water intake relative to vehicle-
treated MR rats at all test weeks (test weeks 1-8). Posthoc
LSD tests comparing water intake in MR and MNRA rats

revealed that vehicle-treated MR rats consumed significantly
greater volumes of water than did vehicle-treated MNRA rats
at test weeks 5 and 6, whereas DSP4-treated MR rats con-
sumed significantly smaller volumes of water than did DSP4-
treated rats at test weeks 1, 2, 5, 6 and 7 (see Fig. 2).

C: Current Intensity vs. Response Determinations. The up-
per panels of Fig. 3 illustrate the current intensity vs. response
functions for punished responding in MNRA and MR rats
that had received vehicle or DSP4 treatment (upper left and
right panels, respectively). Rats from both strains exhibited
dramatic current intensity vs. response functions, with the
number of shocks received being inversely related to the shock
intensity. In the MR strain, DSP4-treated rats accepted fewer
shocks relative to vehicle-treated controls at all shock intensit-
ies examined. DSP4 treatment did not reliably reduce pun-
ished responding in MNRA rats, although there was a ten-
dency for DSP4-treated rats to accept fewer shocks at the
lowest intensity examined. Statistically, there were significant
main effects for shock intensity, F(2, 52) = 46.1, p < 0.05,
and rat strains, F(1, 26) = 7.12, p < 0.05. The shock inten-
sity x DSP4/vehicle treatment, F(2, 52) = 3.15, p < 0.05,
interaction was also significant. The main effect for DSP4/
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FIG. 3. Effects of varying shock intensity on conditioned suppression of drinking (CSD) conflict behavior in DSP4-treated or
vehicle-treated rats of the Maudsley reactive (MR) and Maudsley nonreactive (MNRA) strains. Plotted are the mean + SEM (n = 8)
shocks received (top panels) and water intake (bottom panels) in vehicle-treated (left panels) and DSP4-treated (right panels) MR
(open symbols) and MNRA (filled symbols) rats when conflict testing was conducted at different shock intensities. Factorial analysis
of variance revealed significant main effects for shock intensity and rat strains (see text).

vehicle treatment, F(1, 26) = 2.37, n.s., was not significant.
The rat strains X DSP4/vehicle treatment, F(1, 26) < 1,
n.s., and the rat strains X shock intensity, F(2, 52) = 2.55,
n.s., interactions were not statistically significant. Finally, the
rat strains X DSP4/vehicle treatment x current intensity in-
teraction was not significant, F(2, 52) < 1, n.s.

The lower panels of Fig. 3 illustrate the current intensity
vs. response functions for unpunished responding in MR and
MNRA rats that had received vehicle or DSP4 treatment
(lower left and right panels, respectively). The main effects
for rat strains, F(1, 27) = 2.48, n.s., DSP4/vehicle treatment,
F(1, 27) = 2.04, n.s., and current intensity, F(2, 54) = 2.10,
n.s., were not significant. DSP4 treatment tended to decrease
water intake in rats of the MR strain; however, the DSP4/
vehicle treatment X rat strains interaction was not signifi-
cant, F(1, 27) = 1.78, n.s. Neither the rat strains X current
intensity, F(2, 54) < 1.0, n.s., nor the DSP4/vehicle treat-
ment X current intensity, F(2, 54) = 1.92, n.s., interactions
were significant; finally, the rat strains X DSP4/vehicle treat-
ment X current intensity interaction was not significant,
F(2, 54) = 1.09, n.s. Thus, alterations in current intensity
produced little effect on unpunished responding in these sub-
jects.

Experiment 2: DSP4 Treatment Effects on CSD Conflict
Behavior in Untrained MR and MNRA Rats

The upper panels of Fig. 4 illustrate the effects of vehicle
or DSP4 treatment on punished responding in previously un-
trained MR and MNRA rats. There was no significant differ-
ence between MR and MNRA rat strains at the onset of train-
ing (test week 1; MR/vehicle: 41 + 5; MR/DSP4: 33 + 7;
MNRA/vehicle: 35 + 6; MNRA/DSP4: 39 + 7; values rep-
resent the mean + SEM number of shocks accepted during
the first week after DSP4 or vehicle treatment).

Over the course of 9 weeks of training, vehicle-treated rats
of the MNRA strain exhibited a dramatic increase in punished
responding relative to their MR counterparts (Fig. 4, left top
panel). The MR strain, interestingly, tended to decrease in
punished responding over this period. DSP4 treatment in-
creased the magnitude of the gradually occurring MR vs.
MNRA difference in punished responding, with DSP4-treated
MNRA rats accepting more shocks than vehicle-treated
MNRA rats and DSP4-treated MR rats accepting fewer shocks
than vehicle-treated MR rats. Statistically, the main effect for
rat strains, F(1, 28) = 25.95, p < 0.05, and test weeks, F(8,
224) = 13.30, p < 0.08, were significant. The main effect for
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FIG. 4. Effects of DSP4 treatment on conditioned suppression of drinking (CSD) conflict behavior in previously untrained Maud-
sley reactive (MR) and Maudlsey nonreactive (MNRA) rats. Plotted are the mean + SEM shocks received (top panels) and water
intake (ml; bottom panels) in MR (open symbols) and MNRA (filled symbols) rats for 9 weeks following treatment with vehicle
(saline; open symbols) or DSP4 (65 mg/kg, IP; filled symbols). DSP4 or vehicle were administered prior to initiation of CSD

conflict testing.

*MNRA rats are significantly different (p < 0.05) from MR rats at the indicated test week and treatment condition (DSP4/
vehicle), least significant differences posthoc test following factorial analysis of variance.

DSP4/vehicle treatment was not significant, F(1, 28) < 1.0,
n.s. The DSP4/vehicle treatment X rat strains interaction,
F(1, 28) = 4.03, p < 0.05, and the rat strains x test weeks
interaction also were significant, F(8, 224) = 5.52, p < 0.05.
Finally, the DSP4/vehicle treatment x test weeks, F(8, 224)
< 1.0, n.s., and the rat strains X DSP4/vehicle treatment
X test weeks, F(8, 224) < 1.0, n.s., interactions were not sta-
tistically significant. Posthoc LSD tests revealed that vehicle-
treated MNRA accepted significantly more shocks than did
vehicle-treated MR rats at test weeks 3-9, whereas DSP4-
treated MNRA rats accepted significantly more shocks than
DSP4-treated MR rats at test weeks 2-9, Thus, administration
of DSP4 before CSD conflict training did not prevent the
occurrence of gradually developing MNRA vs. MR difference
in shocks received during conflict behavior testing; rather,
DSP4 treatment increased slightly the magnitude of the MR
vs. MNRA strain difference in punished responding in the
CSD conflict paradigm.

The lower panels of Fig. 4 illustrate the effects of vehicle
(lower left panel) or DSP4 treatment (lower right panel) on
water intake in previously untrained MR and MNRA rats. As
can be seen, for the first test week following treatment, DSP4

reduced water intake in both strains; this effect was more
dramatic in MR rats. Water intake in both MR and MNRA
rats treated with DSP4 returned to vehicle treatment levels by
test week 2. Statistically, the main effects for rat strains, F(1,
28) = 4.49, p < 0.05, DSP4/vehicle treatment, F(1, 28) =
7.95, p < 0.05, and test weeks, F(8, 224) = 7.33, p < 0.05,
were significant. The rat strains X test weeks interaction, F(8,
224) = 3.78, p < 0.05, and the rat strains X DSP4/vehicle
treatment X test weeks interaction, F(8, 224) = 1.94, p <
0.05, also were significant. Finally, the rat strains x DSP4/
vehicle treatment interaction, F(1, 28) = < 1.0, n.s., and the
DSP4/vehicle treatment X test weeks interaction, F(8, 224)
= 1.58, n.s., were not significant. Posthoc LSD tests revealed
that vehicle-treated MR and MNRA rats differed significantly
in their water intake at test weeks 1 (MR > MNRA) and 8
(MR < MNRA) and that DSP4-treated MR rats consumed
significantly less water than did DSP4-treated MNRA rats at
test weeks 1, 5,7, 8, and 9.

Table 1 summarizes CSD conflict behavior of vehicle-
treated MR and MNRA rats when conflict testing was reini-
tiated for 2 weeks after being suspended for 6 weeks. As can
be seen, discontinuation of conflict testing for this period
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TABLE 1

PERSISTENCE OF THE MR vs. MNRA STRAIN
DIFFERENCE IN CSD CONFLICT BEHAVIOR

After 6 Weeks Without

Strain Preinterruption Conflict Testing

Punished responding (shocks received/session)

MR 20 + 3¢ 16 + 3
MNRA 32 + 4t 30 + 5t
Unpunished responding [water intake (ml)/session])
MR 9.2 + 0.3 9.3 + 0.2
MNRA 10.2 + 0.4¢ 10.1 x 0.5*

*Values represent the mean + SEM (averaged across 2
weeks of conflict testing) obtained from 8 (MR) or 7
(MNRA) subjects.

tValues obtained from MNRA rats are significantly dif-
ferent from MR rats for the indicated test period, p <
0.05, LSD test following 2 x 2 factorial ANOVA with re-
peated measures.

slightly reduced punished responding in both groups; water
intake was not appreciably affected. More important, how-
ever, this interruption of conflict testing did not result in a
lessening of the MR vs. MNRA strain difference in punished
responding. With respect to punished responding, there was a
significant main effect for rat strains, F(1, 13) = 10.20, p <
0.05. There was no significant main effect for test-retest, F(1,
13) = 3.47, n.s., nor was the rat strains X test-retest interac-
tion significant, F(1, 13) = < 1, n.s. With respect to water
intake, there was a statistically significant main effect for rat
strains, F(1, 13) = 6.08, p < 0.05, the main effect for test-
retest, F(1, 13) < 1.0, n.s., and the rat strains X test-retest
interaction were not significant, /(1, 13) = < 1, n.s.

The lower half of Table 2 illustrates pons medulla concen-
trations of NE and 5-HT in MR and MNRA rats sacrificed 35
weeks after DSP4 or vehicle treatment. As can be seen, there
were no MR vs. MNRA differences in either NE or 5-HT
concentrations in vehicle-treated rats. DSP4 treatment did not
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significantly affect 5-HT concentrations in either strain and
significantly decreased NE concentrations to a comparable
extent (approximately 20%) in both strains.

Scattergrams were constructed examining the possible rela-
tionship between conflict behavior (defined as the average
number of shocks accepted per session for the last 2 weeks of
conflict testing) and pons medulla concentrations of NE in
MR and MNRA rats. There were no significant correlations
between conflict behavior and NE concentration either when
the data from each strain were analyzed separately (MR: r =
—0.19; MNRA: r = -0.40) or when the data from the two
strains were pooled (r = —0.27; data not shown).

Experiment 3: DSP4 Effects on Neurochemistry 3 Weeks
After Administration

The upper half of Table 2 depicts the pons medulla concen-
trations of NE and 5-HT in MR and MNRA rats that were
sacrificed 3 weeks after DSP4 or vehicle treatment. As can be
seen, there were no MR vs. MNRA differences in either NE
or 5-HT concentrations in vehicle-treated rats. DSP4 treat-
ment did not significantly affect 5-HT concentrations in either
strain and significantly decreased NE concentrations to a com-
parable extent (approximately 40%) in both strains. DSP4
produced a significantly greater depletion of NE when sub-
jects were sacrificed 3 weeks after administration when com-
pared to 35 weeks after administration (Experiment 3 vs. Ex-
periment 2), as evidenced by the significant main effect for
injection-sacrifice interval, F(3, 42) = 4.34, p < 0.05.

With respect to ptosis testing in DSP4-treated rats, none
of the subjects in either strain exhibited a ptosis response at 6
h postadministration. Twenty-four hours after DSP4 adminis-
tration, 100% of MR rats exhibited ptosis, whereas only 17%
of MNRA rats were ptosis positive. At 48 h post-DSP4, 29%
of MR subjects exhibited ptosis and none of the MNRA rats
were ptosis positive. Statistically, the frequency of occurrence
of ptosis was significantly greater in the MR strain (7/7) as
compared to the MNRA strain (1/6) only at the 24-h treat-
ment-examination interval, x’(1) = 6.285, p < 0.05.

DISCUSSION

In the CSD conflict paradigm, there was a dramatic differ-
ence in baseline punished responding between the Maudsley

TABLE 2

DSP4 TREATMENT EFFECTS ON PONS MEDULLA NE AND
5-HT CONCENTRATIONS IN MR AND MNRA RATS

Norepinephrine 5-Hydroxytryptamine
VEH DSP4 VEH DSP4

Sacrificed 3 weeks after DSP4/VEH treatment

MR 308 + 23* 199 + 65 (65)t 460 + 64 516 + 98 (112)

MNRA 390 + 38 230 + 38 (59T 488 + 38 531 + 103 (109)
Sacrificed 35 weeks after DSP4/VEH treatment

MR 392 + 36 307 + 53 (78)t 550 + 102 690 + 122 (125)

MNRA 361 + 20 277 £ 20 (D} 488 + 39 427 + 37 (88)

Numbers in parentheses represent DSP4 treatment effects expressed as percent of

VEH-treated control subjects.

*Values represent the mean + SEM (ng amine/g wet weight tissue) obtained from
six to eight subjects following 65 mg/kg DSP4 or saline (VEH) treatment.

tValues from DSP4-treated subjects are significantly different from those of VEH-
treated subjects of the same strain and pretreatment interval, posthoc LSD test follow-

ing 2 x 2 x 2 factorial ANOVA.
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rat strains, with MNRA rats accepting significantly more
shocks than their MR counterparts. As had been reported
previously (6,7), this difference in baseline conflict behavior
was not apparent in the early weeks of testing but developed
gradually over the course of 4-8 weeks of CSD conflict test-
ing. This MR vs. MNRA difference in conflict behavior was
found to be resistant to extinction because discontinuation of
conflict testing for 6 weeks did not reverse the MNRA vs. MR
strain difference in punished responding that had developed
over the course of several weeks of testing. Administration of
the NE neurotoxin DSP4 24 h prior to initiation of CSD con-
flict testing did not prevent the occurrence of this time-
dependent difference in conflict behavior in these Maudsley
rats. DSP4 treatment in conflict-trained subjects also failed to
reverse this MR vs. MNRA difference in conflict behavior. In
addition, although changing the current intensity produced
robust changes in punished responding in both MR and
MNRA rat strains, it did not alter the effects of DSP4 on
CSD conflict behavior in Maudsley rats.

The findings reported above do not support the hypothesis
that anxiety-like states are the result of increased activity of
noradrenergic neurons in the locus coeruleus [(26,27); see the
introductory section]. This theory would predict that MR rats
are more “anxious” than are rats of the MNRA strain due
to increased activity of NE-containing neurons in the locus
coeruleus in MR rats; thus, one would expect to see an in-
crease in punished responding in MR rats following DSP4
administration because the noradrenergic neurons in these
subjects would no longer be able to maintain the anxiety. The
experimental results, however, are the opposite, with DSP4-
treated rats of the MR strain accepting fewer shocks than
saline-treated MR controls.

The experimental results also do not support the theory
that postulates that the increased activity of NE-containing
locus coeruleus neurons seen in response to anxiety-provoking
stimuli represents the activity of a rectifying mechanism that
helps the subject cope with the stress (1). This latter theory
would predict that rats of the MNRA strain are less “anxious”
than their MR counterparts in part because of the increased
activity of locus coeruleus neurons in MNRA rats; thus, one
would expect to see a decrease in punished responding in
MNRA rats following DSP4 treatment because the anxiety-
damping activity of the locus coeruleus presumably would be
functioning less effectively. However, whether it was adminis-
tered before or after CSD training DSP4 treatment did not
decrease punished responding in rats of the MNRA strain.

In the CSD conflict paradigm, DSP4 treatment affected
MR rats more than it affected MNRA rats, particularly with
respect to the effects of DSP4 treatment on unpunished re-
sponding. DSP4 also produced a greater incidence of ptosis in
MR rats when compared to MNRA rats. However, whether
examined at 3 or 35 weeks posttreatment there was no MR vs,
MNRA difference in the extent of NE depletion produced by
DSP4. One might speculate from these data that MR rats are
behaviorally more dependent upon normal NE tone than are
MNRA rats.

In addition to the observation that treatment with DSP4
did not reduce the magnitude of the MR vs. MNRA difference
in shocks received in the CSD conflict paradigm, correlation
analyses comparing pons medulla concentrations of NE with
conflict behavior (i.e., shocks received per session) revealed
no statistical correlations between these two measures. This
was true whether the data from MR and MNRA rats were
evaluated separately or when the data from the two strains
were pooled. Thus, the data from the present studies appear
not to be consistent with either of the above-stated hypotheses
regarding the role of NE in anxiety-like behavior. This conclu-
sion must be tempered, however, given the relatively modest
degree of noradrenergic depletion observed, at best 40% when
subjects were sacrificed 3 weeks after treatment. Indeed, it is
possible that a greater depletion of NE (e.g., using repeated
administration of DSP4 or intraventricular administration of
6-hydroxydopamine) would produce different results.

The extent of NE depletion was dramatically less when
subjects were sacrificed 35 weeks after administration relative
to 3 weeks after DSP4 treatment. This finding is consistent
with an earlier report by Dudley et al. (10), who reported that
NE neurons exhibited at least partial recovery over long time
periods following DSP4 administration. Nonetheless, even the
40% depletion at 3 weeks post-DSP4 is somewhat less than
might be anticipated with this agent. In female Sprague-
Dawley rats, pons medulla depletions have been approxi-
mately 60-70% when subjects are sacrificed 3 weeks post-
DSP4 (D.J. Fontana, personal communication). Whether this
apparent Maudsley vs. Sprague-Dawley strain difference in
DSP4 sensitivity generalizes to other Wistar rats (the ancestors
of the Maudsley lines) remains to be determined.

In summary, administration of DSP4 to MR and MNRA
rats neither prevented nor reversed the time-dependent differ-
ence in baseline CSD conflict behavior observed in these
Maudsley rat strains. Rather, DSP4 treatment tended to en-
hance the difference between the two rat strains on conflict
behavior, with DSP4-treated MNRA rats accepting more
shocks than vehicle-treated MNRA controls and DSP4-treated
MR rats accepting fewer shocks than vehicle-treated MR con-
trols. Thus, to the extent that the MR vs. MNRA difference
in conflict behavior represents an animal model for genetically
based differences in anxiety and/or fear behavior, the present
findings do not support either of the two opposing theories
regarding the role of NE in anxiety-like behavior. The mecha-
nism for the gradual change in conflict behavior in MNRA
rats compared to MR rats remains undetermined.
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