
Behavioral/Systems/Cognitive

Stimulus Selectivity in Dorsal and Ventral Prefrontal Cortex
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The prefrontal cortex is known to represent different types of information in working memory. Contrasting theories propose that the
dorsal and ventral regions of the lateral prefrontal cortex are innately specialized for the representation of spatial and nonspatial
information, respectively (Goldman-Rakic, 1996), or that the two regions are shaped by the demands of cognitive tasks imposed on them
(Miller, 2000). To resolve this issue, we recorded from neurons in the two regions, before and at multiple stages of training monkeys on
visual working memory tasks. Before training, substantial functional differences were present between the two regions. Dorsal prefrontal
cortex exhibited higher overall responsiveness to visual stimuli and higher selectivity for spatial information. After training, stimulus
selectivity generally decreased, although dorsal prefrontal cortex retained higher spatial selectivity regardless of task performed. Ventral
prefrontal cortex appeared to be affected to a greater extent by the nature of the task. Our results indicate that regional specialization for
stimulus selectivity is present in the primate prefrontal cortex regardless of training. Dorsal areas of the prefrontal cortex are inherently
organized to represent spatial information, and training has little influence on this spatial bias. Ventral areas are biased toward nonspa-
tial information, although they are more influenced by training both in terms of activation and changes in stimulus selectivity.

Introduction
The primate prefrontal cortex is considered essential for intelli-
gent behavior, including working memory, planning, and ab-
stract thought (Miller and Cohen, 2001). The vast connections of
the prefrontal cortex make it an ideal location to integrate infor-
mation in memory and use it to guide goal-directed behaviors
(Goldman-Rakic, 1987). Strong evidence suggests a particularly
significant prefrontal involvement in working memory, the abil-
ity to maintain information online over a matter of seconds (for
review, see Baddeley, 2003). Prefrontal neurons readily exhibit
neural correlates of working memory in the form of sustained
discharges that continue to represent properties of sensory stim-
uli, even when they are no longer present (Fuster, 1973; Fu-
nahashi et al., 1989; Constantinidis et al., 2001).

Despite intense research scrutiny, the nature of stimulus rep-
resentation within the prefrontal cortex during the appearance of
physical stimuli and during working memory remains a matter of
debate. Longstanding anatomical (Cavada and Goldman-Rakic,
1989; Romanski et al., 1999) and physiological evidence (Wilson
et al., 1993; Ó Scalaidhe et al., 1997) suggests a segregation of
prefrontal cognitive function into a dorsal region dedicated pri-

marily to representing spatial information and a ventral zone
related to nonspatial information. This “domain-specific” model
of organization parallels that of the dorsal and ventral visual
streams (Ungerleider and Mishkin, 1982; Felleman and Van Es-
sen, 1991).

On the other hand, more recent studies have reported the
existence of individual neurons selective for both types of infor-
mation throughout traditionally defined prefrontal domains and
interpreted their incidence as the result of training on a task that
explicitly required subjects to integrate spatial and nonspatial
information (Rao et al., 1997; Rainer et al., 1998). These latter
findings suggest a highly plastic prefrontal organization that is
shaped by the particular cognitive demands imposed by a given
external environment. We refer to this as the “integrative” model
of prefrontal organization. The postulate that prior cognitive expe-
rience shapes prefrontal organization seems plausible considering
that even areas of the primary sensory cortex have the capacity to
reorganize after training (Recanzone et al., 1992, 1993; Li et al.,
2004), and individual prefrontal neurons can alter their response
properties during a single training session (Asaad et al., 1998). How-
ever, the impact of training on prefrontal organization and stimulus
selectivity has never been examined directly.

To address this issue, we examined the spatial and shape se-
lectivity of neurons in the dorsal and ventral prefrontal cortex
before and after training in various working memory tasks. To
acquire a baseline estimate, we recorded from the lateral prefron-
tal cortex of monkeys with no prior experimentation history
while they viewed visual stimuli presented passively. Neurons
were then sampled after training on a spatial working memory
task and ultimately after training in a feature and a spatial-feature
conjunction working memory task. In every phase of recording
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we examined the properties of neurons during presentation of
visual stimuli and during the delay period following it. This ex-
perimental design allowed us to test the innate organization of the
prefrontal cortex and how the training regimen alters neuronal
specialization.

Materials and Methods
Four male rhesus monkeys (Macaca mulatta) weighing 5–12 kg were
used in these experiments. The animals had no prior experimentation
experience. Neural recordings were carried out in areas 8, 9, 12, 45, and
46 of the lateral prefrontal cortex. All animal experiments were done in
compliance with the guidelines set forth by the National Institutes of
Health as reviewed and approved by the Wake Forest University Institu-
tional Animal Care and Use Committee (Winston-Salem, NC).

Setup. Details of the setup have been described previously (Meyer et
al., 2007). Briefly, monkeys were trained to hold their gaze on a 0.2°
fixation target displayed on a computer monitor. Visual stimuli were
presented on the screen while eye position was monitored via an
infrared eye tracking system (model RK-716; ISCAN). Eye position
was sampled at 240 Hz, digitized, and recorded. Breaks in fixation of
�2° terminated the trial. Correct completion of a trial resulted in
delivery of a liquid reward. Behavioral control was implemented with
a custom-designed software system (Meyer and Constantinidis, 2005)
that was implemented in MATLAB (MathWorks) using the Psycho-
physics Toolbox (Brainard, 1997; Pelli, 1997).

Stimulus presentation in pretraining phase. Stimuli were presented dur-
ing the pretraining phase as described previously (Meyer et al., 2007). We
used two stimulus sets, a spatial set and a feature set (see Figs. 1, 4). The
spatial set involved a white 2° square that appeared randomly in one of
nine locations arranged on a 3 � 3 grid with 10° spacing between stimuli.
The stimulus appeared for 500 ms and was followed by a “delay period”
that lasted for 1.5 s (Fig. 1 A). After the delay period, a second white
square appeared either in the same location or a different (typically dia-
metric) location for 500 ms. This was followed by a second 1.5 s delay
period. Stimulus location was randomized from trial to trial. The feature
set consisted of eight white shapes that were presented at the same loca-
tion on the screen. The feature stimuli fit within a 2° square and were
equalized for luminance (comprised a number of pixels within 1% of
each other).

During recordings, the spatial set typically was presented first, fol-
lowed by the feature set. Having first assessed the spatial extent of the
receptive field, feature stimuli were positioned in the spatial location that
elicited the maximal response for each neuron. If no visual response was

evident, stimuli were positioned over the fovea. Before obtaining any
neural recordings, monkeys were familiarized with the two stimulus sets
by presenting each for thousands of trials over a period of a few weeks
before the beginning of experiments.

Working memory tasks. We trained the same monkeys to perform be-
havioral tasks that required working memory for spatial locations and
features. The spatial match/non-match task (Fig. 1 B) also involved pre-
sentation of two stimuli on the screen separated and followed by delay
periods. After the second delay period, two choice targets appeared at
locations orthogonal to the spatial stimuli. The monkey was required to
saccade to the green choice target if the two stimuli matched each other in
terms of spatial location and saccade to the blue choice target if the two
stimuli appeared at non-matching locations. The timing of stimulus pre-
sentation was the same as that in the pretraining phase (except for the
appearance of choice targets). The location of the blue and green choice
targets varied randomly from trial to trial to dissociate the mnemonic
component from motor planning. One monkey was trained on a differ-
ent type of spatial task; this animal performed a variant of a delayed
response task. The overall structure of the trial was identical to the first
five frames of Figure 1 B except that the second stimulus was always a
match and appeared at the same location as the cue. After the second
delay period, no choice targets appeared and the animal was trained to
saccade toward the location of the remembered visual stimulus.

In the feature match/non-match task (Fig. 1C) two stimuli were pre-
sented in succession at the same location. The monkeys were required to
saccade to the green choice target if the stimuli matched in shape and to
the blue choice target if they did not. As in the spatial task, the stimuli and
timing were identical to the pretrained phase with the addition of two
choice targets at the end. In the conjunction match/non-match task (Fig.
1 D) the two stimuli could differ in either spatial location or shape. The
monkey was required to saccade toward the green target only if the two
stimuli matched each other in both spatial location and shape. Neurons
were tested with all three tasks, regardless of responsiveness or stimulus
selectivity.

The selection of locations and shapes of stimuli used in recording
sessions were based on the best and worst responses observed online
during the stimulus set and feature set presentations. During recordings,
we displayed all possible combinations of the best and worst shape and
location with equal probability. Therefore, each trial had a 0.75 chance of
being a non-match and a 0.25 chance of being a match. To avoid creating
a bias toward non-match responses, during training we presented the
animals with blocks of trials that were balanced in terms of match and
non-match presentations (we included additional presentations of match

Figure 1. Behavioral tasks. Successive frames represent stimulus presentations on the screen. A, Passive presentation. Stimuli of the spatial set or feature set were presented passively, while the
monkey was simply required to fixate. B, Spatial task. The monkey was required to remember the spatial location of the first stimulus and saccade to a green choice target if the second stimulus
appeared at a matching location. C, Feature task. The monkey was required to remember the feature of a stimulus that was presented at the same location for the entire stimulus set. D, Conjunction
task. The monkey was required to remember both the location and feature of the cue stimulus and saccade to the green target if the second stimulus matched it in both location and feature.
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conditions). During experiments the conjunction sets followed the spa-
tial and feature sets, which were balanced for match and non-match
stimuli. To confirm that the monkeys did not develop a biased strategy,
we calculated a response bias c as follows: c � 0.5 � (Zh � Zf), where Zh was
the z-score corresponding to the hit rate and Zf was the z-score corre-
sponding to the false alarm rate for match presentations. A response bias
of �1 would mean the monkey only looked at the match target, �1
would mean that the monkey only looked at the non-match target, and 0
would reflect no bias. The two monkeys trained in the conjunction task
exhibited response biases of �0.03 and �0.10 respectively. These were
both near 0, indicating that neither monkey developed a considerable
response bias. Similar values were obtained for the spatial and feature sets
after training (average values of �0.14 and 0.01 for the two monkeys),
which were balanced in terms of match and non-match responses.

Surgery and neurophysiology. We performed surgical and neurophysi-
ological procedures as described previously (Meyer et al., 2007). A 20 mm
diameter craniotomy was performed over the prefrontal cortex, and a
recording cylinder was implanted. The location of cylinders was assessed
with anatomical magnetic resonance imaging (MRI). Neurophysiologi-
cal recordings were performed with either single or multiple microelec-
trodes. Arrays of up to eight microelectrodes spaced 0.2–1.5 mm apart
were advanced into the cortex through the dura with a microdrive system
(EPS drive, Alpha-Omega Engineering). The electrical signal from each
electrode was amplified, bandpass filtered between 500 and 8 kHz, and
recorded with a modular data acquisition system (APM system, FHC,
Bowdoin, ME). Waveforms that exceeded a user-defined threshold were
sampled at 25 �s resolution, digitized, and stored for off-line analysis.

During experiments, electrodes were advanced into the cortex and
neurons were isolated while the monkey was sitting quietly without any
stimuli being displayed. After neurons were tested with all stimulus sets,
a second set of neurons were sometimes collected by advancing elec-
trodes further in the same fashion as at the beginning of the experiment.
We recorded from all of the neurons that we isolated without any attempt
to select neurons based on their response properties. Typically, 20 stim-
ulus presentations were collected for each cue location or shape.

Anatomical localization. We used a grid system (Crist Instruments) to
align electrode penetrations. A second recording apparatus was used in
some recordings and was fitted with its own positioning system (MT
micro-terminal, Alpha-Omega Engineering). The coordinates of elec-
trode penetrations relative to the grid were recorded in each session, and
a map of penetrations was generated at the end of recordings (Fig. 2).
During experimental sessions, the depths of the cortex encountered by
the electrodes provided a coarse map of the underlying pattern of sulci.
Upon completion of the experiments, the penetration map was aligned
with an image of the cortical surface obtained through anatomical MRI.

We distinguished between the two dorsal and ventral subdivisions of
the lateral prefrontal cortex based on the results of anatomical studies
(Cavada and Goldman-Rakic, 1989; Preuss and Goldman-Rakic, 1991).
We defined the dorsolateral prefrontal cortex as the region comprising
the two banks of the principal sulcus (�2 mm from the center of the
principal sulcus), the extension of this zone posterior to the principal
sulcus as far as the arcuate sulcus, and the superior convexity, dorsal to
the principal sulcus. Our recordings were restricted in the anterior-
posterior axis to the caudal half of the principal sulcus (see Figs. 2, 6). The
region sampled incorporates the posterior aspect of area 46 and parts of
areas 8a and 9. We defined the ventrolateral prefrontal cortex as the
cortical area in the inferior convexity of the prefrontal cortex lateral to the
principal sulcus (�2 mm from the center of the principal sulcus). This
region incorporates parts of areas 12 and 45 (see Figs. 2, 6). For simplic-
ity, we henceforth refer to these two regions as “dorsal” and “ventral,”
respectively.

Data analysis. We separated action potential waveforms into separate
units using an automated cluster analysis method based on the KlustaK-
wik algorithm (Harris et al., 2000), which relied on principle component
analysis of the waveforms. Firing rate of units was then determined for
each of the task epochs. We then identified neurons that exhibited firing
rates significantly different from the firing rate recorded in the 1 s interval
of fixation (paired t test, p � 0.05) for either a spatial or a shape stimulus.
We also identified neurons with a significant decrease of firing rate in a

task epoch in the absence of an elevated firing rate in response to another
stimulus presentation in the same task epoch. Only trials that resulted in
correct behavioral responses to the task are presented in this paper.

To ensure the stability of the firing rate in the recordings analyzed, we
identified recordings in which a significant effect of trial presentation
sequence was evident in the baseline firing rate (ANOVA, p � 0.05), e.g.,
because of a neuron disappearing or appearing during a run as we were
collecting data from multiple electrodes. Data from these sessions were
truncated so that analysis was performed on a range of trials with a stable
firing rate.

The spatial selectivity of visually responsive neurons was assessed by
comparing the discharge rates during the presentation of the first
stimulus at the nine grid locations. Neurons with significantly differ-
ent responses to the nine stimulus locations (ANOVA, p � 0.05) were
considered spatially selective. Likewise, neurons were considered shape
selective if their responses to the eight shapes were significantly different
(ANOVA, p � 0.05). The best (most responsive) and worst (least respon-
sive) locations and shapes were also determined.

The degree of spatial selectivity of each neuron was quantified using a
selectivity index defined as (Max � Min)/(Max � Min), where Max and
Min represent the neuron’s highest (maximum) and lowest (minimum)
firing rate for the nine stimuli, respectively. We used the same index to
quantify shape selectivity as well.

To test the possibility that systematic differences in the selection of
neurons before and after various stages of training accounted for the
findings, we analyzed multiunit records created by pooling together

Figure 2. Lateral view of a monkey brain obtained through MRI, with electrode pene-
trations before and after training superimposed. Penetrations sampling the dorsal and
ventral prefrontal cortex are colored in yellow and red respectively. Additional recordings
were obtained from the opposite hemisphere of this animal after training. AS, Arcuate
sulcus; PS, principal sulcus.
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spikes of all neuron waveforms extracted from each electrode (Compte et
al., 2001). We then repeated the analysis of results, treating the multiunit
record as a single neuron. We also duplicated the analysis for single
neurons, recorded before and after training, matched for signal-to-noise
ratio (SNR). For each neuron, we defined SNR as the ratio between the
peak-to-trough amplitude of the mean action potential waveform di-
vided by the standard deviation (SD) of the noise computed from the
baseline of each waveform derived from the first 10 data points (cor-
responding to 0.25 ms) of each sample. We repeated our analysis for
neurons with SNR values � 6, yielding neuronal samples matched for
signal-to-noise ratios.

Results
Pretraining results
Data were collected from four monkeys that had no prior training
on any laboratory task. During the initial phase of data collection,
the subjects were required only to maintain fixation while stimuli
were presented on a screen. A trial consisted of the sequential
presentation of two visual stimuli separated by a delay interval
during which only the fixation stimulus remained on the screen
(Fig. 1A). Stimuli were drawn from one of two stimulus sets: a
spatial set consisting of white squares presented on a 3 � 3 grid of
10° spacing between stimuli, and a feature set composed of eight
white geometric figures. A total of 1365 neurons were recorded
using an unbiased sampling strategy in the ventral and dorsal
subdivisions of the lateral prefrontal cortex (Fig. 2). At this stage,
we sought to ascertain whether functional differences existed be-
tween the ventral and the dorsal prefrontal cortex as postulated
by the domain-specific model, although such a result would not
necessarily be incompatible with the integrative model. On the
other hand, a finding of no significant differences between the two
subdivisions at this stage would only be consistent with the inte-
grative model.

Visual responses
Before training, significant differences between the dorsal pre-
frontal cortex and the ventral prefrontal cortex were readily ap-
parent in both the incidence of neurons responsive to visual
stimuli and their selectivity for visual stimulus properties. We
identified neurons responding to visual stimuli based on a signif-
icantly increased firing rate during the stimulus presentation rel-
ative to baseline (paired t test, p � 0.05). The percentage of
neurons exhibiting such visual responses was significantly higher
(� 2 test, p � 10�20) in the dorsal (37%, N � 287) than in the
ventral region (9%, N � 55) of the prefrontal cortex (Fig. 3A).

We evaluated the stimulus selectivity of visually responsive
neurons (287 dorsal and 55 ventral) by comparing their firing
rates during the presentation of the different spatial and feature
stimuli. The spatial set was presented first, followed by the feature
set. Typical responses of a dorsal prefrontal neuron are shown in
Figure 4. The neuron was highly selective for spatial locations,
responding best to a stimulus appearing directly to the right of the
fixation point (Fig. 4A). The neuron was also significantly selec-
tive for shapes (Fig. 4B, arranged in order of decreasing re-
sponses) although to a lesser degree, as all eight stimuli elicited
some response.

Overall, spatial selectivity was more strongly associated with
the dorsal region, where 70% of visually responsive neurons ex-
hibited significantly different responses across the nine stimulus
locations tested (ANOVA, p � 0.05). In contrast, only 25% of
visually responsive neurons in the ventral regions showed spatial
selectivity (� 2 test, p � 0.005). Furthermore, the degree of spatial
selectivity of neurons responding to visual stimuli was signifi-
cantly different between areas. The average selectivity index (SI),

which quantified the magnitude of selectivity, indicated that dor-
sal neurons were more selective (t test, p � 0.05) (Fig. 5A). Re-
sponse latencies to the stimuli did not differ significantly between
areas (data not shown).

With regard to shape selectivity, we observed no significant
differences in the percentage of shape-selective neurons across
regions but significant differences in terms of the magnitude of
selectivity; neurons encountered in the ventral prefrontal cortex
(Fig. 5B) were most selective for our feature set (t test; p � 0.05).
Because dorsal and ventral prefrontal neurons differed in their
spatial selectivity and because shape selectivity may depend on
the spatial location tested (e.g., neurons highly selective for
shapes may be most sensitive in the fovea), we sought to ensure
that the regional differences in shape selectivity were not in some
way caused by differences in spatial properties. For this reason,
we refined our analysis and processed separately two groups of
neurons. First, we examined neurons with significant spatial se-
lectivity. For those, we relied on responses obtained from stimu-
lus presentations in the receptive field at locations where firing
rates with �50% of the maximum response were obtained during
presentation of the spatial set. This analysis confirmed that shape
selectivity was significantly higher for ventral than for dorsal pre-
frontal neurons before training (t test, p � 0.05). Second, we
examined neurons that did not exhibit spatial selectivity. For

Figure 3. A, Percentage of neurons with significantly elevated firing rate during the presen-
tation of visual stimuli and during the delay period before training in the working memory tasks.
Color of bars indicates prefrontal region. Average percentages are shown for results pooled
across all monkeys. Error bars denote SE of percentages observed across monkeys. B, Percent-
age of neurons with significant stimulus and delay period responses in two monkeys trained to
perform the spatial working memory task only. C, Percentage of neurons with stimulus and
delay period responses in two monkeys trained to perform all three working memory tasks.
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these, we relied on responses obtained from presentation of the
feature set at the fovea. Regional difference was also significant (t
test, p � 0.05) and even more pronounced for this group of
neurons (31% difference in mean SI values between ventral and
dorsal regions vs 25% for the corresponding groups with signif-
icant spatial selectivity). The result is not surprising considering
that the receptive fields of highly feature-selective neurons in the
inferior temporal cortex (a major afferent of the ventral prefron-
tal cortex) almost always include the fovea (Gross et al., 1972,
1979; Schwartz et al., 1983; Tovee et al., 1994; Op De Beeck and
Vogels, 2000).

We should emphasize that despite the overall regional special-
ization, segregation of spatial and shape information processing
was not absolute; some dorsal prefrontal neurons exhibited shape
selectivity (and ventral neurons exhibited spatial selectivity). We
also encountered integrative neurons, selective for both types of
stimuli (Fig. 4) in all four of the monkeys.

Delay period responses
The incidence and selectivity of neurons with delay period activ-
ity also displayed regional differences, mirroring the effects ob-
served in the stimulus presentation period. We should note that
although the monkeys in this phase of recording were not re-
quired to remember the stimuli, we did observe neurons with
significantly elevated activity in the delay period and selectivity
for the properties of the preceding stimulus, as described previ-
ously (Meyer et al., 2007). Dorsal prefrontal cortex contained a
significantly higher percentage of neurons with delay period re-
sponses (22%) than did ventral prefrontal cortex (14%) (� 2 test,
p � 0.005). Among neurons with delay period activity, regional
specialization was also observed with respect to spatial selectivity;
43% of dorsal neurons exhibited significant selectivity for loca-
tions (ANOVA; p � 0.05) whereas only 4% of ventral neurons
exhibited spatial selectivity, which constituted a significant dif-
ference (� 2 test, p � 10�20). The magnitude of spatial selectivity

was also different as evidenced by a significantly higher mean SI
value for dorsal compared to ventral neurons (0.43 vs 0.30, t test,
p � 0.005). Twenty-seven percent of dorsal and 9% of ventral
neurons with significantly elevated delay period activity exhibited
shape selectivity in the delay period.

Spatial task training
Once recordings in the naive state were completed, two of the
monkeys (AD and BE) were trained on a spatial working memory
task using the same stimuli they had previously viewed passively
(Fig. 1B). The animals now had to remember the spatial location
of the stimuli to execute the task. The animals continued to view
the stimuli of the feature set passively, having not been trained to
recognize or remember them at this stage. We recorded from a
total of 339 neurons, using the same unbiased sampling strategy.
At this stage, we sought to determine how training affects re-
gional specialization and alters the spatial and shape selectivity of
prefrontal neurons. No change in regional specialization or
functional properties of neurons would be consistent with the
domain-specific model, suggesting an innate and immutable re-
gional specialization. On the other hand, an increase in the inci-
dence and magnitude of spatial selectivity would be consistent
with the integrative model, which postulates that the cognitive
task performed shapes stimulus selectivity and may induce re-
gional differences.

Visual responses
After training on a spatial working memory task, 25% (61) of
dorsal prefrontal neurons and 20% (19) of ventral prefrontal
neurons exhibited significant visual responses (Fig. 3B). This rep-
resented a significant increase in the percentage of visually
responsive neurons in ventral prefrontal cortex (� 2 test, p �
0.005). The overall firing rate of visually responsive neurons in-
creased after training (Fig. 6). Spatial selectivity in dorsal prefron-
tal cortex exhibited the opposite trend than that predicted by the

Figure 4. Rasters and peristimulus time histograms of a single neuron in the dorsal prefrontal cortex recorded before training. A, Responses recorded in the spatial set. The neuron has significant
spatial selectivity with maximal responses to the right of fixation. B, Responses recorded in the feature set. Responses have been arranged in order of response magnitude during the stimulus
presentation. The neuron had broad but statistically significant selectivity to the feature stimuli as well (ANOVA, p � 0.05).
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integrative model: there was a decrease in the percentage of neu-
rons with spatially selective responses (from 70 to 47%) that rep-
resented a change at the margin of statistical significance (� 2 test,
p � 0.05) and a decrease in the magnitude of selectivity (Fig.
5A,B) as evidenced by a significant decrease in the average SI
value (t test, p � 0.005). We observed a decrease in magnitude of
shape selectivity as well (Fig. 5A,B), which was significant for
both dorsal prefrontal cortex and ventral prefrontal cortex (t test,
p � 0.005 in both cases). These changes could not be accounted
for by differences in selection of neurons or quality of recordings
before and after training; a decrease in selectivity for both regions
and stimulus types was evident when we calculated SI values
based on multiunit records and on samples of neurons matched
for signal-to-noise ratios (see Materials and Methods).

To gain insight into the decrease in selectivity, we examined
the tuning functions of neurons before and after training in the
behavioral task. Although the firing rate during spatial stimulus
presentation increased after training, this was the result of a gen-
eralized increase of activity observed both for effective and inef-
fective stimuli (Fig. 7A,B). This decreased the contrast between
the best and worst stimulus response, which defines the selectiv-
ity index. Interestingly, we observed the same decrease in selec-
tivity for both spatial stimuli, which the monkeys were trained to
remember, and feature stimuli, which continued to be presented

passively (Fig. 7C,D). This finding suggested that training to per-
form the task induced activity changes that altered the repre-
sentation of information for any stimulus. We also found that
essentially the same changes took place in both the dorsal
prefrontal cortex (Fig. 7 A, C) and the ventral prefrontal cortex
(Fig. 7 B, D).

Delay responses
Recordings after training revealed an increase in the number of
neurons with significantly elevated activity in the delay period
(from 21 to 27% in dorsal prefrontal cortex and from 15 to 27%
in ventral prefrontal cortex). The firing rate of neurons with sig-
nificant responses during the stimulus presentation was also
higher in the delay period for both the dorsal and the ventral
prefrontal cortexes (Fig. 6). Notably, the increase in delay period
activity following the presentation of a stimulus was greater for
the spatial stimuli, which monkeys had to remember (Fig. 6A,B),
than for the feature stimuli, which continued to be presented
passively (Fig. 6C,D). Even after subtracting the baseline fixation
firing rate, delay period activity following the spatial stimuli in-
creased significantly after training (t test, p � 0.05 for both the
dorsal and ventral prefrontal cortexes). On the other hand, delay
period activity (over the baseline) following the feature stimuli
was actually slightly lower after training in the spatial working
memory task (�0.9 and �0.4 spikes/s for the dorsal prefrontal
cortex and ventral prefrontal cortex, respectively).

Changes in the percentage of neurons with significant selec-
tivity for stimulus properties in the delay period mirrored the
effects observed in the stimulus presentation period. The per-
centage of neurons with delay period spatial selectivity in the
dorsal prefrontal cortex declined after training in the spatial
working memory task (37% pre vs 27% post), contrary to the
prediction of the integrative hypothesis. The percentage of dorsal
prefrontal neurons with spatial selectivity in the delay period
(27%) continued to be higher than the equivalent percentage of
ventral prefrontal neurons (17%). Four and fifteen percent of
dorsal and ventral prefrontal neurons were significantly selective
for shapes during the delay period, respectively.

Feature and conjunction task training
We trained two monkeys who had previously viewed the stimuli
passively (EL and AD) to perform all three working memory tasks
(Fig. 1): a task that required spatial working memory (Fig. 1B), a
task requiring feature working memory (Fig. 1C), and a task re-
quiring working memory for the conjunction of locations and
features (Fig. 1D). The animals were first trained in the spatial
working memory task and then the feature working memory
task. After completing the spatial training, the monkeys showed
no understanding of the feature working memory task and had to
be trained to remember the features of the stimuli. Training in the
conjunction task was performed last. Training required up to 1
year for mastery of all three tasks. Average performance in the
behavioral sessions that contributed to the present dataset was
92% for the spatial task, 84% for the feature task, and 82% for the
conjunction task.

We repeated neurophysiological recordings in the same cor-
tical areas, in some instances revisiting the same cortical tracks,
and repeated the analysis of neuronal responses. A total of 1012
neurons were recorded after training. At this stage, our primary
objective was to determine whether performing a task that re-
quires remembering both the features and location of a stimulus
increases the incidence of prefrontal neurons selective for both
types of information and eliminates (or diminishes) differences

Figure 5. Average values of spatial and shape selectivity index for each region of the pre-
frontal cortex. Color of bars indicates prefrontal region as in Figure 3. Error bars represent SE of
data averaged in each bar. A, Data from monkeys before training. B, Data from monkeys trained
only in the spatial working memory tasks. C, Data from monkeys trained in spatial, feature, and
conjunction tasks.
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in regional specialization of the dorsal and ventral prefrontal cor-
tex, two key tenets of the integrative model.

Visual responses
After training the monkeys in all three working memory tasks,
47% (286) of dorsal and 22% (87) of ventral prefrontal neurons
were driven by the visual stimuli (Fig. 3C). Similar to what we
observed after training in the spatial task alone, firing rates during
the stimulus presentation increased, particularly for the ventral
prefrontal cortex (Fig. 8).

In terms of stimulus selectivity, we saw a decline in the pro-
portion of neurons selective for spatial and shape information
compared to the same proportions before any training (Fig. 9).

This was true for both the dorsal prefrontal cortex and the ventral
prefrontal cortex. Still, a greater proportion of dorsal neurons
than ventral neurons was spatially selective (58 to 24%, � 2 test,
p � 0.005). A reduction in proportion was also seen for neurons
selective for both locations and shapes (Fig. 9), although the
monkeys had learned to perform the conjunction task which re-
quired them to remember both stimulus location and shape over
the delay period. The decrease of these integrative neurons
reached statistical significance in the dorsal prefrontal cortex (� 2

test, p � 0.05). To ensure that this decrease in selectivity was not
the result of damage accumulated from repeated penetrations, we
conducted recordings in the dorsal prefrontal cortex in both the
same (n � 167 neurons) and the opposite hemisphere (n � 308
neurons) of one monkey after training. We found virtually iden-
tical percentages of neurons that were selective for the stimuli in
the resampled and newly sampled hemisphere (57 and 59% for
spatial stimuli and 21 and 28% for feature stimuli, respectively).
The percentage of neurons with spatial selectivity in the newly
sampled hemisphere alone was significantly diminished (� 2 test,
p � 0.05) compared to the percentage of neurons with selectivity
before training in this monkey (82%). The percentage of neurons
with shape selectivity was also greatly diminished compared to
that before training (46%). Repeating the analysis for multiunit
records and samples of neurons matched for signal-to-noise ratio
also indicated a decrease in the percentage of units selective for
locations and shapes. These findings run counter to the idea that
training on a conjunction task leads to increases in spatial and
shape selectivity that crosses traditional domain boundaries (Rao
et al., 1997).

Reduction in stimulus selectivity did not involve only the per-
centage of neurons; the magnitude of stimulus selectivity also
decreased after training (Fig. 5C). This was true for both prefron-
tal subdivisions and for both types of information (two-way
ANOVA, significant main effect of training, p � 0.005 for spatial
and feature information). The difference in the magnitude of
spatial selectivity between dorsal prefrontal cortex and ventral
prefrontal cortex remained significant (t test, p � 0.005). On the
other hand, the decrease in shape selectivity in dorsal prefrontal

Figure 6. A, B, Population peristimulus time histograms (PSTHs) averaging all visually responsive neurons (selective or not) recorded from each prefrontal region during presentation of spatial
stimuli. Blue lines represent responses before training and red lines represent responses after training in the spatial working memory task. Insets to the right of each PSTH indicate appearance of the
first stimulus in the best location in the receptive field (heavy lines) or out of the receptive field (light lines). The actual locations of the stimuli differed for each neuron. C, D, Population PSTHs of
responses recorded during presentation of the feature set. Insets represent presentation of the feature stimulus that elicited the best (heavy lines) or the worst response (thin lines).

Figure 7. A, B, Average discharge rate of neurons responding during the presentation of
spatial stimuli are plotted for each prefrontal subdivision and for before and after training in the
spatial working memory task. The arrangement of spatial locations has been rotated so that the
best response is at location 5 for every neuron; responses at the fovea are plotted separately.
Line represents Gaussian fit. Locations 1 and 9 are the same. Error bars represent SEs. C, D,
Average discharge rate during the presentation of stimuli in the feature set. Features have been
rank ordered from best to worst for each neuron.
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cortex after training rendered the difference between dorsal and
ventral areas nonsignificant (t test, p � 0.05). As was the case after
spatial training alone, the decrease in stimulus selectivity was the
result of an increase in baseline responses that eroded the differ-
ence between best and worst responses (Fig. 8).

This analysis evaluated responses to the spatial and feature sets
(as were the results before training, providing a direct compari-
son). Although the monkeys had already been trained to perform
the conjunction task at this stage, it could be argued that presen-
tation of the spatial and feature sets alone did not engage working
memory for both features and locations. To ensure that the re-
gional differences that continued to be present after training were
not due to the demands of the tasks that we used to evaluate
selectivity, we analyzed neuronal selectivity in the conjunction
task and compared it with that in the feature and spatial tasks.
Each conjunction set relied on combinations of two features and
two spatial locations that could be presented as cues and could be
followed by a match stimulus or a non-match stimulus. We first
determined the responses to the best and worst cue locations in
the conjunction set and computed a contrast ratio similar to our
selectivity index, (Max � Min)/(Max � Min). We then recalcu-
lated the same ratio in the spatial set, comparing responses at the
same spatial locations as those used in the conjunction set (even if
other locations in the spatial set elicited strong or weaker re-

sponses). Results are shown in Figure 10A. A two-way ANOVA
confirmed a significant effect of region ( p � 10�5) but no signif-
icant effect of task and no significant interaction. This result in-
dicates that when performing a behavioral task that requires
working memory for a conjunction of spatial locations and fea-
tures, responses in the ventral and dorsal prefrontal cortexes re-
main significantly different in terms of their spatial selectivity.

Our analysis also revealed no significant difference in terms of
shape selectivity between areas after training, which was the result

Figure 8. A–D, Population peristimulus time histograms averaging visually responsive neurons recorded from each prefrontal region before training and after training in all working memory
tasks. Conventions are the same as in Figure 6.

Figure 9. A, B, Percentage of visually responsive neurons from the dorsal prefrontal cortex
(PFC) (A) and the ventral PFC (B) with significant selectivity (ANOVA test, p � 0.05) for spatial
stimuli, feature stimuli, and both. Data from the same monkeys tested before any training and
after training to perform the conjunction task are compared.

Figure 10. Selectivity index values computed based on the conjunction task after training.
A, Average value of spatial selectivity contrast ratio (Max � Min)/(Max � Min) for the best and
worst spatial location tested in the conjunction task for each neuron when these locations were
tested as part of the spatial set (left) and as part of the conjunction set (right). B, Average value
of shape selectivity contrast ratio for the best and worst feature tested in the conjunction task.
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of decreased selectivity in the ventral prefrontal cortex (Fig. 5C).
Analysis of responses from the conjunction task in the same fashion
confirmed this finding (Fig. 10B). A further decrease in the average
selectivity index for features was observed in the conjunction task
compared to the feature task, enhancing the effect of training.

Delay responses
After training, we found a significant increase of neurons with
delay period activity across the prefrontal cortex (comparing the
same animals before any training and after training in all tasks):
23 versus 41% in the dorsal prefrontal cortex and 13 versus 32%
in the ventral prefrontal cortex. The increase was significant for
both areas (� 2 test, p � 0.005). Firing rate in the delay period also
increased, particularly in the ventral prefrontal cortex (Fig. 8).

Contrary to the predictions of the Integrative model, regional
differences persisted in terms of stimulus selectivity even when
we based our analysis on the delay period. We observed a higher
percentage of dorsal (44%) than ventral prefrontal neurons
(11%) with spatial selectivity in the delay period and a greater
magnitude of spatial selectivity among neurons with delay period
activity (mean SI � 0.45 vs 0.32, t test, p � 0.05). Comparable
percentages of neurons in the two areas were selective for shapes
(17 vs 10%). In terms of neurons selective for both locations and
shapes, we saw no difference compared to the pretraining stage
(7% pre, 7% post, pooled from both prefrontal subdivisions).

Specialization within the dorsal prefrontal cortex
A recent study demonstrated that lesions restricted to the princi-
pal sulcus region and to the region of the dorsal prefrontal cortex
superior to it (superior-lateral prefrontal cortex) differentially
affect performance in a working memory task (Buckley et al.,
2009). In particular, lesions of the superior-lateral region did not
impair performance of the task, which required selection of a
stimulus depending on different attributes (shape or color) of a
cue. This finding prompted us to examine the properties of neu-
rons in the principle sulcus and superior-lateral regions separately.
We therefore analyzed the responses of 500 principal sulcus and 276
superior-lateral prefrontal neurons in three monkeys.

Before training, functional properties of the two regions were
virtually identical. Similar percentages of neurons were activated

by stimulus presentation in the principal sulcus and superior-
lateral prefrontal cortex (39 and 33% respectively, vs 9% for the
ventral prefrontal cortex). Also, similar percentages of neurons
were selective for spatial locations (72% principal sulcus and 65%
of superior-lateral neurons vs 25% for the ventral prefrontal cor-
tex) and for shapes (38% principal sulcus and 29% superior-
lateral neurons vs 26% for the ventral prefrontal cortex). The
principal sulcus region exhibited a higher magnitude of spatial
selectivity than the superior lateral prefrontal cortex (0.66 and
0.59 vs 0.55 for the ventral prefrontal cortex),whereas shape se-
lectivity was lowest for the superior-lateral cortex (0.44 and 0.35
vs 0.49 for the ventral prefrontal cortex).

After training in any of the tasks, we examined responses of
700 principal sulcus and 146 superior-lateral prefrontal neurons
of two monkeys. We found that the increase in firing rate and
decrease in stimulus selectivity that we reported for the dorsal
prefrontal cortex as a whole was localized in the principal sulcus
region. The average firing rate of superior-lateral neurons re-
mained essentially unchanged (Fig. 11A–C). We also saw no de-
cline in either spatial or shape selectivity among superior-lateral
neurons (mean SI � 0.59 pretraining vs 0.62 post-training for
spatial and 0.34 vs 0.41 for feature stimuli).

Discussion
Our study examined the functional organization of the prefrontal
cortex and how it is affected by learning to perform tasks that
require working memory for the spatial locations and features of
stimuli. Monkeys were also trained to remember both the location
and features of the stimulus to perform the conjunction working
memory task. To our knowledge, this is the first study employing a
longitudinal design to examine the effects of training on the func-
tional properties of cortical areas at different stages of training.

The nature of information represented in the discharges of
prefrontal neurons has been a matter of debate. Anatomical pro-
jections from the posterior parietal cortex, the end stage of the
dorsal visual pathway, project mostly to the dorsal prefrontal
cortex (areas 8 and 46), whereas projections from the inferior
temporal cortex and ventral visual stream innervate areas 12 and
45 of the ventral prefrontal cortex (Petrides and Pandya, 1984;

Figure 11. A–D, Population peristimulus time histograms averaging visually responsive neurons from two parts of the dorsal prefrontal cortex: the superior-lateral prefrontal cortex
(PFC) (A, C), and the principal sulcus area (B, D). Responses are averaged from neurons recorded before training and after training in either of the working memory tasks. Conventions
are the same as in Figure 6.
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Selemon and Goldman-Rakic, 1988; Cavada and Goldman-
Rakic, 1989; Constantinidis and Procyk, 2004). This relative seg-
regation of anatomical inputs led to the postulate that the
prefrontal cortex is organized in a domain-specific fashion, with
spatial information predominantly represented in the dorsal pre-
frontal cortex and feature information in the ventral prefrontal
cortex (Wilson et al., 1993). These conclusions were challenged
by subsequent studies, suggesting that dorsal prefrontal neurons
exhibit significant shape selectivity and ventral neurons exhibit
spatial selectivity, particularly after monkeys have been trained in
tasks that required them to remember both the location and
identify of a stimulus (Rao et al., 1997; Rainer et al., 1998).
This integrative theory postulates that the prefrontal cortex,
because of its intrinsic organization that places parietal and
temporal inputs in relative proximity to each other, has the
capacity to integrate spatial and feature information for the
needs of cognitive tasks and that functional differentiation is
primarily the effect of training.

Our recordings performed in animals naive to working mem-
ory tasks revealed significant differences between the dorsal and
ventral prefrontal cortexes in terms of the two regions’ respon-
siveness to stimuli, their selectivity for spatial and nonspatial in-
formation, and the effects of training. Training did alter the
functional properties of neurons in both the dorsal and ventral
subdivisions, although significant functional differences between
the areas remained.

The results we report are consistent with some aspects of the
integrative theory, as we observed neurons throughout the pre-
frontal cortex selective for both locations and shapes. However,
such integrative neurons were also present in naive monkeys and
did not become more frequent as a result of training. Although
these animals were not explicitly trained to perform an integra-
tive task, it appears that the demands of everyday experience
necessitate the integration of information in the prefrontal cor-
tex. In sum, our experiments rule out some of the basic premises
of the integrative theory, although the domain-specific organiza-
tion is not absolute either.

Dorsal versus ventral differences
Dorsal and ventral prefrontal cortexes exhibited a number of
functional differences in terms of their stimulus selectivity in our
experiments. Dorsal prefrontal cortex consistently exhibited a
higher percentage of neurons selective for spatial location (Fig. 9)
and a higher magnitude of spatial selectivity (Fig. 5). This result
appears consistent with a domain-specific organization, although
we should emphasize that the difference was quantitative rather
than qualitative; ventral prefrontal neurons did exhibit spatial
selectivity as well (Fig. 9B). In fact, the presence of spatial selec-
tivity in the ventral prefrontal cortex has been offered as evidence
in support of the integrative model of the prefrontal cortex (Rao
et al., 1997; Rainer et al., 1998). We should also point out that
selectivity for spatial locations has since been described in the
inferior temporal cortex (Op De Beeck and Vogels, 2000; DiCarlo
and Maunsell, 2003), suggesting that the presence of such selec-
tivity in the ventral prefrontal cortex reflects the information
already present in the ventral visual stream. This conclusion is
further strengthened by the fact that spatial selectivity in the
ventral prefrontal cortex declined after training in tasks that
required spatial information or a combination of spatial and
feature information.

Ventral prefrontal neurons were generally less likely to be
driven by any stimulus in our set, particularly before training.
This finding is consistent with a higher specialization for stimulus

features such as that reported for inferior temporal neurons
(Gross et al., 1972; Desimone et al., 1984; Tanaka et al., 1991;
Fujita et al., 1992). However, selectivity for the feature set we used
was less distinguishing of the two areas. Although the magnitude
of shape selectivity was higher for ventral prefrontal neurons be-
fore training (Fig. 3A), the percentages of selective neurons and SI
values at other training intervals were not found to be signifi-
cantly different between the two areas. These results were not
unexpected, as we made use of a limited stimulus set that could
not test for very narrow shape selectivity as that described previ-
ously for faces and complex objects in the ventral prefrontal cor-
tex (Ó Scalaidhe et al., 1997, 1999). The shape selectivity of the
dorsal prefrontal cortex that we report here is similar to the se-
lectivity for geometric shapes reported for the posterior parietal
cortex and the frontal eye fields (Sereno and Maunsell, 1998;
Janssen et al., 2008; Peng et al., 2008). In this instance too, the
shape selectivity of the dorsal prefrontal region appears to be
accounted for by selectivity in afferent areas, rather than being
a unique property or brought about by training in a conjunc-
tion task.

Human imaging studies have also been equivocal about the
functional organization of the prefrontal cortex. Some human
imaging lent support to the idea that specialized processing oc-
curs within the two prefrontal subdivisions (Adcock et al., 2000;
Leung et al., 2002; Sala and Courtney, 2007; Volle et al., 2008),
although differences between the two areas have also been de-
scribed in terms of cognitive operations rather than type of infor-
mation (Owen et al., 1996, 1998; Stern et al., 2000). We should
point out that our recordings were limited to the posterior half of
the lateral prefrontal cortex; by some accounts more abstract
information is represented in the anterior half (Badre and
D’Esposito, 2009), and we cannot rule out that these parts of the
lateral prefrontal cortex are less tied to stimulus properties.

Nature of training effects
Training on the working memory tasks led to recruitment of
more neurons, particularly in the ventral prefrontal cortex and
during the delay interval. The recruitment of a greater proportion
of ventral neurons after training points to a greater reliance on the
ventral prefrontal cortex for the mastery of the task and gives
credence to the idea that the prefrontal cortex is organized in a
process-specific manner as well. Lesions studies also confirm that
the ventral prefrontal cortex is particularly critical for learning to
perform new tasks (Buckley et al., 2009).

Differential effects of training were also found when we dis-
tinguished between two subdivisions of the dorsal prefrontal cor-
tex, the principal sulcus and the superior-lateral prefrontal
cortex. Although these two areas were very similar in terms of
their stimulus selectivity, the increase in firing rate among dorsal
prefrontal neurons in our experiments was localized in the zone
around the principal sulcus (Fig. 11). Decreases in stimulus se-
lectivity were also specific for the dorsal region. This result is also
consistent with lesion studies, suggesting that the principal sulcus
region in particular is critical for maintenance in memory of
task-related information, whereas lesion of the superior lateral
prefrontal cortex produces essentially no deficit in that respect
(Buckley et al., 2009).
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