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Abstract

Lesions of the rat medial prefrontal cortex (mPFC) produce behavioral impairments in the 5-
choice serial reaction time (5CSRT) task, a widely-used measure of sustained and selective visual
attention. This experiment compared the effects of “dorsal” (centered on prelimbic and infralimbic
cortices) and “ventral” (centered on dorsal peduncular cortex and tenia tecta) mPFC lesions on
performance in a variant of the 5CSRT task. Because in some associative learning theories, the
predictive validity of events determines the allocation of attention to them, we also examined the
effects of cue validity in this task. Operant nosepoke responses to some briefly-illuminated ports
were consistently (100%) reinforced (CRF) with food, whereas for other ports, responding was
reinforced on only 50% of the trials (partial reinforcement, PRF). Different patterns of impairment
emerged depending on lesion location within the mPFC. Dorsal- and sham-lesioned rats responded
more to CRF than to PRF cues, but ventral-lesioned rats responded similarly to CRF and PRF
cues. Additionally, under some conditions of increased attentional demands, dorsal-lesioned rats
failed to respond on many trials, whereas the impairment in ventral-lesioned rats was manifested
as an increase in response errors. These results demonstrate separable roles for dorsal and ventral
mPFC subregions in controlling attention.
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1. Introduction

Much animal research implicates the medial prefrontal cortex (mPFC) in attentional
function. A variety of test paradigms has been employed in this research, including the 5-
choice serial reaction time (5CSRT) task [1-4], signal discrimination tasks [5-7], and
attentional set-shifting procedures [8,9]. Effects of mPFC manipulations have been
demonstrated in each of these tasks, suggesting a relatively broad role for the mPFC in
attentional processes. Here we examined further the role of mPFC in attention by examining
the effects of cue validity and other parameters on performance in the 5CSRT task after
lesions of mPFC subregions.
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The 5CSRT task has been extensively used to assess sustained and selective visual attention
in rats (for reviews of this task, see [10,11]). This task requires rats to poke their noses into a
briefly illuminated stimulus-response port out of an array of five ports to earn food reward.
After baseline acquisition of the task, challenges (such as a shortened duration port light)
can be introduced to make the task more demanding of attentional resources. A number of
studies have used the 5CSRT task to explore the involvement of the mPFC in attention. For
example, Muir, Everitt and Robbins [1] found that mPFC-lesioned rats showed reduced
accuracy, increased correct response latencies, and increased perseverative responding, even
under their baseline version of the task, prior to any attentional challenges. Although much
of the work subsequent to this observation concentrated on the role of the cholinergic input
to the mPFC [3,4,12,13], another line of research focused on subregional specialization
within the mPFC [2,14,15]. Consistent with modern views of anatomical and functional
specialization within the mPFC [16], Chudasama and colleagues [2, 17] found different
effects of dorsal vs. ventral neurotoxic mPFC lesions in the 5CSRT task. Specifically, dorsal
mPFC lesions, which targeted anterior cingulate cortex (Zilles’s Cg1), resulted in reduced
accuracy, but did not cause an increase in perseverative responding, whereas ventral mPFC
lesions, which targeted prelimbic (PL) and infralimbic (IL) cortex, increased perseverative
responding but caused only a transient impairment in accuracy.

A subsequent study by Chudasama and colleagues [14] found differential effects of anterior
cingulate cortex (ACC) and IL cortex lesions in the 5CSRT task. ACC lesions impaired task
accuracy, whereas IL cortex lesions resulted in increased premature (anticipatory)
responding, greater omissions, and faster response latencies. Interestingly, the IL-lesioned
rats in that study did not show increased perseverative responding, suggesting that the
observed increase in perseverative responding in the previous (Passetti et al. [2]) study,
which utilized a combined PL+IL lesion, may have been due primarily to damage to the PL
cortex. In order to further dissociate PL and IL function, Murphy and colleagues [15]
examined the effects of NMDA receptor antagonism within each subregion prior to the rats
being assessed in the 5CSRT task. Infusions of a NMDA receptor antagonist into either the
PL or IL cortex resulted in decreased accuracy and increased omissions. However,
premature (anticipatory) responding was increased only by infusions into IL, but not PL,
cortex. These authors [15] did not find any effect of infusions into either mPFC subregion
on perseverative responding, but this apparent discrepancy with the results of Passetti et al.
[2] could be due to the different surgical manipulations (permanent lesion vs. transient
pharmacological effect) or slightly different training contingencies used between the two
studies. Regardless of the exact specifics of these earlier studies, it is clear that different
regions of the rat mPFC subserve different but possibly interrelated functions in attentional
processes.

In contrast to areas of the mPFC examined in previous studies (anterior cingulate, prelimbic,
and infralimbic cortices), there is relatively little existing research into the function of the
ventral-most mPFC (specifically, dorsal peduncular cortex and tenia tecta). There is reason
to suggest that these ventral-most mPFC regions could be involved in different aspects of
attentional function than the regions just dorsal to them. For example, Ottersen [18] reported
a projection from the tenia tecta to the central nucleus (CEA) of the amygdala. Cassell and
Wright [19] replicated this finding, and moreover, made it clear that this projection from
tenia tecta, unlike projections from other mPFC regions, was specific to CEA, and did not
innervate the basolateral amygdala (BLA). This is an important distinction, because a
substantial body of evidence has accumulated indicating dissociable roles for the CEA and
the BLA in a variety of paradigms, including those that assess attentional function (for
reviews of amygdala circuitry in cognitive processes, see [20,21]). These studies suggest
that CEA is broadly involved in attentional processes in associative learning, whereas BLA
is more involved in other processes, such as reward learning and outcome representational
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processes. Most relevant to the present study, lesions of CEA impair performance in the
multiple-choice reaction time paradigm [13,22]. As such, it is possible that the tenia tecta are
part of a circuit, including CEA and other structures, which regulates attentional function. In
the present experiment, we compared the effects of “ventral” (centered on dorsal peduncular
cortex and tenia tecta) and “dorsal” (centered on prelimbic and infralimbic cortices) lesions
of the mPFC on the allocation of visual attention in the multiple-choice reaction time task.

A key feature of the experiment reported here was the inclusion of assessments of the effects
of cue validity on performance in the 5CSRT task after these lesions. Many theorists [23—
25] have stressed the importance of the predictive validity of a conditioned stimulus (CS) in
determining the allocation of attention to that CS in the framework of associative learning.
We examined the effects of the predictive validity of the port cues in the 5CSRT task by
manipulating reinforcement probability. After initial training in which all correct responses
were reinforced, a partial reinforcement contingency was imposed on responding to two of
the ports. We expected that consistently reinforced (CRF) cues would command more
attention in the performance of this task, relative to partially reinforced (PRF) cues, in intact
rats. If mPFC subregions regulate the deployment of attention, then lesions of these regions
might interfere with the normal pattern of responding to CRF vs. PRF cues. Given the
anatomical relation between ventral mPFC and CEA, and the results of prior studies that
implicated CEA in mediating effects of cue validity on attention in other test paradigms
(e.g., [26,27]), we especially anticipated impairments after lesions of ventral mPFC.
Behavioral impairments may be evident even under baseline training conditions, or may
only become evident under conditions of increased attentional load. To address this issue,
these experiments included a set of attentional challenge tests designed to tax the rats’
attentional resources.

2. Materials and Methods

2.1 Subjects

2.2 Surgical

Twenty-four male Long-Evans rats (Charles River Laboratories, Raleigh, NC), weighing
between 300-325 grams when they arrived in the laboratory vivarium, were used in this
experiment. The rats were housed individually, and were given a 1 week acclimatization
period to adjust to their new surroundings and to being handled by the experimenter on a
daily basis. During this period, the rats had free access to food and water. Thereafter, they
were food deprived to 85% of their ad libitum weights, and remained in this food deprived
state for the entire course of the experiment. The laboratory viviarium was illuminated from
7AM.to7P.M.

procedures

Surgery was performed after the rats had undergone an initial period of CRF training on the
5CSRT task. Bilateral dorsal and ventral neurotoxic lesions of the mPFC were made under
aseptic conditions, using isoflurane anesthesia. Note that we use the terms “dorsal” and
“ventral” comparatively; thus they do not necessarily correspond to the usage of other
authors. Lesions were made using NMDA at a concentration of 12.5 mg/ml in PBS (Sigma,
St. Louis, MO). Dorsal lesions were made using the following coordinates: AP: +3.0, ML.:
+/— 0.7, and DV: —4.8 and —3.8 from the skull surface. Ventral lesions were made using the
following coordinates: AP: +3.0, ML: +/— 0.6, and DV: —5.0 and —4.0 from the dura. A
volume of 0.15 ul (for the ventral coordinates) or 0.20 ul (for the dorsal coordinates) was
infused, using a 2.0 ul Hamilton syringe, at each injection site over a period of 90 s. The
needle was left in place at each injection site for 1 min before infusing and 4 min after
infusing the toxin. Sham-lesioned rats received an equal amount of vehicle (PBS) infused
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with the same coordinates and paramaters. All rats were given a 14-day recovery period
after surgery before behavioral training and testing began again.

2.3 Apparatus

The behavioral training apparatus consisted of four individual 5CSRT chambers (25 cm x 25
cm x 25 cm; Cambridge Cognition, Cambridge, UK). Each chamber had aluminum front
and side walls and a clear acrylic back wall and top. Five 2.5 cm x 2.5 cm x 4 cm (deep)
stimulus-response ports were spaced 2.5 cm apart, and centered on the front, curved wall of
the chamber, 2 cm above a grid floor. A 3 W lamp at the back of each port provided
illumination as the port cues; responding in the ports was detected with infrared
phototransistors. A recessed food cup was located in the center of the back wall of the
chamber. This food cup was fitted with a lamp that was illuminated when food pellets were
delivered and a transparent acrylic flap to detect food cup entries. A 3 W overhead lamp was
mounted at the center of the chamber ceiling that could be illuminated to serve as a ready
signal to indicate the upcoming port cue trial. Each chamber was enclosed in a sound-
attenuating box where ventilation fans provided masking noise (70 dB). A bank of infrared
LEDS provided background illumination for video monitoring and recording, but this
illumination was invisible to the rats. A television camera was mounted within each box to
allow for video recording during behavioral training and testing.

2.4 Behavioral training procedures

The rats were first familiarized with the apparatus in four sessions. In the first 15-min
session, ten 45-mg grain food pellets (Research Diets, New Brunswick, NJ) were present in
the illuminated food cup, and the acrylic flap to the food cup was propped open. In the next
15-min session, five food pellets were again placed in the illuminated food cup, but the flap
door was not propped open (such that the rats had to push it open to retrieve the food
pellets). In addition, all five port lights were continuously illuminated, and two food pellets
were placed in each response port (in addition to the five pellets placed in the food cup). In
each of the next two 32-min sessions, there were 16 deliveries of a food pellet, accompanied
by a 1-s illumination of the food cup light, to train the rats to collect food from the food cup.
After successful magazine training, the rats began baseline training of the 5CSRT task.

In the baseline task used here, the beginning of a trial was signaled at random intervals by
the illumination of the overhead lamp ready signal. After a constant 5-s ready period, one of
the five target ports was illuminated for 1 s. Each port was equally likely to be illuminated
on any trial. The first response to the correct port during port illumination was reinforced
with the delivery of a food pellet to the food cup (accompanied by a 1-s illumination of the
food cup) and the darkening of both the port light and the ready signal. If no correct
response was made before the end of the 1-s response window, the ready signal and port
light were terminated and the trial ended. Responses to the ports that were not illuminated
on a trial were recorded as errors but had no scheduled consequences. Sixty trials were
presented in random order at predetermined intervals within each 30-min session; trial
delivery was not affected by the rats’ behavior. Each rat received two sessions daily.

Rats were shaped to this procedure gradually, but all rats received the same treatment (the
shaping was not individualized). Between sessions, the duration of port illumination was
reduced, and the number of trials were increased, from 30 s (6 of each port cue per session)
in the first two to three training sessions to 1 s (12 of each port cue per session) over the
course of 10-12 sessions. After the 1-s cue duration level was initially reached, rats required
an additional 30 training sessions at the 1-s level to be able to perform this task quickly
enough for their responses to register as correct. Once all rats reached a criterion of
approximately 80% accuracy, the rats underwent surgery. Following a 14-day post-operative
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recovery period, the rats were given six reminder training sessions identical to those
received immediately prior to surgery.

Thereafter, the final reinforcement contingencies were introduced. For each rat, two of the
ports were designated for CRF, two for PRF (50%), and one for no reinforcement
(extinction, EXT). Each session included 12 trials with each port cue, as before. CRF trials
were identical to those presented previously. Responding on half of the trials with the PRF
port cues was reinforced as before, but on the other half of those trials, responses had no
effect. On trials with the EXT port cues, responses had no consequences. The EXT port was
always the center port in the 5-port array, but the critical types of ports, the CRF and PRF
ports, were spatially counterbalanced within the array.

After 20 CRF/PRF training sessions, all rats received a series of attentional challenge
sessions, to determine the effects of the PRF contingencies on the allocation of attention. In
the first two challenge sessions (port cue challenge), the port cue duration was reduced to
250 ms; otherwise these sessions were identical to the training sessions. Although the port
cue was illuminated for only 250 ms, the rats had the full 1-s period to make a response.
Next, the rats were returned to the original 1-s target condition (referred to as baseline) for
two sessions that were identical to the final training sessions. In the second two challenge
sessions (ready signal challenge), the duration of the house light ready signal before the 1-s
port cues were illuminated was made variable, with equally probable values of 1, 5, or 9 s.
To avoid changes in the total numbers of trials or session duration, each of these challenge
test sessions included trials with each of the three ready signal durations, but with only one
CRF port and one PRF port, as well as the EXT port. Thus, the only difference between the
two challenge test sessions was the specific CRF and the specific PRF port (spatial location)
used in each session. Following these sessions, the rats received another two baseline
sessions.

2.5 Response measures and data analysis

Behavioral performance was assessed with several measures. The primary measures of
performance were the percentage of trials on which at least one correct response (a response
to an illuminated port) occurred, the percentage of trials on which at least one error (a
response to a non-illuminated port) was made, and the percentage of trials on which no
responses occurred (“response omissions”). For each of these 3 measures, the eligible period
was the 1-s interval of port light illumination in baseline sessions and in the ready cue
challenge test, or the 1-s interval comprised of the 250-ms port light illumination and 750-
ms limited hold period in the port cue challenge test. Note that because on each trial, there
was one correct and 4 incorrect ports, chance performance (given a completed trial) was
20% for a correct response and 80% for an error. In addition, measures of correct port entry
response latency (time after onset of the port light when the first correct response was
made), premature responses (port entries that occurred during the ready signal but before the
onset of a port light stimulus), and perseverative responses (port entries that occurred after
food delivery) were recorded.

Separate analyses of variance (ANOVAs) were conducted for each of the six response
measures. Lesion effects were assessed in comparison with the appropriate sham-lesioned
rats; thus, separate ANOVAs were conducted for the dorsal and ventral groups in all
analyses. Initial inspection of responding after the PRF and EXT ports were added showed
lower responding to the EXT port than to CRF or PRF ports; furthermore, unlike with CRF
and PRF ports, rats were no more likely to respond to the EXT port when it was illuminated
(correct) than when it was dark (error). Thus, we focused on analysis of responding to the
CRF and PRF ports. Once PRF contingencies were introduced, ANOVAs for all training,
baseline and test phases included the between-subjects lesion (lesion vs. sham) variable and
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the within-subject repeated measure of contingency (CRF vs. PRF ports). Finally, the effects
of the challenge manipulations were assessed within subjects by comparing average
performance in the two test sessions with averaged performance in the corresponding two
baseline sessions. Thus, most of the analyses were 2 x 2 x2, lesion (lesion vs. sham) x
contingency (CRF vs. PRF) x test (baseline vs. test) ANOVAs. The level of statistical
significance adopted was p < .05; in addition, differences with ps > .05 but less than 0.08
were described as of marginal significance.

2.6 Histological procedures

3. Results

After completion of behavioral testing, the rats were deeply anesthesized with isoflurane,
and perfused transcardially with 0.9% saline followed by 10% (v/v) formalin. The brains
were removed and stored in 0.1 M PBS with 20% (w/v) sucrose, 2.5% (w/v) formaldehyde,
and 1.25% (w/v) dimethyl sulfoxide (DMSQ) for 48—72 hours. Sections (40 um) from each
brain were collected on a freezing microtome. Every third section was mounted on glass
microscope slides and Nissl-stained to verify lesion placement.

3.1 Histology

3.2 Behavior

Of the 7 rats that received dorsal mPFC lesions, 1 had only minor damage to the targeted
area, leaving a total of 6 acceptable dorsal mPFC-lesioned rats. These 6 dorsal mPFC-
lesioned rats had damage centered on PL and IL, although some ACC damage (mostly of a
mechanical nature) also occurred. Of the 8 rats that received ventral mPFC lesions, 1 died
during surgery and 1 had damage that extended too far dorsally (to PL), leaving a total of 6
acceptable ventral mPFC-lesioned rats. These 6 ventral mPFC- lesioned rats had damage
centered on DP and TT, although partial IL damage was present. For both types of lesions,
rats had to sustain bilateral damage from at least +3.20 to +2.20 mm anterior to bregma,
according to the atlas of Paxinos and Watson [28], to qualify as acceptable for inclusion in
the behavioral analysis. Of the 5 rats that received dorsal sham surgery, 1 was excluded from
analysis due to an infection that damaged parts of the mPFC and the corpus callosum,
leaving 4 acceptable dorsal sham-lesioned rats. The 4 rats that received ventral sham surgery
were all acceptable as shams. Figure 1 shows drawings of the largest, smallest, and
representative dorsal and ventral mPFC lesions. Figure 2 shows photomicrographs of dorsal,
ventral, and sham mPFC lesions.

3.2.1 Presurgical training—All rats learned to perform the basic requirement of the task,
that is, to nosepoke in response to an illuminated port light. Over the course of initial
training, all rats adapted to the decreasing duration port cues. By the end of training, all rats
exhibited similar levels of correct responding, with correct responses occurring on 75% —
80% of the trials.

3.2.2 Postsurgical reminder training—All rats continued to successfully perform the
task after surgery. Figure 3 shows postsurgical reminder session performance, as measured
by percent trials with a correct response. Dorsal-lesioned and their corresponding sham-
lesioned rats performed similarly in the six reminder training sessions; a lesion by session
ANOVA showed no significant main effects or interaction, Fs < 1.08, ps > .390. Ventral-
lesioned rats performed better than their corresponding sham-lesioned rats in these sessions,
F(1,8) = 8.04, p = .020. However, additional ANOVAs for each lesion group, comparing the
last two sessions of training before surgery with the first two sessions of training after
surgery, showed no significant effects or interactions for either the dorsal, Fs < 1.95, ps > .
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200, or ventral, Fs < 3.10, ps > .120, groups. Thus, neither surgery nor the passage of
postsurgical recovery time affected correct responding for either group.

3.2.3 Postsurgical CRF/PRF training—After the six reminder training sessions of the
baseline 5CSRT task, partial reinforcement contingencies were introduced. This CRF/PRF
training continued for 20 sessions. All groups were sensitive to the reinforcement
contingency manipulation; there were more correct responses to the CRF than to the PRF
port lights regardless of lesion condition.

Figure 4 shows correct, error responses, and response omissions for this training phase. For
the dorsal-lesioned groups, there were no effects of lesion on correct (Figure 4A), error
(Figure 4B), or omission (Figure 4C) response measures. ANOVA showed that correct
responding varied over sessions, F(19,152) = 15.88, p < .001, and that rats made more
correct responses to the CRF port lights than to the PRF port lights, F(1,8) = 7.85, p = .020.
No other main effect or interaction was significant for correct responses. In the ANOVA for
errors, only the main effect of contingency was significant: rats made more errors to the PRF
port lights than the CRF port lights, F(1,8) = 10.27, p = .010. In the ANOVA for omissions,
only the main effect of session was significant, F(19,152) = 1.90, p = 0.018.

Similarly, for the ventral-lesioned groups, there were no effects of lesion on correct (Figure
4D) or error (Figure 4E) responses. ANOVA showed that correct responding varied over
sessions, F(19,152) = 3.94, p < .001, and rats made more correct responses to the CRF port
lights than to the PRF port lights, F(1,8) = 8.77, p = .018. No other effects or interactions
were significant for correct responses. In the ANOVA for errors, the number of errors varied
across training sessions, F(19,152) = 2.96, p < .001. This effect of session interacted with
reinforcement contingency: the difference in number of errors for the CRF vs. PRF port
lights varied across training sessions, F(19,152) = 1.79, p = .029. No other effects or
interactions were significant for errors. Finally, in the ANOVA for omissions, there was a
significant main effect of session, F(19,152) = 4.43, p<0.001, and a significant session X
reinforcement contingency interaction, F(19,152) = 2.26, p = 0.003. The lesion variable and
its interaction with sessions were marginally significant, F(1,8) = 4.62, p = 0.064, and
F(19,152) = 1.64, p = 0.054, respectively, with ventral-lesioned rats making marginally
fewer omissions than their sham-lesioned controls.

3.2.4 Reduced port light duration challenge—The primary data of this experiment
are the results of the two attentional challenge tests. Each challenge test comprised two
identical baseline training sessions followed by a pair of challenge sessions. For each of the
two challenge tests, average performance in the two challenge sessions was compared to
average performance in the two preceding baseline sessions.

For both sets of rats, the port light duration challenge impaired performance, and the
reinforcement contingency manipulation resulted in a superiority of CRF port lights over
PRF port lights in the control of behavior. Critically, the effects of dorsal and ventral lesions
differed. There were no effects of the dorsal mPFC lesion, but the ventral mPFC lesion
resulted in a less powerful influence of reinforcement contingency over behavior: ventral-
lesioned rats showed a smaller difference in correct responding between CRF and PRF port
lights, relative to their sham-operated controls. In addition, ventral-lesioned rats made more
errors than their sham-lesioned counterparts.

The primary measures of performance were the percentages of trials with correct responses,
errors, or no responses (omissions). These measures are presented in Figure 5, and the three
other measures (correct response latency, premature responses, and perseverative responses)
are presented in Table 1. Detailed descriptions of the ANOVAs for the primary measures are
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provided in the following paragraphs, and summaries of those ANOVAs for the remaining
measures are given in Table 1.

Dorsal-lesioned rats performed similarly to sham-lesioned rats on all measures of
performance. There was no effect of lesion on either correct responding (Figure 5A) or
errors (Figure 5B). Rats made fewer correct responses, F(1,8) = 44.90, p < .001, and more
errors, F(1,8) = 10.03, p = .013, in the test sessions as compared to the baseline sessions,
thus demonstrating the effectiveness of the reduced port light duration as a challenge to
performance. In addition, correct responding was greater, F(1,8) = 15.47, p = .004, and
errors were fewer, F(1,8) = 9.40, p = .015, to the CRF port lights relative to the PRF port
lights, thus showing the rats’ sensitivity to reinforcement contingency in this paradigm. No
other factors or interactions were significant in either of these ANOVAs. Response
omissions (Figure 5C) were negligible and the ANOVA for that measure showed no
significant effects.

Although in many respects the performance of ventral-lesioned rats was similar to that of the
dorsal-lesioned rats, some evidence suggested that the ventral lesions affected the rats’
sensitivity to reinforcement contingencies or their ability to use contingency information to
appropriately guide behavior. Consider first the aspects of performance that were similar to
that of dorsal-lesioned rats. As with the dorsal groups, there was a main effect of test on both
correct responses (Figure 5D) and errors (Figure 5E): rats made fewer correct responses,
F(1,8) = 36.76, p < .001, and a greater number of errors, F(1,8) = 15.17, p = .005, in the
challenge test compared to the baseline sessions, again validating the reduction in port light
duration as an effective way to challenge performance. Also as with dorsal groups, there was
a main effect of reinforcement contingency on both correct responses and errors: rats made
more correct responses, F(1,8) = 37.82, p <.001, and fewer errors, F(1,8) = 8.22, p = .020,
to the CRF port lights than to the PRF port lights, demonstrating the control of the
reinforcement contingency manipulation over performance in this task. Moreover, the
difference in correct responding to CRF vs. PRF port lights was greater in the test sessions
than it was in the baseline sessions, F(1,8) = 9.13, p = .017, suggesting that the increased
attentional demands of the challenge sessions especially impacted responding to PRF cues.
Finally, as with the dorsal groups, there were relatively few response omissions (Figure 5F),
and the ANOVA showed no significant effects or interactions.

However, in contrast to the dorsal groups, the performance of ventral-lesioned and sham-
lesioned rats differed in some respects. First, the ventral-lesioned rats displayed more errors
overall, F(1,8) = 5.33, p < .050, than the ventral-sham rats. Perhaps more important, there
was an interaction of lesion with reinforcement contingency: the difference in correct
responding to CRF vs. PRF port lights was smaller for the ventral-lesioned rats than it was
for the sham-lesioned rats, F(1,8) = 5.77, p = .040. Similar, but only marginally significant,
interactions were found for correct response latencies and perseverative responses. This
result suggests that ventral-lesioned rats were either insensitive to reinforcement
contingency or impaired in using reinforcement contingency information to appropriately
guide behavior.

Some caution concerning the interpretation of our observation of lesion effects on errors
after ventral lesions but not after dorsal lesions may be in order. Comparison of Figures 5B
and 5E suggests that this difference was more the result of abnormally high error rates in the
dorsal-sham control rats, compared to the error rates observed in the ventral-sham rats.
However, it is notable that our observation of reduced sensitivity to reinforcement
contingency after ventral lesions but not after dorsal lesions is not compromised in that
fashion. First, the differences between both correct and error responses to CRF and PRF
cues (Figures 5A, 5B, 5D, and 5E) were very similar in the two sham groups for all but
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correct responses in test responding. Second, regardless of any apparent differences in the
responding of sham controls, direct comparisons between the two lesion groups showed
greater differences between CRF and PRF responding in the dorsal-lesioned rats than in the
ventral-lesioned rats. These issues are considered further in section 3.2.5.

3.2.5 Variable duration ready signal challenge—Although performance on 5-s and
9-s trials showed less evidence of disruption, reduction in ready-signal duration to 1s was an
effective challenge to performance in both dorsal- and ventral-lesioned rats. The nature of
performance deficits on 1-s trials differed by lesion group. Dorsal-lesioned rats made fewer
correct responses (Figure 6A) and more omissions (Figure 6C) than their sham-lesioned
controls, whereas ventral-lesioned rats made marginally more errors (Figure 6E) compared
to their sham-lesioned controls, but did not show increased omissions (Figure 6F). This
observation suggests that the two lesion groups may have adopted different strategies when
attempting to perform under this challenge. The dorsal-lesioned rats seemed to “give up”, as
evidenced by increased omissions, whereas the ventral-lesioned rats seemed to “guess”, as
evidenced by (marginally) increased errors. In addition, and in keeping with the findings of
the port light duration challenge test, the ventral lesion, but not the dorsal lesion, altered the
rats’ responses to variations in reinforcement contingency.

An initial ANOVA, which included all three ready signal duration types as well as baseline
trials, indicated that only performance on 1-s trials differed substantially from that on
baseline trials. Subsequently, we conducted ANOVAs that contrasted baseline performance
with each of the three different ready signal duration trial types (1, 5, and 9 s) separately, to
allow for individual analysis on those trials that had a ready signal that was shorter (1 s), the
same (5 s), or longer (9 s) than the rats were accustomed to experiencing in baseline
training. For 5-s and 9-s trials, there were few significant effects or interactions. Each of
these ANOVAs revealed significant main effects of reinforcement contingency, Fs(1,8) >
6.83, ps < .031, with more robust responding on CRF trials than on PRF trials for both
dorsal and ventral groups. In addition, there was a significant three-way interaction of
lesion, reinforcement contingency and test for the dorsal-lesioned groups on 5-s trials, F(1,8)
=10.30, p = 0.012, and for the ventral-lesioned groups on 9-s trials, F(1,8) = 5.87, p = 0.042.
No other main effects or interactions were significant, ps > .10, in these analyses. Thus, we
focused on the rats’ performance on 1-s trials, on which the ready signal was shorter than on
baseline trials.

Correct, error and response omissions for the 1-s trials are displayed in Figure 6, and the
three auxiliary measures on those trials are presented in Table 1, together with summaries of
the results of ANOVAs for those measures. On the 1-s trials, there was a main effect of
lesion on correct responding in the dorsal-lesioned rats: these rats made fewer correct
responses (Figure 6A) than their sham-lesioned counterparts, F(1,8) = 14.11, p = .006, and
omitted responding altogether (Figure 6C) on more trials, F(1,8)=10.13, p = .013, an effect
mirrored in several other measures (Table 1). There was also a main effect of test on all
three primary measures: rats made fewer correct responses, F(1,8) = 15.50, p < .005, fewer
errors, F(1,8) = 78.36, p <.001, and more response omissions, F(1, 8) = 32.40, p <.001, in
the test compared to the baseline sessions. Note that this attentional challenge test resulted in
fewer errors (Figure 6B) relative to baseline performance in dorsal-lesioned rats, which at
first may seem odd. However, this finding can be explained by the observation of more
omissions in the test sessions: there were fewer errors because there were fewer trials with
responses (more omissions). Thus, the challenge test was clearly an effective way of taxing
performance; indeed, performance on each of the auxiliary measures was also significantly
degraded in test.
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Although the effects of reinforcement contingency did not meet conventional levels of
statistical significance for correct responses or errors in the dorsal groups, Fs(1,8) < 4.69, .
050 < ps <.100, it is notable that those effects were significant for several other measures of
performance (Table 1). The rats showed quicker correct response latencies, more premature
responses, and more perseverative responses to the CRF compared to the PRF ports, Fs(1,8)
>7.92, ps <.023, but omissions were not affected significantly by reinforcement
contingency. As in challenge test 1, the dorsal lesion did not significantly affect rats’
sensitivity to reinforcement contingency; that variable did not interact significantly with
lesion, ps >.10 Finally, there was a marginally significant interaction of lesion and test on
the number of errors: the difference in the number of errors made between the baseline and
the test sessions was marginally larger for the dorsal-lesioned than for the sham-lesioned
rats, F(1,8) = 4.21, p = .074, suggesting that the test placed a greater strain on attention for
the dorsal-lesioned rats.

For the ventral-lesioned groups, there was a main effect of test on all three primary
measures: rats made fewer correct responses (Figure 6D), F(1,8) = 33.00, p <.001, fewer
errors (Figure 6E), F(1,8) = 23.38, p =.001, and more omissions (Figure 6F), F(1,8) = 52.82,
p <.001, in the challenge test relative to the baseline sessions. As with the dorsal-lesioned
rats, this overall reduction in the number of errors in test was likely attributable to greater
omissions. However, unlike the dorsal-lesioned rats, which tended to make fewer errors but
more omissions than their sham-lesioned controls, ventral-lesioned rats made marginally
more errors than sham-lesioned rats, F(1,8) = 4.17, p = .075, overall, and the number of
omissions was numerically (but not significantly, p >.10) lower in the ventral-lesioned rats
than in their sham controls. For correct responses, there was a significant main effect of
reinforcement contingency and a significant interaction of test with reinforcement
contingency: rats made more correct responses to CRF than PRF ports, F(1,8) =5.38,p =.
049, and this CRF vs. PRF difference was larger in the baseline than in the test sessions,
F(1,8) = 9.56, p = .015. In addition, there was also a significant three-way interaction of
lesion, test, and reinforcement contingency, F(1,8) = 5.60, p = .046, consistent with a pattern
of a greater baseline CRF vs. PRF difference in correct responding for the sham-lesioned
rats than for the ventral-lesioned rats in the baseline, but a general disruption of performance
in both groups in test. Thus, as in the port cue duration challenge, correct responding of
ventral- (but not dorsal-) lesioned rats was less sensitive to reinforcement contingency than
that of shams. Finally, omissions were unaffected by reinforcement contingency.

As in the port cue challenge test, there were apparent (but nonsignificant) differences
between the performances of the two sham-lesioned control groups. It is possible that the
lack of an effect of the dorsal lesion on the sensitivity of correct responding to reinforcement
contingency in this challenge test was at least partially due to an abnormally small effect of
contingency in the dorsal-shams, compared to the effect noted in ventral-shams. However, it
is important to note that our observations of differential effects of the lesions on errors and
omissions in this test are not compromised by any such differences in responding between
the sham controls: direct comparisons of responding in the two lesion groups showed more
omissions and fewer errors in test in the dorsal-lesioned rats than in the ventral-lesioned rats.
Furthermore, across both this challenge test and the preceding one, it is notable that the
apparent differences between the two sham-lesioned groups were neither systematic (that is,
sometimes the performance of the dorsal-shams was superior and other times inferior to that
of the ventral-shams), nor typically statistically significant (although because of the
relatively small number of subjects such comparisons lack power). Thus, we believe our
comparisons of the performance of each lesion group to its own sham control provides the
most appropriate comparison throughout for evaluating the lesion effects.
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4. Discussion

The performance of sham-lesioned rats was degraded by the two attentional challenges and
by partial reinforcement (PRF). Lesions of medial prefrontal cortex further disrupted
performance. Notably, the patterns of impairment differed depending on the loci of those
lesions. First, whereas rats with lesions that targeted PL and IL (“dorsal” lesions) showed
more response omissions but no higher rates of error responses than their sham-lesioned
controls, rats with lesions that targeted DP and TT (“ventral” lesions) showed more error
responses than their sham controls, but comparable rates of response omissions. Casually
speaking, the dorsal-lesioned rats “gave up” on performing the tasks, whereas the ventral-
lesioned rats “guessed”. Second, whereas the dorsal lesions tended to impair responding
under conditions of attentional challenge (that is, when physical/temporal characteristics of
the various visual stimuli were altered), but had less effect on the distribution of responding
to CRF and PRF cues, the ventral lesion more frequently yielded aberrant responding to PRF
cues, but was less likely to impair performance attributable solely to the challenge
manipulations. This distinction suggests that the dorsal lesion may have more directly
affected visual processing, albeit modulated by top-down influences, than the ventral lesion,
which may have altered, for example, aspects of reward processing. Third, the lesions
produced different patterns of impairment across the two attentional challenge tests,
suggesting that different aspects of performance were challenged in each test. The dorsal
lesion had no effects on performance in the port light duration challenge, but altered
performance substantially in the ready signal duration challenge. By contrast, the ventral
lesion had substantial effects on performance in both the port light and ready signal duration
challenges.

Overall, the results of this study suggest separable roles for dorsal and ventral mPFC in
processing variations in reinforcement contingency and in adapting to effects of various
attentional challenges. Consider first the effects of reinforcement contingency. Both groups
of sham-lesioned rats showed more and faster correct responses and fewer errors when CRF
cues were presented than when PRF cues were presented. This greater value of CRF port
cues was also evident in premature and perseverative responding: Rats were more likely to
make responses to the ports that were associated with CRF even before they were
illuminated, and after they were darkened. On the whole, this favoring of CRF cues was not
affected by the attentional challenges themselves, except that reduction of the ready signal
duration to 1 s in the ready signal duration challenge substantially suppressed many
measures of responding to the CRF cues. Thus, it is uncertain whether the reduced
performance to PRF cues relative to CRF cues in that test reflected a reduced allocation of
attention to the PRF cues for purposes of controlling action [13,14,24,29] or simply lower
associative strength. Regardless, it is notable that whereas the effects of the dorsal mPFC
lesion on the distribution of responding to CRF and PRF cues were negligible (e.g., there
were no significant lesion X reinforcement contingency interactions for any of the measures
in either of the challenges), rats with ventral mPFC lesions failed to show differential
responding to CRF and PRF cues in both of the attentional challenges. This latter deficit was
evident in both baseline and challenge sessions, and thus appears to be related to the
detection or use of reinforcement contingencies themselves (whether in the allocation of
attention or otherwise), perhaps independent of any reallocation of resources under
demanding conditions. Indeed, the use of the word “deficit” to describe these rats’ pattern of
responding to the cues based on their reinforcement contingencies may be somewhat
misleading: although they certainly distributed their responding in an aberrant fashion
relative to sham-lesioned rats, they actually made more correct responses to PRF cues (but
also more errors) than sham-lesioned rats.
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Next, consider the nature of our two attentional challenges, and their differential effects on
rats with the two mPFC lesions. Each challenge involved the manipulation of the duration of
a visual cue. However, whereas the port light duration challenge manipulated the duration of
the port cue to which rats were required to direct their responding, the ready signal challenge
test manipulated the duration and interval of a signal that initiated the trial and provided
information about the time when the port cues would be presented. Thus, the two challenges
might tap different processes. For example, the port light duration challenge likely involved
increased load on spatial attention, whereas the ready signal challenge may have placed a
greater emphasis on attention to aspects of timing or task routine. Interestingly, although
shortening the port light duration substantially impaired performance, the dorsal lesions had
no additional effect on that performance, and the ventral lesions’ effects in that challenge
(on the distribution of responding to CRF and PRF cues) was not specific to the short-
duration test cue. Furthermore, unlike with the ready signal challenge, the probability of
response omissions was not affected by reducing the port light duration, nor by either of the
lesions.

Although the port light duration manipulation did not provide a major change to the routine
of the task (that is, its structure, organization or timing), the ready signal challenge did. With
that alteration, the rats” ability to discern the start, and thus subsequent timing, of a trial
might be affected, such that the target port light occurred at unexpected times. Effects of the
dorsal mPFC lesion in the ready signal challenge but not in the port light duration challenge
are consistent with a view of PL/IL function that emphasizes behavioral flexibility in
response to changes in task demands (e.g., [30]). The results of this study thus join those of
several other studies in which PL/IL lesion deficits have been reported in tasks that require
substantial adaptations in behavior to correctly perform a task, such as strategy set-shifting
or attentional set-shifting [8,31-34].

An apparent discrepancy between the results of this experiment and earlier studies deserves
comment. Muir and colleagues [1] found that excitotoxic lesions of the rat mPFC caused a
reduction in accuracy, an increase in response latency, and increased perseverative
responding, in baseline performance of the 5CSRT task. These impairments were evident
across ten training sessions that took place two weeks after the rats had received surgery to
induce the lesions. In contrast to those findings, we did not find any detrimental effect of our
mPFC lesions in the postsurgical baseline training sessions. In fact, ventral mPFC-lesioned
rats displayed greater correct responding than their sham-lesioned controls in the
postsurgical baseline training sessions (although overall, surgery or postsurgical recovery
time had no effect on correct responding). Thus, it is clear that neither our dorsal nor ventral
mPFC lesions impaired correct responding in the baseline version of our task. Interestingly,
the mPFC-lesioned rats in the Muir et al. [1] study were eventually able to perform the task
at levels comparable to that of sham-lesioned control rats, after receiving additional baseline
training sessions after surgery. This result shows that any lesion-induced impairment on
their baseline version of the task was transient, and could be overcome with further training.

A notable difference between our version of the 5CSRT task and that used in the Muir et al.
[1] study (and indeed most 5CSRT studies, e.g., [2,14]) is the degree of control over trial
events ceded to the rat. In our task, trials (which were signalled by a ready cue) and all trial
events were scheduled without regard to the rats’ behavior. By contrast, in more typical
5CSRT procedures, trial onset is initiated by the rat and time-out periods are imposed such
that any incorrect or extraneous responses (e.g., anticipatory and perseverative responses), or
even omissions, resulted in a 5-s period of darkness. Any further responding in the ports
during time-out periods restarted the time-out period. Thus, any “mistakes” made by the rat
in effect delayed its opportunity to earn food reward. As such, the rats in the Muir et al. [1]
study were much more stringently trained than the rats in our study, which did not involve
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time-out procedures. Thus it is hardly surprising that Muir et al.’s [1] procedures were more
sensitive to effects of lesions, which may have affected their rats’ abilities to master the
various operant contingencies they imposed. Although most users of the 5CSRT task assert
that this complexity in the task allows it to be used for the assessment of a range of
psychological characteristics [11], we [22] have argued that these additional operant
contingencies might generate substantial between-subject variability in the sequencing and
spacing of trials. Furthermore, this variability could potentially be confounded with lesion
treatment if lesions affected the subjects’ ability to master these contingencies. Minimizing
the subjects’ control over event scheduling, as in this study, makes such confounds less
likely. Similarly, our simplification of the task made it possible for each rat to learn without
individualized shaping. In most studies that used standard 5CSRT procedures, the training
parameters were adjusted as necessary for each rat during acquisition, perhaps resulting in
their exposure to very different initial learning contingencies. Thus, our simplified procedure
may provide an assessment of visuospatial attention less confounded by other factors. On
the other hand, it could also be argued that our simplifications may also have substantially
reduced the attentional demands of the task. Nonetheless, the training conditions used here
were sufficiently sensitive to detect the effects of lesions when attentional demands were
increased.

There is evidence to suggest that the time-out parameter also influences other aspects of
behavior in this task. Passetti et al. [2] punished perseverative responding with a time-out
period, whereas Murphy et al. [15] did not (although they did impose a time-out period for
other kinds of inappropriate responding). Interestingly, Passetti et al.[2] found a mPFC
manipulation to increase perseverative responding, whereas Murphy et al. [15] did not find
any effect of mPFC manipulation on that measure. Taken together with our results, all of
these findings suggest that mPFC-lesioned rats may be more susceptible to conditions that
make the task more difficult, such as the time-out procedure and attentional challenges.

It is interesting to note that in a previous study using 5CSRT procedures similar to those
used in the present study, Maddux et al. [13] found that lesions that destroyed the
cholinergic innervation of the mPFC resulted in a pattern of baseline responding similar to
that observed here in the rats with lesions of ventral mPFC. Although as in the present study,
sham-lesioned control rats showed more correct responding to CRF than to PRF cues,
mPFC-lesioned rats showed comparably high levels of responding to both CRF and PRF
cues. Cholinergic depletion in the mPFC in that study was most evident in PL and IL, but
did extend dorsally to the ACC and ventrally to the DP in some cases. The neurotoxic dorsal
mPFC lesions in this study primarily damaged PL and IL, with some ACC mechanical
damage, whereas the neurotoxic ventral mMPFC lesions primarily damaged DP and TT, but
with some IL damage. Thus, IL was a region of overlap for the dorsal and ventral lesions in
the present study. However, only ventral mPFC-lesioned rats displayed the reinforcement
contingency impairment here. From this observation, it follows that the impairment
observed in the ventral-lesioned rats is likely a result of damage to DP and/or TT, and that
the reinforcement contingency impairment observed in Maddux et al.’s [13] study might
have been primarily due to the cholinergic depletion in DP, despite the fact that depletion
was more obvious in PL and IL. Furthermore, it is notable that in that study [13] we found a
similar reinforcement contingency impairment pattern after neurotoxic lesions of CEA,
which as mentioned in the introduction, has a different pattern of connectivity with ventral
than with dorsal mPFC [18,19].

All in all, the results of the present experiment extend a dorsal-ventral distinction within the
mPFC in the guidance of a well-established operant behavior, when attention was
challenged either by temporal or reinforcement contingency manipulations. Most
discussions of the functions of dorsal and ventral portions of the prefrontal cortex (e.g., [16,
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36]) have contrasted a dorsal region embracing approximately the ACC, medial agranular
cortex, and the dorsal-most portions of PL on the one hand, with a ventral region including
ventral portions of PL, IL, medial orbital cortex and perhaps DP, on the other. Here, we
distinguished between dorsal (PL, IL) and ventral (DP and TT, and perhaps ventral IL) and
ventral subregions of what within such schemes, would all be considered “ventral mPFC “.
Notably, even within this more limited ventral region, several dorsal-ventral variations in
connectivity have been described. For example, several studies [16, 36, 37] have shown a
gradient of mPFC projections to the striatum such that projections to the caudate putamen
and nucleus accumbens core were prevalent in PL but grew sparser more ventrally in mPFC,
whereas projections to accumbens shell were more prevalent in DP and ventral IL, growing
more sparse more dorsally (but see [38]). Similarly, IL and DP project heavily to regions in
the extended amygdala, such as the CeA and the bed nucleus of the stria terminalis, whereas
these projections become lighter more dorsally in mPFC [16, 36, 37]. In a comparable
manner, Gaykema and colleagues [39] noted that projections to the medial portion of the
lateral septum were heavy in DP and grew sparser more dorsally. Furthermore, although this
whole region is rich in glutamate neurons that project to the ventral tegmental area, these
neurons are especially dense in DP [40]. Finally, the tenia tecta (another focus of our ventral
lesions) may present a special case. Despite their location, they are not generally considered
part of mPFC functionally, but rather as a part of the hippocampal continuation (dorsal TT)
and the olfactory cortex ([41], but see [42]). Our study does not permit inferences about
roles of this region alone in our task. However, two aspects of its connectivity are worth
mentioning in this regard. First, as noted earlier, TT has strong projections to CeA [18, 19],
a region also implicated in performance of this task. Second, some evidence links TT to
function of hypocretin (orexin) neurons in the lateral hypothalamus, which we have linked
to some aspects of attentional function in associative learning [43]. Although most of our
ventral region (ventral IL, DP and TT) is rich in orexin receptors [44], TT seems to be
especially rich [45].

The more well-studied prelimbic and infralimbic regions of mPFC cortices may be
conceived to be more important for performance in the 5CSRT task used here, as our
“dorsal” lesions of those regions resulted in increased response omissions when the temporal
manipulations of the attentional challenge tests were imposed. Completely failing to respond
(as our dorsal mPFC-lesioned rats did) could reasonably be considered a more severe deficit
than making errors when responding (as our ventral mPFC-lesioned rats did). The
importance of prelimbic and/or infralimbic mPFC regions in 5CSRT task performance is in
keeping with other reported studies [1,14,15]. However, the observed ventral mPFC
impairment is a new finding, and provides evidence that these lesser-studied regions also
contribute to performance in this task, albeit perhaps to a lesser degree or in a different way
than the regions just dorsal to them. Perhaps what is most interesting about the ventral
mPFC lesion effects reported here are not those observed following the temporal
manipulations of the attentional challenge tests, but rather those seen as a result of the
reinforcement contingency manipulation. Recall that the reinforcement contingency
manipulation more directly relates to CS-processing theories of associative learning [23-25],
and that the ventral, but not the dorsal, mPFC lesion resulted in an abnormal distribution of
responding to CRF vs. PRF port lights. This finding suggests that these relatively
unexplored ventral mPFC regions of dorsal peduncular cortex and tenia tecta are, in fact,
important for some associative learning processes, and warrant further research in order to
more clearly discern their contributions to behavior. For example, it is unclear from the
present work whether the observed ventral impairment stems from an inability to detect the
difference between contingencies, or from an inability to use reinforcement contingency
information to appropriately guide responding. The latter possibility would be of particular
interest, as it might surprisingly implicate these regions in “higher-order” associative and/or
cognitive processes.
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Extents of minimum (black), maximum (gray), and representative (stripes) dorsal (left) and
ventral (right) mPFC lesions at various distances anterior to bregma. Coronal sections from
Paxinos and Watson [28].
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Ventral mPFC lesion Sham ventral mPFC lesion Dorsal region of aventral mPFC lesion

Figure 2.

Photomicrographs of dorsal (top panels) and ventral (bottom panels) neurotoxic (far left
panels) and sham (middle panels) mPFC lesions. The far right panels show the non-lesioned
subregion for each neurotoxic lesion type (i.e., ventral region of a dorsal-lesioned rat; dorsal
region of a ventral-lesioned rat). The dotted lines signify the boundaries of the lesion.
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Figure 3.

Correct nosepoke responding in the six post-surgical reminder sessions for the dorsal (panel
A) and ventral (panel B) mPFC-lesioned rats. The point labeled P on the abscissa shows pre-
surgical performance (correct response measure averaged for the last two sessions of
training before surgery).
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Figure 4.

Correct (left panels A and D), error (middle panels B and E), and omission (right panels C
and F) nosepoke responding in the post-surgical CRF/PRF port light training sessions for the
dorsal (top panels) and ventral (bottom panels) mPFC-lesioned rats. The port light duration
was the baseline training level of 1 s. CRF = consistently reinforced; PRF = partially
reinforced. The graph in panel A appears with a missing entry because the session 10 correct
response data for the dorsal and their corresponding sham mPFC-lesioned rats was lost due
to an equipment malfunction.
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T
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Correct (left panels A and D), error (middle panels B and E), and omission (right panels C
and F) nosepoke responding in the port cue duration challenge test for dorsal (top panels)
and ventral (bottom panels) mPFC-lesioned rats. The duration of the port light stimulus was
reduced from the baseline training level of 1 s to the test level of 250 ms. CRF = consistently

reinforced; PRF = partially reinforced.
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Figure 6.

Correct (left panels A and D), error (middle panels B and E), and omission (right panels C
and F) nosepoke responding in the ready signal challenge test for dorsal (top panels) and
ventral (bottom panels) mPFC-lesioned rats. These graphs represent the trials on which the
duration of the ready signal house light was reduced from the baseline training level of 5 s to
the test level of 1 s within a test session of intermixed trial types (1, 5, or 9 s duration ready
signal). CRF = consistently reinforced; PRF = partially reinforced.
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