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Alterations in central monoaminergic neurotransmission are important in the actions of many antidepressants. This study tested the

hypothesis that tonic elevation of noradrenergic (NA) neurotransmission in medial prefrontal cortex (mPFC) by chronic treatment with

the selective norepinephrine (NE) reuptake blocker desipramine (DMI) may contribute to the beneficial cognitive effects of this

antidepressant drug (AD). Male Sprague–Dawley rats were treated with DMI acutely (15 mg/kg, i.p.) or chronically for 21 days (7.5 mg/

kg/day via osmotic minipump) before assessing performance on an attentional set-shifting test. The extradimensional set-shifting

component of this test reflects a process of cognitive flexibility that is dependent upon mPFC, and that we have shown previously to be

facilitated by NA activity in mPFC. Microdialysis was performed to measure NE release in mPFC concurrently with behavioral testing.

Acute DMI treatment produced an increase in extracellular NE levels in mPFC, and a modest improvement in overall performance across

all task stages of the attentional set-shifting test, but failed to produce a significant improvement in any of the individual specific tasks

comprising the test sequence. Chronic DMI treatment tonically elevated basal extracellular NE levels in mPFC, associated with a

significant improvement in performance specifically on the extradimensional set-shifting component of the test. There was also a

significant reduction in set loss errors in rats treated chronically with DMI. Hence, tonic elevation of NA transmission in mPFC by chronic

DMI treatment was associated with a time-dependent facilitation of cognitive flexibility that may contribute to the mechanism whereby

chronic treatment with ADs, specifically NE reuptake blockers, may exert a beneficial therapeutic effect on cognition in depressed

patients.
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INTRODUCTION

Alterations in brain noradrenergic (NA) neurotransmission
are important in the actions of many antidepressant drugs
(ADs), particularly the older class of tricyclic ADs and the
newer class of dual uptake inhibitors (Delgado and Moreno,
2000; Frazer, 2000, 2001; Gorman and Sullivan, 2000;
Morilak and Frazer, 2004). Moreover, in addition to the
older norepinephrine (NE)-specific tricyclic drug, desipra-
mine (DMI), a newer generation of selective NE reuptake
inhibitors have emerged recently as effective treatments for
affective disorders (reviewed in Frazer, 2000, 2001; Morilak
and Frazer, 2004). Activation of the brain NA system exerts
a widespread modulatory influence that facilitates a variety
of autonomic, neuroendocrine, cognitive, and behavioral

processes, which in turn may contribute to behavioral state
changes such as increased arousal, or to adaptive responses
to acute stress (Aston-Jones et al, 1991, 1999, 2000; Morilak
et al, 2005). In this way, enhancing NA function may be
beneficial in the treatment of depression and anxiety (see
Morilak and Frazer, 2004).

It is increasingly recognized that in addition to mood
symptoms, cognitive dysfunction is also a major component
of depression and anxiety disorders, and may in fact
underlie many of the affective symptoms (Anisman and
Matheson, 2005; Beck, 1976; Coles and Heimberg, 2002;
Mathews and Mackintosh, 1998). Cognitive and emotional
biases have long been considered important in the
development and maintenance of depression, particularly
in response to stress (Beck, 1976). Neuropsychological
studies of depressed patients have revealed impairments in
executive functions related to frontal lobe activity, for
example, verbal fluency, cognitive set-shifting, behavioral
flexibility, and perseveration (see Fossati et al, 1999).
Depressed patients show abnormal responses to perfor-
mance feedback, reduced motivation, diminished cognitive
capacity, a narrowing of attentional focus to depression-
relevant thoughts, and difficulty in shifting attentional set
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from one affective dimension to another (Murphy et al,
1999). This is consistent with the perseverative attention to
themes of loss and worthlessness and the persistent
ruminations that are prevalent in this disorder (Murphy
et al, 1999, 2003). Imaging studies have shown associations
between cognitive dysfunction and altered activity in
prefrontal cortex in depression (Rogers et al, 2004; Sheline,
2003). Treatment with cognitive behavioral therapy or AD
drugs such as paroxetine produced changes in prefrontal
cortical function, also revealed by functional neuroimaging
(Goldapple et al, 2004; Kennedy et al, 2001; Prasko et al,
2004).

In primates, the medial prefrontal cortex (mPFC)
mediates the ability to shift attention between perceptual
features of complex stimuli (Dias et al, 1996, 1997; Owen
et al, 1991), and in rats, it has been implicated specifically in
attentional set-shifting, or the ability to ‘unlearn’ an
established contingency in order to learn a new one by
shifting attention from a previously salient stimulus
dimension to a previously irrelevant one (Birrell and
Brown, 2000). Lesions of rat mPFC resulted in a state of
‘emotional perseveration’, or a failure to unlearn old
contingencies in a fear-conditioning extinction paradigm
(Morgan et al, 2003).

Thus, mPFC is implicated in the ability to attend to
changes in the environment and adapt behavioral response
strategies accordingly, that is, behavioral flexibility (Dalley
et al, 2004; Ragozzino et al, 1999), and several tests have
been developed to measure this cognitive ability in both
humans and animals (Birrell and Brown, 2000; Dias et al,
1996). One such test is the Wisconsin Card Sorting Test
(WCST), used to assess strategy-switching deficits in
patients with frontal lobe damage or dysfunction (see
Tollefson, 1996). To address more specifically the different
components of behavioral flexibility assessed in the WCST,
Roberts et al (1992) developed a visual discrimination task
to investigate attentional set formation in both humans and
primates. The test required a series of discriminations using
stimuli that varied along two visual dimensions (eg, colored
shapes and white lines). Each new discrimination required
the subjects to attend to either the same dimension, or to
switch their attention to the previously distracting dimen-
sion (an extradimensional shift, ED) (Roberts et al, 1992).
Birrell and Brown (2000) subsequently developed a similar
test to assess attentional set-shifting performance in rats. In
this test, rats are trained to dig for a food reward in small
pots containing distinctive digging media and marked with
different odors. The rats must learn which of these stimulus
dimensions (odor or digging medium) is salient in signaling
the food reward. After learning a given contingency, the
rules are changed as in the WCST, and the rats must
unlearn the prior contingency in order to learn a new one.
In this way, the rats are tested on a series of increasingly
difficult tasks including stimulus reversals, intra- and extra-
dimensional (ED) set shifts. Using this test, lesions of rat
mPFC were shown to interfere specifically with ED set-
shifting capability, reflecting an inability to attend to a
previously irrelevant stimulus dimension and ignore the
previously salient dimension that is no longer informative
(Birrell and Brown, 2000). Likewise, selective deafferenta-
tion of NE terminals in rat mPFC also impaired ED set-
shifting (Eichenbaum et al, 2003), and more recently, we

have shown that elevating NA activity at a1 adrenergic
receptors in mPFC facilitated performance on this task
(Lapiz and Morilak, 2006). Thus, in the present study, we
tested the hypothesis that tonic elevation of NA transmis-
sion in mPFC produced by chronic treatment with the
selective NE reuptake blocker desipramine (DMI) may
contribute to the beneficial cognitive effects of this AD.
Portions of this work have been presented in abstract form
(Lapiz and Morilak, 2005; Petre et al, 2005).

MATERIALS AND METHODS

Animals

A total of 50 adult male Sprague–Dawley rats, weighing 200–
225 g on arrival, were used in these studies. They were
initially group-housed (three rats/cage) in 25� 45� 15 cm
plastic cages, maintained on a 12/12-h light/dark cycle
(lights on at 0700 hours), and given access to food and water
ad libitum. Rats were allowed to acclimatize for a minimum
of 4–7 days before any surgical procedures. For 1 week
before behavioral testing, the rats were individually housed
and maintained on a restricted diet of 14 g of food pellets
per day, with water freely available. Experiments were
conducted during the light portion of the cycle, between
0900 and 1700 hours. All procedures were reviewed and
approved by the Institutional Animal Care and Use
Committee of the University of Texas Health Science Center
at San Antonio, and were consistent with NIH guidelines for
the care and use of laboratory animals. All efforts were
made to minimize animal pain, discomfort or suffering, and
the number of rats used.

Attentional Set-Shifting Protocol

The method was adapted from Birrell and Brown (2000),
as described in Lapiz and Morilak (2006). The testing
apparatus was a rectangular wooden arena (inner dimen-
sions, length�width� height: 71� 40� 20 cm) painted
white on all surfaces. A removable, white plexiglas divider
separated one-third of the length of the arena from the rest,
forming a start box. This also served as a holding area
following each trial, allowing the experimenter to clean the
arena and change pots. To begin each trial, a rat was placed
in the start box, and given access to the rest of the arena by
lifting this divider. A white plexiglas panel divided the
opposite third of the arena into two sections. At testing, one
digging bowl was placed in each section. This separation
enabled the experimenter to quickly remove the rat
following an incorrect response, thus preventing it from
moving to the other bowl to retrieve the bait. The digging
bowls consisted of small terracotta pots (internal rim
diameter 7 cm; depth 6 cm). Each pot was defined by a pair
of cues along two stimulus dimensions, the digging medium
with which the pot was filled and an odor (see Table 1). To
mark each pot with a distinct odor, two drops (10 ml/drop)
of scented aromatic oil (Frontier Natural Brands, Boulder,
CO, USA) was applied to the inner rim at least 5 days before
use. Then, 3–5ml of the same oil was reapplied on the day
before testing. A different pot was used for each combina-
tion of digging medium and odor, and only one odor was
ever applied to a given pot. The bait, which was placed at
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the bottom of the ‘positive’ pot and buried with the digging
medium, was a 1/4 Honey Nut Cheerio (General Mills
Cereals, Minneapolis, MN, USA). In all discrimination trials,
a small quantity of powdered Cheerio was sprinkled onto
the digging medium in the unbaited pot to eliminate the
possibility that the rat may locate the bait by smell rather
than by learning the discrimination.

Digging was defined as a vigorous displacement of the
medium to retrieve the reward buried within the pot.
Simply investigating the rim of the pot or the surface of the
digging medium with paws or snout without displacing
material was not scored as a ‘dig’, and the trial continued
until a ‘dig’ response was executed. Thus, rats were able to
access tactile, visual, and olfactory characteristics of the
pots to make their choices based on these stimulus
dimensions.

The behavioral procedure entailed 3 days for each rat:

Day 1, habituation: On the first day, the rats were trained to
dig reliably in the pots to obtain a food reward. Two
unscented pots, both baited, were placed in the home cage
for a series of three exposures of 5 min each. With each
exposure, the bait was covered with an increasing amount of
sawdust. Once the rat was digging reliably, it was
introduced into the test arena, and given three trials to
retrieve reward from both the sawdust-filled baited pots.

Day 2, training: The following day, the rats were trained
on a series of simple discriminations (SD), to a criterion of
six consecutive correct trials. For these trials, the rats first
had to learn to associate the food reward with an odor cue
(lemon vs rosewood, both pots filled with sawdust). After
criterion was reached for the odor discrimination, the pots
were changed, and they had to discriminate the digging
media (felt strips vs shredded paper, no odor). All rats were
trained using the same pairs of stimuli and in the same
order. The positive and negative cues for each rat were

determined randomly and represented equally. These
training stimuli were not used again in later testing trials.

Day 3, testing: Following the training day, the rats were
tested on a series of increasingly difficult discriminations
(see Table 1). Testing continued at each stage until the rat
reached a criterion of six consecutive correct trials, after
which testing proceeded to the next stage.

The first stage was a simple discrimination (SD), involving
only one stimulus dimension. Half the rats in any group
were required at this stage to discriminate between two
odors, only one of which was associated with reward, with
both pots filled with sawdust. For the other half, this first
discrimination involved digging media, with no odors
applied to the pots (for the sake of clarity, the remainder
of this description will only consider the example beginning
with odor discrimination). The second stage was then a
compound discrimination (CD), where the second irrele-
vant stimulus was introduced. Only one odor was associated
with reward, as in the SD stage, but two different digging
media were now paired randomly with the odors. The third
stage was a reversal of this discrimination (R1), in which the
same odors and media were used, and odor was still the
relevant dimension, but in these trials the negative odor
from the previous stage was now positive (ie, associated
with the reward), and the positive odor from the previous
stage was now negative (no reward). The fourth stage was
an intradimensional (ID) shift, wherein odor was still the
relevant dimension and the medium was still irrelevant, but
all new stimuli were used (ie, new odors and new media).
The fifth stage was a reversal of this discrimination (R2), in
which the previously negative odor was now positive, as in
R1. The sixth stage required an extradimensional (ED) shift,
in which all new stimuli were again introduced, but this
time the relevant dimension was also changed, for example,
the digging medium became the relevant dimension and

Table 1 Behavioral Protocol for Attentional Set-Shift Testing

Dimensions Example combinations

Discrimination stage Relevant Irrelevant (+) (�)

Simple (SD) Odor Clove/Sawdust Nutmeg/Sawdust

Compound (CD) Odor Medium Clove/Raffia Nutmeg/Metallic filler

Clove/Metallic filler Nutmeg/Raffia

Reversal 1 (R1) Odor Medium Nutmeg/Raffia Clove/Metallic filler

Nutmeg/Metallic filler Clove/Raffia

Intradimensional shift (ID) Odor Medium Rosemary/Wood balls Cinnamon/Plastic beads

Rosemary/Plastic beads Cinnamon/Wood balls

Reversal 2 (R2) Odor Medium Cinnamon/Plastic beads Rosemary/Wood balls

Cinnamon/Wood balls Rosemary/Plastic beads

Extradimensional shift (ED) Medium Odor Velvet/Citronella Crepe/Thyme

Velvet/Thyme Crepe/Citronella

Reversal 3 (R3) Medium Odor Crepe/Thyme Velvet/Citronella

Crepe/Citronella Velvet/Thyme

Representative example of stimulus pairs and the progression through the stages of the attentional set-shifting protocol. In this example, odor was the initial
discriminative stimulus dimension, shifting to digging medium in the ED stage. For each stage, the positive stimulus is in bold, and is paired randomly across trials with
the two stimuli from the irrelevant dimension.
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odor was now irrelevant. Finally, the seventh stage was
another reversal (R3), where the previously negative
medium was now positive. The assignment of each
exemplar in a pair as being positive or negative in a given
stage, and the left–right positioning of the pots in the arena
on each trial, were randomized in advance. For half the rats,
the discriminations began with odor as the relevant cue, as
described above, and for half the discrimination began with
medium as the salient cue. Table 1 outlines the progression
through these stages, and provides examples of the cue
combinations used, beginning in this case with an odor
discrimination, shifting to medium in the ED shift stage.

The primary dependent measure in this procedure was
the number of trials required to reach the criterion of six
consecutive correct responses at each test stage (Trials to
Criterion, TTC). In addition, we also analyzed the
occurrence of set loss errors, a measure adapted from the
analysis of errors on the WCST as described by Stuss et al
(1983, 2000). In scoring the WCST, with the criterion for
successful mastery of a test stage set at 10 consecutive
correct responses, Heaton (1981) defined a set loss as an
error made after five or more consecutive correct responses,
that is, after reaching 50% or more of criterion. Thus, in the
present study, we similarly defined a set loss as an error
made after three or more consecutive correct responses,
that is, after 50% or more of the criterion of six consecutive
correct responses had been achieved.

Experiment 1: Effects of Acute Systemic Administration
of DMI on Extracellular NE Levels in mPFC and on
Attentional Set Shift Performance

A total of 15 rats weighing 250–275 g at the time of surgery
were anesthetized with a cocktail of ketamine 43 mg/ml,
acepromazine 1.4 mg/ml, xylazine 8.6 mg/ml, 1.0 ml/kg, i.m.,
with a 25% supplement given as needed. Rats were placed in
a stereotaxic frame with the incisor bar set at �3.3 mm,
adjusted as needed to achieve a flat skull, indicated by equal
DV coordinates for bregma and lambda. A guide cannula
(CMA/12; CMA Microdialysis, North Chelmsford, MA),
aimed at the mPFC, was implanted using a 101 lateral
approach with the following coordinates relative to bregma:
AP + 2.6 mm, ML + 1.4 mm, DV �1.7 mm, based on the
atlas of Paxinos and Watson (1998). Approximately half the
rats in each group were implanted on the left side, and half
on the right. The guide cannula was anchored to the skull
with jewelers screws and dental acrylic, and an obdurator
was inserted to maintain patency. During surgery, rats
were treated prophylactically with antibiotic (penicillin G,
300 000 IU/ml, 1.0 ml/kg, s.c.), and housed singly until
testing.

Beginning 3 days after surgery, food was restricted to
14 g/day, with water freely available, for 7 days before
testing. Rats underwent the habituation and training
sessions as described above. On the testing day, rats were
transported to the testing room in their home cage, the
obdurator was removed, and a microdialysis probe (CMA/
12), with molecular weight cutoff of 20 kDa and 4 mm of
active membrane, was inserted into the guide cannula. The
probe extended 4 mm beyond the tip of the guide, centering
the active membrane within the mPFC. The probe was
perfused with artificial cerebrospinal fluid (147 mM NaCl,

2.5 mM KCl, 1.3 mM CaCl2, 0.9 mM MgCl2, pH 7.4) at a flow
rate of 1.0 ml/min. Animals were allowed a 2 h equilibration
period before sample collection was initiated. Sample
collection time was 30 min, resulting in a sample volume
of 30 ml, collected into a tube containing 2.5 ml of stabilizing
solution (0.2 mM EDTA, 0.2 mM ascorbic acid, 0.2 M
perchloric acid). Following collection of four baseline
samples in the home cage, rats were given a systemic
injection of either saline vehicle (2 ml/kg, i.p.; n¼ 8) or DMI
(15 mg/kg; Sigma, St Louis, MO; n¼ 7). In a previous study,
we found this dose of DMI to produce plasma levels
comparable to those obtained with the chronic drug
treatment employed in Experiment 2 (see Garcia et al,
2004). However, because of the time required for behavioral
testing after acute drug administration, plasma DMI levels
were not obtained in the present study. Immediately after
drug injection, rats were placed into the testing arena and
behavioral testing commenced. For collection of all micro-
dialysis samples, a 15 min delay was incorporated into the
procedure to allow for the dead volume between the active
membrane and the sample collection outlet.

From our previous study (Lapiz and Morilak, 2006), it
was clear that some of the test stages would require less time
for criterion to be reached than the 30 min microdialysis
sample time. Thus, sampling over some of the behavioral
tasks was combined: a single sample was collected during
SD and CD testing (SD/CD), and also during ID and R2
testing (ID/R2). By contrast, the time required to complete
the other test stages was sufficient to allow collection of a
single sample during each (R1, ED, and R3).

Thus, each sample contained a minimum of 30 ml
dialysate + 2.5 ml stabilizing solution. From this, the amount
of NE in a standard volume of 27.5 ml was measured for each
sample by high-performance liquid chromatography with
coulometric detection (Coulochem2, ESA Inc., East Chelms-
ford, MA). The mobile phase contained 60 mM sodium
phosphate, 75 mM EDTA, 1.5 mM sodium 1-octanesulfonic
acid, 6% methanol, pH 4.6, at a flow rate of 0.6 ml/min.
Under these conditions, NE had a retention time of
approximately 7.8 min. The amount of NE in each sample
was quantified against a calibration curve run daily, ranging
from 0.0 to 25.0 pg/sample, with a detection limit of
approximately 0.5 pg/sample.

Experiment 2: Effects of Chronic DMI Treatment on
Extracellular NE Levels in mPFC Measured
Concurrently with Attentional Set Shift
Behavioral Performance

Initially, 17 rats were used to test the effects of chronic DMI
treatment on behavior in the attentional set-shifting task.
They were randomly assigned to two groups defined by the
drug delivered chronically by osmotic minipump. Rats
weighing 220–240 g at the time of surgery were anesthetized
with a cocktail of ketamine 43 mg/ml, acepromazine 1.4 mg/
ml, xylazine 8.6 mg/ml, 1.0 ml/kg, i.m., with a 25% supple-
ment given as needed. Osmotic minipumps (2ML4, Alzet
Corp., Palo Alto, CA), preloaded with either vehicle (10%
ethanol; n¼ 8) or DMI (n¼ 9) at a concentration calculated
to deliver 7.5 mg/kg/day of the free base (approximately
40 mg/ml), were implanted intraperitoneally via a ventral
midline incision. Following surgery, rats were treated with
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antibiotic (penicillin G, 300 000 IU/ml, 1.0 ml/kg, s.c.), and
housed singly until testing (21 days). Beginning 14 days
after surgery, food was restricted to 14 g/day with water
freely available for 7 days before testing on day 21 of drug
treatment. Habituation, training, and testing were per-
formed exactly as described above.

A second cohort of 18 rats underwent surgery for both
osmotic minipump implantation and stereotaxic implanta-
tion of a microdialysis guide cannula. These rats, weighing
220–240 g at the time of surgery, were anesthetized, and
osmotic minipumps loaded with vehicle (10% ethanol,
n¼ 7) or DMI (7.5 mg/kg/day; n¼ 11) were implanted
intraperitoneally, as above. Rats were then placed in a
stereotaxic frame and implanted with a guide cannula
aimed at mPFC using a 101 lateral approach, as in
Experiment 1. Approximately half the rats in each group
were implanted on the left side, and half on the right.

Beginning 14 days after surgery, food was restricted to
14 g/day with water freely available for 7 days before testing
on day 21 of drug treatment. Habituation and training were
conducted as above. On the testing day, in rats implanted
with a guide cannula, the obdurator was removed and a
microdialysis probe was inserted into the guide, centering
the active membrane within mPFC. Animals were allowed
a 2 h equilibration period before sample collection was
initiated, also as above. Following collection of four 30 min
baseline samples in the home cage, the rat was placed in the
testing arena. As in Experiment 1, a single sample was
collected during the combined SD and CD test stages (SD/
CD), and during the combined ID and R2 stages (ID/R2),
whereas single samples were collected during each of the
other test stages (R1, ED, and R3). The amount of NE in the
microdialysate samples was measured by HPLC,
as above.

Data Analyses

In all experiments, the investigator conducting the beha-
vioral test was blind to the drug treatment condition of the
rats. Data from the SD training sessions on day 2 were first
compared by repeated measures ANOVA to ensure that
training was equivalent between the drug treatment groups.
For analysis of data collected on the testing day, Trials to
Criterion (TTC) were analyzed by two-way ANOVA
(Drug� Stage) with repeated measures over Stage. Where
significant main effects or interactions were indicated,
post hoc analyses were performed using Newman–Keuls test
to identify differences between drug groups at specific test
stages. Set loss errors were similarly analyzed. For all
analyses, significance was determined at Po0.05.

In microdialysis experiments, to first test for any
differences in baseline NE levels collected in mPFC of
vehicle- and DMI-treated rats, the mean of the four baseline
samples was calculated for each animal, and these were
compared by Student’s t-test. As baseline NE levels were
significantly elevated in rats treated chronically with DMI,
changes in NE levels during performance of the attentional
set-shifting behavioral test were then analyzed in two ways.
First, to test for changes in the absolute amount of NE
collected in the samples, expressed as pg/sample, a one-way
ANOVA with repeated measures over Time was conducted,
split by Drug. In addition, all sample values were converted

to a percent of the mean baseline value for each rat, and a
two-way ANOVA (Drug�Time), with repeated-measures
over Time, was conducted to allow a comparison of the
relative magnitude of any change in extracellular NE levels
measured in mPFC during performance of the behavioral
test in the two drug groups, after normalizing for baseline
differences. Where significant main effects or interactions
were indicated using either approach, post hoc analyses
were performed using Newman–Keuls test. Significance in
all analyses was determined at Po0.05.

At the end of each experiment, rats were killed by rapid
decapitation, and trunk blood was collected for analysis of
plasma DMI levels (assays conducted by Dr Martin Javors,
Department of Psychiatry, UTHSCSA). Any DMI-treated
subjects who exhibited extreme low or high plasma DMI
levels (o100 ng/ml or 41000 ng/ml) were eliminated a
priori from subsequent analyses. This resulted in elimina-
tion of only one rat for low plasma DMI levels; none
exhibited excessively high values. For microdialysis studies,
brains were removed for histological determination of
probe placement. A representative example of a micro-
dialysis cannula track localized to the mPFC is shown in
Figure 1. Any case in which the probe track was located
outside the target region in mPFC was likewise eliminated a
priori from subsequent analyses. Misplaced probe localiza-
tion resulted in elimination of two rats. Subjects eliminated
for any reason were not included in the reported total
number of rats used.

RESULTS

Experiment 1: Effects of Acute Systemic Administration
of DMI on Extracellular NE Levels in mPFC and on
Attentional Set Shift Performance

All rats learned to dig in the baited bowls during
habituation, and all learned the SD comparably during
training, averaging fewer than 10 trials to reach criterion,
with no pre-existing differences between the randomly
assigned groups (F1,13¼ 0.81, P¼ 0.38). Figure 2 shows the
effects of acute systemic DMI administration (15 mg/kg,

Figure 1 Representative photomicrograph of a cresyl violet-stained
section through mPFC, corresponding to plate 9 in the atlas of Paxinos and
Watson (1998), showing the track of a microdialysis guide cannula
implanted unilaterally in mPFC. The microdialysis probe extended 4 mm
beyond the tip of the guide cannula, centering the active membrane in
mPFC (arrowhead). Abbreviations: aca, anterior commissure, anterior limb;
fmi, forceps minor, internal capsule; IL, infralimbic cortex; PrL, prelimbic
cortex. Scale bar¼ 1 mm.
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i.p.) on the trials to criterion (TTC) for each stage of the
attentional set-shifting test. ANOVA revealed significant
main effects of Drug (F1,78¼ 9.123, Po0.01) and Stage
(F6,78 ¼ 7.551, Po0.0001), but no Drug� Stage interaction
(F6,78 ¼ 0.409, P¼ 0.871). For the main effect of Stage, post
hoc comparisons showed that significantly more trials were
required to reach criterion during R1 and ED than in SD,
ID, and R2 (Figure 2), reflecting the relatively greater
difficulty of the reversal tasks and the extradimensional set-
shifting task, as reported previously (Birrell and Brown,
2000; Lapiz and Morilak, 2006). Moreover, within drug-
treatment groups, this stage effect was present in the
vehicle-treated rats but not in rats treated acutely with DMI,
who showed a moderate improvement in performance on
the reversal and ED tasks (Figure 2). Nonetheless, although
ANOVA indicated that DMI-treated rats performed better
overall than the vehicle-treated controls, post hoc compar-
isons between groups revealed no significant differences in
performance on any of the specific task stages.

When set loss errors were similarly analyzed, there were
no significant effects of either Stage (F6,78 ¼ 1.22, P¼ 0.31)
or Drug, although a trend suggesting that DMI-treated rats
made fewer set loss errors approached significance
(F1,78 ¼ 4.59, P¼ 0.052).

Figure 3 shows the NE levels collected in microdialysate
samples from mPFC at baseline and during performance on
the attentional set-shifting test following acute DMI
administration. There were no baseline differences between
the two randomly assigned treatment groups before acute
injection of DMI or vehicle (t¼�1.24, P¼ 0.24). Repeated
measures ANOVA revealed a significant main effect of
Time (F9,117 ¼ 5.13, Po0.001), but not Drug (F1,117¼ 0.38,
P¼ 0.57). There was, however, a significant Drug�Time
interaction (F9,117¼ 3.02, P¼ 0.003). Post hoc analyses
showed that NE levels were significantly higher in DMI-

treated rats compared to vehicle-treated rats in samples
collected after drug injection (11.4775.75 pg/sample in
DMI-treated rats compared to 4.6671.66 pg/sample in
controls; Po0.05). The elevation in NE was maintained
for the duration of testing, although post hoc comparisons
between groups were significant only for the sample
collected immediately following injection and during the
R1 and R3 reversal tasks (Figure 3a). Within the treatment
groups, there were no significant differences in NE levels
collected in mPFC across tasks. When the data were
analyzed as percent of mean baseline, ANOVA revealed
significant effects of Drug (F1,117¼ 14.76, P¼ 0.002) and

Figure 2 Effects of acute DMI injection (15 mg/kg, i.p.) on performance
in the attentional set-shifting test, measured by the number of trials to
criterion for each test stage (mean7SEM). Significantly more trials were
required to reach criterion on the R1 and ED tasks compared to other
stages (Main effect of Stage: #Po0.05 compared to other task stages
collapsed across drug treatment groups). This effect was seen in the vehicle
control group only (*Po0.05 compared to other task stages within the
same drug treatment group). Although acute DMI treatment significantly
improved performance overall, there was no significant difference between
treatment groups on any individual task stage.

Figure 3 Effects of acute DMI injection (15 mg/kg, i.p., arrowhead) on
extracellular NE levels in microdialysate samples collected from mPFC. (a)
Analysis of absolute NE levels, expressed as pg/sample (mean7SEM). NE
levels were significantly elevated in mPFC following acute DMI injection. (b)
Analysis of data converted to percent of mean baseline. NE levels increased
significantly following injection, and the increase was maintained at a stably
elevated level during behavior on all stages of the AST. There were no
differences between stages during performance of the behavioral test in
either drug group. In both panels: *Po0.05 compared to baseline samples
in the same treatment group; + Po0.05 compared to the corresponding
time point in the vehicle-injected control group.
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Time (F9,117 ¼ 8.14, Po0.001) and a significant Drug�Time
interaction (F9,117 ¼ 6.27, Po0.001; Figure 3b). Post hoc
analyses showed that acute injection of DMI significantly
increased NE in mPFC compared both to pre-injection
baseline and to vehicle-injected controls. The significant
increase in NE was maintained for the duration of
the behavioral testing period, but NE levels did not vary
during performance of the individual tasks in either group
(Figure 3b).

Experiment 2: Effects of Chronic DMI Treatment on
Extracellular NE Levels in mPFC Measured
Concurrently with Attentional Set Shift
Behavioral Performance

Chronic treatment resulted in mean plasma DMI levels of
250.24735.59 ng/ml. A comparison of the behavioral data
from the subset of rats who were implanted for micro-
dialysis and those who were not revealed no significant
difference (for the Microdialysis factor: F1,31 ¼ 1.25,
P¼ 0.27). Thus, the data from these subsets of rats were
pooled into otherwise identically treated drug-treatment
groups. There were no baseline differences in SD perfor-
mance of the two drug-treatment groups on the training day
(F1,33 ¼ 0.85, P¼ 0.77). Figure 4 shows the effects of chronic
(21 days) administration of DMI on the number of trials
to criterion for each stage of the attentional set-shifting
test. Repeated measures ANOVA revealed significant
main effects of Drug (F1,198 ¼ 11.44, P¼ 0.002) and Stage
(F6,198 ¼ 25.32, Po0.001), and a significant Drug� Stage
interaction (F6,198¼ 3.07, P¼ 0.007). As in Experiment 1,
post hoc analysis of the main effect of Stage across drug

groups showed the R1, R3, and ED stages to be significantly
more difficult than the other task stages. Further, post hoc
comparisons showed that DMI-treated rats performed
significantly better than vehicle-treated rats, and that their
performance was specifically enhanced on the ED set shift
task (Figure 4).

Analysis of set loss errors also revealed a significant effect
of Stage (F6,198 ¼ 5.57, Po0.001), but not Drug (F1,198 ¼ 0.17,
P¼ 0.68), and a significant Drug� Stage interaction

Figure 4 Effects of chronic DMI treatment (7.5 mg/kg/day for 21 days)
on performance in the attentional set-shifting test, measured by the
number of trials to criterion for each test stage (mean7SEM). Significantly
more trials were required to reach criterion on the R1, ED, and R3 tasks
compared to other stages (Main effect of Stage: #Po0.05 compared to
other task stages collapsed across drug treatment groups). This effect was
seen in the vehicle control group only (*Po0.05 compared to other task
stages within the same drug treatment group). In addition, however,
chronic treatment with DMI significantly improved performance specifically
on the ED set shift task ( + Po0.05 compared to the same stage in the
vehicle-treated control group).

Figure 5 Effects of chronic DMI treatment (7.5 mg/kg/day for 21 days)
on extracellular NE levels in microdialysate samples collected from mPFC.
(a) Analysis of absolute NE levels, expressed as pg/sample (mean7SEM).
Rats treated chronically with DMI had significantly higher NE levels in all
samples collected from mPFC compared to vehicle-treated control rats
( + Po0.05). (b) Analysis of data expressed as percent of mean baseline.
There was no significant effect over Sample in either drug treatment
condition; although there was a trend suggesting an increase in extracellular
NE levels during behavioral performance on the attentional set-shifting test,
especially in the DMI-treated group, this effect only approached significance
(P¼ 0.052).
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(F6,198 ¼ 2.39, Po0.05). Post hoc comparisons showed
significantly more set loss errors made during ED compared
to SD, R1, ID, and R3. Moreover, DMI-treated rats made
significantly fewer set loss errors than vehicle controls
specifically during the ED task.

Figure 5 shows the NE levels measured in microdialysate
samples collected from mPFC at baseline and during
performance of the attentional set-shifting test in rats
treated chronically with vehicle or DMI. Baseline NE
levels were significantly elevated in DMI-treated rats
(18.1171.57 pg/sample compared to 1.8070.23 pg/sample
in vehicle-treated controls; t¼ 8.18, Po0.001). ANOVA for
absolute NE levels (pg/sample, Figure 5a) indicated a
significant main effect of Drug (F1,128 ¼ 60.99, Po0.001),
but not Time (F8,128 ¼ 1.81, P¼ 0.08), and no significant
Drug�Time interaction (F8,128¼ 1.61, P¼ 0.13). Normal-
ization of the data to be expressed as percent of mean
baseline allowed a comparison of the magnitude of any
potential changes in NE levels in mPFC during behavioral
testing in the two groups (Figure 5b). This analysis of
course obviated the main effect of Drug (F1,128¼ 1.37,
P¼ 0.26), and although NE levels appeared to increase
slightly during all stages of behavioral testing relative to
pre-testing baseline, especially in the DMI-treated group,
the main effect of Time was also not significant
(F8,128 ¼ 1.70, P¼ 0.10). Consistent with the modest eleva-
tion in NE levels seen during overall behavioral perfor-
mance, a correlation analysis of trials to criterion
specifically on the ED set shift stage with NE levels,
collected in mPFC of DMI-treated rats used for micro-
dialysis, revealed a similarly modest inverse correlation that
also did not achieve significance (r¼�0.34, P¼ 0.31).

DISCUSSION

In this study, we found that NE reuptake blockade by DMI
enhanced cognitive performance on an attentional set-
shifting test, consistent with our previous observation that
tonic elevation of NE neurotransmission in mPFC enhanced
performance on this test (Lapiz and Morilak, 2006). Both
acute and chronic DMI treatment increased extracellular NE
levels in the mPFC, measured by in vivo microdialysis, and
both treatments improved overall performance on the
behavioral test. However, tonic extracellular NE levels were
elevated to a greater extent with chronic treatment, and the
behavioral effect of DMI was correspondingly more robust
after chronic treatment. Only after chronic treatment was
the effect sufficient to produce a significant improvement
on any individual task stage, and specifically on the ED set-
shifting task.

The extradimensional set shift places complex demands
on neural circuits mediating processes that include atten-
tion, short-term memory, and cognitive flexibility. The
difficulty of this task is reflected in the consistently higher
number of trials required to reach criterion, evident both in
this study and in previous studies (Birrell and Brown, 2000;
Lapiz and Morilak, 2006; McAlonan and Brown, 2003;
Tunbridge et al, 2004). In this task, not only were the rats
required to learn new discriminations using new sets of
stimuli but they were also required to switch their learning
strategy, shifting attention away from the previously salient

stimulus dimension and attending to the previously
irrelevant dimension (Chen et al, 2004; Lapiz and Morilak,
2006). Lesions of the dorsolateral PFC in primates, and of
the analogous mPFC in rats, specifically impaired perfor-
mance on ED set-shifting tasks (Birrell and Brown, 2000;
Dias et al, 1996). Similar impairment of performance on the
WCST was seen in patients with lesions of the dorsolateral
prefrontal cortex (Stuss et al, 2000), and in patients
suffering from a variety of neuropsychiatric disorders in
which mPFC dysfunction has been implicated (Fossati et al,
1999; Goldstein et al, 2002; Moritz et al, 2002). These results
indicate that optimal functioning of the mPFC is important
in the cognitive processes that underlie attentional set-
shifting. Moreover, elevated NA neurotransmission has
been shown to facilitate a number of cognitive processes
related to mPFC functioning, including vigilance, selective
attention, learning, and memory (Aston-Jones et al, 1991,
1999; Dalley et al, 2004; Devauges and Sara, 1991; Dias et al,
1996). We have shown previously that elevating NA
neurotransmission by systemic administration of atipame-
zole, an a2-autoreceptor antagonist, improved performance
on the ED set-shifting task, and this improvement was
blocked specifically by local microinjection of a post-
synaptic a1-adrenergic receptor antagonist directly into
mPFC (Lapiz and Morilak, 2006).

Electrophysiological studies in primates have shown that
the mode of activity in the coeruleo-cortical NA system is
closely related to performance in a selective attention task
(Aston-Jones et al, 1994, 1999, 2000). In these studies,
phasic activation of neurons in the locus coeruleus (LC) was
associated with accurate detection and responding to
salient, reward-predicting stimuli and not to distractors.
However, there was an inverted U-shaped association
between tonic baseline firing of LC neurons, related to the
state of arousal, and both the phasic excitation of these cells
by the salient stimuli and the accuracy of performance in
the detection task. At low levels of tonic NA activity,
corresponding to low arousal, performance was also low. At
moderate levels of baseline NA activity and arousal, phasic
activation of NA neurons was greater, and the ability to
attend to reward-signaling stimuli and to filter distracting
stimuli was optimal, consistent with a state of ‘selective
attention’ and a mode of responding that is most
appropriate to maintaining previously established contin-
gencies. At higher levels of tonic NA activity, response
accuracy was reduced, and phasic activation of NA neurons
by target stimuli was masked by the higher levels of tonic
activity (Aston-Jones et al, 1994, 1999, 2000). This
corresponds to a state of ‘scanning attention’ and an
increase in vigilance, wherein the animal was more attentive
to environmental cues rather than being focused on
previously learned contingencies, thereby enabling the
potential salience of new cues to be established (Aston-
Jones et al, 1994, 1999, 2000). Thus, the improvement in ED
set-shifting capability after chronic DMI treatment may
reflect this switch into a mode of ‘scanning attention’, or
enhanced behavioral flexibility, allowing for extinction of a
previously established but no longer valid contingency, and
the efficient acquisition of new contingencies. Further, this
state of enhanced cognitive flexibility may correspond
specifically to a state of elevated tonic activity, but reduced
phasic excitability of the NA system.
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Chronic treatment with an NE reuptake inhibitor may
produce exactly such a change in neurotransmission.
Clearance of neurotransmitter from the synapse by
presynaptic transporters is the primary mechanism by
which the postsynaptic effects of neurotransmitter release
are terminated (Giros and Caron, 1993; see Mason et al,
2005; Miller et al, 1999). This allows any subsequent phasic
activity in the presynaptic cell to be transmitted faithfully
and with temporal fidelity to the postsynaptic neuron by the
subsequent release of more neurotransmitter. However,
with chronic reuptake blockade, neurotransmitter is not
cleared from the synapse and extracellular levels increase to
a stably elevated level that is likely to be, to a large extent,
disconnected from acute fluctuations in presynaptic activ-
ity. Moreover, the greatly elevated extracellular levels of NE
obtained with chronic reuptake blockade will also act on
presynaptic terminal autoreceptors and somatodendritic
autoreceptors to inhibit acute excitability of the presynaptic
neuron (Béı̈que et al, 2000; Szabo and Blier, 2001; Szabo
et al, 2000; Valentino et al, 1990), further disconnecting
neurotransmission from phasic presynaptic activity. Unlike
the desensitization of 5-HT1A autoreceptors that has been
observed in serotonergic neurons with chronic SSRI
treatment, we have found that a2-adrenergic autoreceptors
remain functional and continue to inhibit NE release after
chronic treatment with DMI (Garcia et al, 2004).

In the present study, performance of the attentional set-
shifting task in both drug- and vehicle-treated control rats
was accompanied by a modest, albeit consistent increase in
NE levels in mPFC relative to baseline. This modest increase
in NE transmission, about 15% above baseline in controls
and 30% in DMI-treated rats (relative to their already
greatly elevated baseline), was only marginally significant,
and did not appear to be specific to any one behavioral task.
This is perhaps more reflective of a general increase in
overall arousal than any task-specific processing. The
modest increase in NE is in contrast to a more robust
increase seen recently in dopamine levels in mPFC (about
100% above baseline) during both rule-learning and set-
shifting tasks (Stefani and Moghaddam, 2006). It was
suggested in that paper that the increase in dopamine
may have been attributable to a possible shift in the firing
pattern of dopaminergic neurons from a tonic to a bursting
mode of activity (see Gonon, 1988; Grace, 1991). Such an
interpretation may be consistent with the suggestion above,
that the enhancement of cognitive flexibility by NE is
related more to a steady elevation in tonic NA neurotrans-
mission, perhaps contributing to an enhanced state of
arousal or vigilance, rather than to an increase in phasic NA
reactivity or excitability, which may be more effective in
facilitating responses evoked specifically by an acute
stressor.

It has been increasingly recognized that, in addition to
mood symptoms, cognitive dysfunction is a major compo-
nent of depression and anxiety disorders, and may in fact
underlie some of the affective symptoms (Beck, 1976; Beck
et al, 1987; Coles and Heimberg, 2002; Mathews and
Mackintosh, 1998). Patients with anxiety and depression
exhibit cognitive and memory biases for emotionally
relevant material, particularly with respect to ‘controllabi-
lity’ of stressful life events, a concept long theorized to be
central to the development of depression (Seligman, 1974).

It has been suggested that a perseverative attention to
perceived threats, themes of loss, personal deficiency,
worthlessness, or hopelessness may contribute to a vulner-
ability to develop affective disorders (Coles and Heimberg,
2002; MacLeod and Hagan, 1992). Consistent with the idea
of altered cognitive processes in depression is the growing
evidence demonstrating frontal lobe dysfunction in depres-
sion. Neuropsychological studies of depressed patients have
revealed impairments on executive tests considered to
reflect frontal lobe function, for example, verbal fluency
tasks, cognitive flexibility, initiation ability, and persevera-
tive errors (see Fossati et al, 1999). Depressed patients show
abnormal responses to performance feedback, reduced
motivation, diminished cognitive capacity and processing
resources, narrowing of attentional focus to depression-
relevant thoughts, and difficulty shifting attention from one
affective category to another (see Murphy et al, 1999, 2003).
In addition, functional neuroimaging studies have shown
associations between cognitive dysfunction and altered
activation of the prefrontal cortex in depression (see Rogers
et al, 2004). Thus, the present results suggest that the
facilitatory effects of NE on cognitive flexibility in the mPFC
may contribute to the mechanisms whereby therapeutic
drugs that influence NA neurotransmission can exert
beneficial cognitive effects in the treatment of depression.

Selective NRIs, including DMI, are effective antidepres-
sants, and the importance of NE in the mechanism of
antidepressant efficacy of these drugs has been demon-
strated clinically. Acute depletion of catecholamines by
administration of a-methylparatyrosine, a selective inhi-
bitor of tyrosine hydroxylase, transiently reversed the
antidepressant response in patients treated with DMI,
mazindol, or mirtazapine (Delgado et al, 1983, 2002; Miller
et al, 1996). Indeed, there is a general consensus that typical
ADs act primarily to facilitate monoaminergic neurotrans-
mission. However, the clinically therapeutic actions of these
drugs cannot be attributed solely to their ability to elevate
monoamine levels by acute pharmacological blockade of the
relevant transporter. The beneficial effects of ADs are only
evident after continued chronic administration, the so-
called ‘therapeutic lag’ (Gelenberg and Chesen, 2000).
Although their pharmacological effects on transporter
function are immediate (Nestler, 1998; Ressler and
Nemeroff, 1999), detectable improvements in either global
symptomatology or in specific symptoms becomes evident
after at least 7–14 days of treatment, whereas significant
clinical improvement occurs only after several weeks of
treatment, and more complete recovery can take many
months (Blier and de Montigny, 1994; Frazer, 1994; Katz
et al, 1996/1997, 2004).

Hence, any model addressing potential mechanisms of
antidepressant action should reflect an aspect of time-
dependency. The demonstration of a degree of time-
dependency in the present study highlights the possible
use of the attentional set-shifting paradigm as a model to
further investigate the neural mechanisms by which changes
in NE neurotransmission and cognition may be involved in
the therapeutic actions of ADs. The current results suggest
that regulatory alterations in NA neurotransmission in-
duced by chronic treatment with a selective NRI may
produce more effective facilitation of tonic NA activity than
that produced by acute pharmacological reuptake blockade
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alone. In a broader sense, understanding the mechanisms
by which chronic treatment with NRIs and other classes of
antidepressants can regulate monoaminergic function to
produce their clinical effects may contribute to a better
understanding of the etiology of depression, and perhaps to
the future development of more effective, rapid, or selective
treatment strategies.
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