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Summary

Dorsomedial prefrontal cortex is critical for the tempo-
ral control of behavior. Dorsomedial prefrontal cortex
might alter neuronal activity in areas such as motor
cortex to inhibit temporally inappropriate responses.
We tested this hypothesis by recording from neuronal
ensembles in rodent dorsomedial prefrontal cortex
during a delayed-response task. One-third of dorso-
medial prefrontal neurons were significantly modu-
lated during the delay period. The activity of many of
these neurons was predictive of premature respond-
ing. We then reversibly inactivated dorsomedial pre-
frontal cortex while recording ensemble activity in
motor cortex. Inactivation of dorsomedial prefrontal
cortex reduced delay-related firing, but not response-
related firing, in motor cortex. Finally, we made simul-
taneous recordings in dorsomedial prefrontal cortex
and motor cortex and found strong delay-related tem-
poral correlations between neurons in the two cortical
areas. These data suggest that functional interactions
between dorsomedial prefrontal cortex and motor
cortex might serve as a top-down control signal that
inhibits inappropriate responding.

Introduction

Which brain regions might instruct motor systems to
wait for a stimulus? Classic frontal lesion studies de-
scribed profound impairments in delayed-response per-
formance (Jacobsen, 1936). Neurophysiological studies
of primate medial prefrontal regions have reported sin-
gle neurons that increase their activity while animals
are waiting to respond (Kolb, 1984; Niki and Watanabe,
1976; Niki and Watanabe, 1979). Recent evidence from
human functional imaging studies shows that medial
frontal areas are selectively activated when responses
to external stimuli must be inhibited in stop-signal reac-
tion-time tasks (Li et al., 2006). Medial frontal regions
might be part of higher cortical systems thought to mod-
ulate motor cortex to suppress responding until the right
time or the right stimulus has occurred (Brunia, 1999;
Fuster, 2000). The inhibition of temporally inappropriate
responses reflects “top-down” executive functions
(Miller and D’Esposito, 2005) such as working memory
and response inhibition. These critical functions are im-
paired in a number of psychiatric disorders, including
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attention deficit hyperactivity disorder (Barkley, 1997;
Miller and D’Esposito, 2005).

In rodents, dorsomedial prefrontal cortex (dmPFC) is
comprised of the anterior cingulate and prelimbic areas
(Conde et al., 1995; Gabbott et al., 2005; Groenewegen
and Uylings, 2000; Heidbreder and Groenewegen,
2003; Milad et al., 2004; Sesack et al., 1989; Uylings
et al., 2003; Vertes, 2004). These regions might be func-
tionally analogous to prefrontal regions in primates
(Groenewegen and Uylings, 2000; Preuss, 1995; Uylings
etal., 2003). If dMPFC is lesioned (Broersen and Uylings,
1999; Risterucci et al., 2003) or inactivated (Narayanan
et al., 2006), rats can no longer wait for trigger stimuli
and exhibit dramatically increased premature respond-
ing. These impairments suggest a role for dmPFC in be-
havioral inhibition, specifically, in suppressing tempo-
rally inappropriate responses before the end of a delay
period (Barkley, 1997; Kolb, 1984). Such inhibition might
be related to the temporal rules of the task. One such
rule suggests that when waiting to respond, subjects in-
hibit responses until the maximum delay duration, or
‘deadline’ (Ollman and Billington, 1972). In rats, previous
work from our lab has suggested that dmPFC is critical
for mediating this response rule (Narayanan et al., 2006).

Prefrontal regions are critical for controlling behavior
in accordance with internal states, rules, and intentions
(Brunia, 1999; Fuster, 2000; Miller and D’Esposito, 2005).
In the delayed lever release task used in our studies, this
view suggests that dmPFC should be especially active
during the delay period while animals are waiting to re-
spond. Such delay-related neurons in dmPFC might
achieve temporal control over behavior by altering the
firing rates of neurons in motor cortex. Dorsomedial
PFC could influence motor cortical activity in two
ways. First, dmPFC neurons could provide information
about the temporal rules of the task to motor cortex dur-
ing the delay period. In this case, functional interactions
between dmPFC and motor cortex would be specific to
the delay period. Second, dmPFC might be functionally
independent of motor cortex and alter motor cortical
activity in a nonspecific manner. For example, dmPFC
could alter the activity of motor cortex through its exten-
sive connections with the limbic system, striatum, thala-
mus, or “neuromodulatory” subcortical nuclei such as
locus coeruleus (Brunia, 1999; Burwell, 2000; Conde
et al., 1995; Divac et al., 1993; Gabbott et al., 2005; Groe-
newegen and Uylings, 2000; Kyuhou and Gemba, 2002;
Mulder et al., 2003; Reep et al., 1987; Sesack et al.,
1989). Such nonspecific interactions between dmPFC
and motor cortex would alter firing rates in motor cortex
but would not be expected to be specific to the delay
period. A nonspecific modulation of motor cortical ex-
citability by dmPFC could alter the firing properties of
many motor cortical neurons, including those involved
in movements (i.e., lever pressing and releasing) as
well as those not engaged in the task.

Todistinguish between specific and nonspecific effects
of dmPFC activity on the motor cortex, we performed
three experiments. First, we recorded from single dmPFC
neurons during performance of a delayed-response task
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(Figure 1). A significant fraction of dmPFC neurons were
modulated during the delay period. The firing rates of
many of these neurons were predictive of premature
errors in the task. These results suggest that neurons in
rodent dmPFC are engaged while animals are waiting
to respond.

In the second experiment, we examined the idea that
dmPFC exerts specific control over motor cortex to in-
hibit temporally inappropriate responses. We recorded
from motor cortex ensembles while reversibly inactivat-
ing rodent dmPFC with the GABA-A agonist muscimol
(Lomber, 1999; Martin and Ghez, 1999; Narayanan
et al., 2006). If motor cortex is influenced by a temporally
specific control signal from dmPFC, then inactivation of
dmPFC should alter motor cortex activity while animals
are waiting to respond. On the other hand, if motor cor-
tex is nonspecifically influenced by dmPFC, then inacti-
vation of dmPFC should alter many aspects of motor
cortex activity, including neuronal firing during motor
responses, basal rates, patterns of firing by task-related
and unrelated neurons, and perhaps overall levels
of activation in motor cortex (Brunia, 1999). We found
that dmPFC inactivation specifically altered a sub-
population of motor cortical neurons that were active
during the delay period. That is, many fewer delay-
related neurons were found in motor cortex with dmPFC
inactivated.

Finally, in the third experiment, we examined the time
course of functional coupling between dmPFC and mo-
tor cortex by simultaneously recording from neuronal
ensembles in both cortical areas. We found strong tem-
poral correlations between dmPFC and motor cortical
neurons during the delay period, but not during the mo-
tor response. These data suggest that there is a specific
delay-related functional coupling of neurons in dmPFC
and motor cortex.

Together, our studies suggest that temporally inap-
propriate responding during delayed-response perfor-
mance is suppressed by specific functional interactions
between dmPFC and motor cortical neurons. This func-
tional coupling between dmPFC and motor cortex neu-
rons might serve as a top-down control signal that is
critical for the temporal control of behavior.

Results

Experiment 1: dmPFC Ensemble Recording

dmPFC Contains Neurons that Are Active

during Delay Periods

Eleven rats were trained to perform a delayed-response
task in which a lever is held down over a 1000 ms delay
period and then released in response to an auditory trig-
ger stimulus (Figure 1). Trials on which animals success-
fully waited for the trigger stimulus and responded
within 600 ms of the onset of the trigger stimulus are re-
ferred to as correct trials (mean = SEM: 64% =+ 3% of tri-
als in the behavioral sessions analyzed in this manu-
script). Two types of errors could be made in the task.
First, animals could release the lever before the end of
the delay period, a premature error (17% = 1% of trials).
Second, the reaction time could be longer than 600 ms,
a late error (18% = 3% of trials). As inactivation of
dmPFC does not lead to increased late responding (Nar-
ayanan et al., 2006), we have restricted the focus of our

[ 1000 ms I 600ms
A

PREMATURE ERROR CORRECT I LATE ERROR
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Trigger Stimuli

Figure 1. Delayed Response Task

Sequence of events in the delayed-response task. Rats pressed a le-
ver for 1000 ms (delay period) and released the lever within 600 ms of
the onset of an auditory trigger stimulus (Correct responses) pre-
sented at the end of the delay period. Two types of errors occurred
in the task. Premature errors occurred if the lever was released be-
fore the trigger stimulus. Late errors occurred if the reaction time
was greater than 600 ms.

analysis in the present study to comparisons of correct
trials and trials with premature errors.

Arrays of microwire electrodes (16 50 um stainless-
steel wires, insulated with Teflon, arranged in 3 x 3 X
2,2 x 8, or 4 x 4 configurations with spacing between
wires of approximately 200 um; impedances in the range
of 200-300 kQ, as measured in vitro at 1 kHz) were im-
planted in the dmPFC (AP: +3.2, ML = 1.4, DV —3.6 at
12° in the frontal plane; see Figure S1 in the Supplemen-
tal Data available online) of well-trained animals. A total
of 212 single neurons (on 264 microwires, 0.8 units per
wire; see Figure S2 for details on unit isolation) were re-
corded during the delayed-response task. Of these,
122 neurons (58%) were modulated by behavior; that
is, firing rates during the epoch from 2000 ms before to
500 ms after lever release were higher (or lower) than
that obtained in a matching set of epochs around pseu-
dorandomly chosen event times during the behavioral
session. Of the task-modulated neurons, 71 neurons
(34% of the total) were modulated around lever press
(250 ms before to 250 ms after lever press), 72 neurons
(34%) were modulated during the delay period while an-
imals were waiting to respond (800 ms before to 300 ms
before lever release), and 74 neurons (35%) were modu-
lated around lever release (250 ms before to 250 ms after
lever release) (Figure 2). Each animal (n = 11) had at least
three neurons modulated during the delay period (aver-
age: 6.5 = 1.5 delay neurons per animal or 36% = 5%;
range: 10%-47%). Of the neurons modulated during
the delay period, 17 were modulated exclusively during
the delay. Other neurons were modulated in conjunction
with release (18 neurons), press (9 neurons), or press
and release (28 neurons).

Activity of dmPFC Neurons Predicts Premature
Errors

If neurons in dmPFC are involved in actively inhibiting re-
sponding during the delay period, the firing rates of the
neurons should be correlated with task performance. To
quantify these relationships, we trained statistical clas-
sifiers, using the Regularized Discriminant Analysis of
Friedman (1989), to discriminate between neuronal ac-
tivity from correct trials and premature error trials (Lau-
bach, 2004). Classifier performance was assessed using
the AUC (Area Under the Curve derived from ROC anal-
ysis) and predictive mutual information (Iag) (see the
Supplemental Experimental Procedures). Neuronal ac-
tivity only around lever release (from 250 ms before to
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Figure 2. dmPFC Neurons Modulated by Press, Delay, and Release

(A) Percentage of neurons with significant press, delay, and release
activity among neuronal ensembles recorded from dmPFC. Exam-
ple of single neurons modulated around (B) press, (C) delay, and
(D) release. Rasters aligned to lever release. Gray regions indicate
temporal epochs used to assess the statistical significance of
event-related modulation of firing rate. In (B), modulation was
assessed using rasters aligned to lever press. Rasters are sorted
by lever press duration with long lever presses at the top.

100 ms after release) was examined; outside this epoch,
premature trials are difficult to compare with correct tri-
als due to differences in movements (Laubach et al.,
2000).

Many neurons in dmPFC (61 of 212 or 29%, 5.5 = 1.3
predictive cells per animal or 28% = 4%; range: 10%-—
50%) discriminated between correct and error trials sig-
nificantly better than could expected by chance (AUC >
0.5; see Supplemental Experimental Procedures) with
an average AUC of 0.63 = 0.01 (Iag: 0.10 = 0.01 bits).
Twenty-one of these neurons (53%) were modulated
around lever press, 20 neurons (51%) were modulated
during the delay period while animals were waiting to re-
spond, 18 neurons (40%) were modulated around lever
release, and 9 neurons (23%) were not significantly
modulated by any task events but fired differently on
correct and premature error trials.

To determine whether neuronal activity on error trials
was associated with random or structured patterns of
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neuronal activity, we trained classifiers with features
defined only by neuronal activity on error trials (see
Supplemental Experimental Procedures for details).
The rationale for this analysis was that if dmPFC fired
in noisy or apparently random patterns on error trials,
then classifiers trained with features from error trials
would not discriminate between correct and error trials.
By contrast, if dmPFC fired in consistent patterns that
were distinct on correct and error trials, then classifiers
could be successfully trained with features from both
correct trials (described above) and error trials.

We found that activity on error trials from 33% of neu-
rons in dmPFC (70 of 212) could be used to train classi-
fiers to successfully discriminate between correct and
error trials (Figures 3A and 3B). Ten (of 11) animals had
at least three neurons whose activity predicted prema-
ture errors from error trials (average: 6.36 + 1.2 delay
neurons per animal or 32% = 5%; range: 19%-50%).
On average, these neurons had an AUC of 0.66 + 0.01
(lag: 0.18 = 0.01 bits). Furthermore, dmPFC neuronal
activity predicted premature errors significantly better
than correct trials (paired T, 211) = 7.74, p < 1073
Figure 3C). These results are convergent with earlier
work in primates (Niki and Watanabe, 1976, 1979) and
suggest that dmPFC neurons fire in consistent and dis-
tinct patterns on trials with correct and premature error
responses in the delayed-response task.

We also examined raw firing rates around lever re-
lease (250 ms before to 100 ms after lever release) on
correct versus premature trials. Twenty-one percent of
neurons (44 of 212) fired at significantly different rates
(p < 0.05 via a Wilcoxon sign test comparing firing rates
on correct versus premature trials) on correct and pre-
mature trials. Of these, 71% (31 of 44 neurons) had
greater firing rates on premature trials relative to correct
trials, and 29% (13 of 44) had greater firing rates on cor-
rect trials relative to premature trials. Activity from half of
these neurons (50%; 22 of 44) resulted in significant dis-
criminations between correct and error trials by statisti-
cal classifiers, as described above.

Experiment 2: Reversible dmPFC Inactivation

and Motor Cortex Ensemble Recordings

Inactivation of dmPFC Increases Premature
Responding

Thus far, we have demonstrated that dmPFC neurons
are modulated while animals are waiting to respond.
These data, in combination with previous studies,
(Broersen and Uylings, 1999; Narayanan et al., 2006;
Risterucci et al., 2003), suggest that dmPFC encodes

Figure 3. Examples of dmPFC Neurons
that Fired Differently on Correct Trials and
on Premature Error Trials

(A) Neuron that predicted correct trials (in
black; Iag = 0.21 bits) better than premature
errors (in gray; Iag = 0.16 bits). (B) Neuron
that predicted premature errors (Iag
0.24 bits) better than correct trials (Iag
0.10 bits). Gray regions indicate temporal
epochs analyzed with statistical classifiers.
(C) Neurons in dmPFC predict premature
errors (mean * SEM) significantly better
than correct trials. Asterisk indicates signifi-
cance (p < 0.005).

Correct
Trial Predicted

Error
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Figure 4. dmPFC Inactivation Increases Premature Errors
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(A) Percentage of premature errors (mean + SEM) in six rats during preoperative behavior, in control sessions (with saline infused into dmPFC;
blue), in sessions with dmPFC inactivated via muscimol (red), and in recovery sessions (green). Asterisk indicates significance (p < 0.005). (B)
Kernel density estimates (mean = SEM) of the distribution of lever press duration (from press to release) for all responses in control sessions
(blue) and in sessions with dmPFC inactivated (red). (C) Lever force data revealed that rats exerted similar levels of force on the lever with
and without dmPFC inactivated. (D) Video data suggests that dmPFC inactivation does not change motor behavior (see Supplemental Movies).

atemporal response rule that controls activity in the mo-
tor system.

To test this hypothesis, we reversibly inactivated
dmPFC while recording neuronal ensemble activity in
motor cortex during the delayed-response task (Fig-
ure 1). Six animals were implanted with bilateral cannu-
lae in dmPFC (coordinates identical to experiment 1;
Figure S3) and microwire arrays (identical to experiment
1) in the motor cortex contralateral to the limb used to
press the lever (AP: —0.5, ML: +2.5-3.5, DV: —1.5 at
—25° in the sagittal plane; see Figure S3) (Donoghue
and Wise, 1982; Neafsey et al., 1986). Animals were
tested with trigger stimuli on 50% of trials, so that we
could dissociate effects of dmMPFC inactivation on stim-
ulus-evoked and response-related firing in motor cortex.

As we reported in a previous study (Narayanan et al.,
2006), no significant changes in behavior were observed
following surgery (preoperative premature errors:
24% =+ 3%; postoperative premature errors, 26% = 2%;
paired Ty, 5) = 0.54, p < 0.61). In sessions with dmPFC
inactivated, premature errors increased significantly to
45% = 4% (paired T4, 5 = 5.02, p < 0.004). An important
point for our neurophysiological analysis was that an
equivalent number of trials were performed in control
sessions and in sessions with dmPFC inactivated
(234 = 17 trials in control sessions versus 244 + 27 trials
in sessions with dmPFC inactivated; paired T, 5) = 1.43,
p < 0.21). Animals recovered within 24 hr (31% = 5%
premature errors in recovery sessions; paired T, 5 =
0.84, p < 0.44 for sessions with saline infused into
dmPFC and the recovery sessions; Figure 4A). Inactiva-
tion of dMPFC also shortened average lever press dura-
tions over all trials (1134 = 20 ms in control session ver-
sus 1011 = 37 ms in sessions with dmPFC inactivated;
paired T4, 5 = 3.5, p < 0.02) (Figure 4B) but did not
change the percentage of late responses (16% *= 3%
of trials in control sessions versus 17% = 4% of trials

with dmPFC inactivated; paired T, 5) = 0.52, p < 0.6).
These effects were observed in all six animals.
Inactivation of dmPFC Does Not Change Motor
Control

Dorsomedial PFC inactivation might alter the ability of
rats to make controlled lever presses (Whishaw et al.,
1992); however, we found that this was not the case in
our previous study (Narayanan et al., 2006). To ensure
this issue did not affect our neurophysiological analysis,
we examined lever force data, lever position data, and
behavioral video recordings in control and in dmPFC-
inactivation sessions. Response force was equivalent
between correct trials in control sessions and in ses-
sions with dmPFC inactivated (T4, 27¢) = 0.78, p < 0.44;
Figure 4C). Video recordings showed no qualitative dif-
ferences in the way rats pressed the lever following infu-
sions of saline or muscimol into dmPFC (Figure 4D;
Figure S4; Movies S1 and S2).

Inactivation of dmPFC Does Not Change Basic Motor
Cortex Activity

Dorsomedial PFC inactivation might have nonspecific
effects on motor cortex (Brunia 1999), including changes
in the basal firing properties of motor cortical neurons.
However, we found no evidence for such an effect
in our studies. Activity from 90 neurons (on 96 micro-
wires; 0.9 units isolated per wire) was recorded in con-
trol sessions. The same number of neurons was also
recorded in sessions with dmPFC inactivated. Single
units recorded in control and dmPFC-inactivation ses-
sions had equivalent median interspike intervals
(T, 178) = 0.65, p < 0.52) and average firing rates (8.9 =
0.8 Hz in control sessions versus 9.7 = 0.9 Hz with
dmPFC inactivated; Ty, 175 = 0.55, p < 0.58). The
neurons also fired with the same level of bursting
(Legendy and Salcman, 1985) in the control and
dmPFC-inactivation sessions (percentage of spikes in
bursts: T\, 178) = 0.24, p < 0.81; average surprise entropy
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Figure 5. dmPFC Inactivation Reduces Modulations in Motor Cortex
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(A) Percentage of neurons with significant press, delay, and release activity in control sessions (blue), in sessions with dmPFC inactivated (red),
and in recovery sessions (green). Example of single neurons modulated by (B) press, (C) delay, and (D) release in control sessions (blue) and in
sessions with dmPFC inactivated. Rasters aligned to lever release. Gray regions indicate temporal epochs used to assess the statistical signif-
icance of event-related modulation of firing rate. In (B), modulation was assessed using rasters aligned to lever press. (E) Normalized perievent
histograms for all neurons recorded in control sessions (left panel) and sessions with dmPFC inactivated (right panel). The order of neurons is
sorted by firing rate during the delay period. The top two-thirds of motor cortical neurons fired at reduced rates in sessions with dmPFC inacti-
vated as compared to control sessions. Asterisk indicates significance (p < 0.005).

of bursts: Ty, 17g) = 0.15, p < 0.88). In addition, dmPFC
inactivation did not change the overall level of neuronal
firing as measured with recordings of multiunit activity
(i.e., thresholded but unsorted waveforms) and local
field potentials (<200 Hz) (see Supplemental Results;
Figure S5). These data do not provide any evidence
that dmPFC inactivation changes the basic firing prop-
erties of motor cortex.

Inactivation of dmPFC Decreases Motor Cortex
Activity during Delay Periods

If dmPFC exerts specific control over motor cortex, we
would expect to find alterations in delay-related firing
in motor cortex with dmPFC inactivated. On the other
hand, if dmPFC nonspecifically influenced motor cortex
activity, we would expect to find alterations in event-
related firing across task events (lever press, delay,
and lever release). To distinguish between these possi-
bilities, we compared the percentage of task-modulated
neurons as a function of dmPFC inactivation around le-
ver press (250 ms before to 250 ms after lever press),
during the delay period (800 ms before to 300 ms before
release), and around lever release (250 ms before to
250 ms after lever release). Only correct trials were in-
cluded in this analysis, as on premature errors short le-
ver presses (<750 ms) interfered with attempts to assign
modulations to a particular event.

Inactivation of dmPFC specifically reduced the extent
of delay-related modulation in the motor cortex. Signifi-
cantly more neurons were modulated during the delay
period in control sessions (47 neurons, 52%) as com-
pared to sessions with dmPFC inactivated (29 neurons;
32%; %2 = 7.37, p < 0.004). In five animals (one animal
had only two neurons and was excluded from within-
subjects analyses), an average of 7.8 = 1.6 delay-
modulated neurons (52% = 2%; range 44%-60%)
were recorded during control sessions, significantly de-
creasing to 4.83 * 1.9 delay-modulated neurons (38% =

14%; range 7%-54%; repeated-measures ANOVA using
a generalized linear model: F;, 5y = 9.42, p < 0.02) during
sessions with dmPFC inactivated. By contrast, similar
numbers of neurons were modulated around lever press
in control sessions (44 of 90 neurons, 49%) compared to
sessions with dmPFC inactivated (43 neurons; 48%; xz =
0.022, p < 1.0). Similar numbers of neurons were also
modulated around lever release in sessions with dmPFC
inactivated (48 neurons, 53%) compared to control ses-
sions (47 neurons; 52%; Xz = 0.022, p < 1.0; Figure 5A).
Importantly, response properties returned to control
levels in recovery sessions (24 hr after dmPFC inactiva-
tion): 46 neurons of 90 neurons were modulated by press
(51%; %2 =0.089, p < 1.0 comparing control and recovery
sessions), 48 neurons were modulated by delay (53%;
%2 = 0.022, p < 1.0), and 54 neurons were modulated
by release (60%; %2 = 1.11 p < 0.22).

In some cases (20 of 90 neurons; 22%), we recorded
from the same single neurons in control and dmPFC-
inactivation sessions (this assessment was based on
waveform shape, firing rate distributions, and interspike
intervals). Examples of the effects of dmPFC inactivation
on these putative single neurons with press, delay, and
release activity are shown in Figures 5B-5D. In these
neurons, dmPFC inactivation specifically attenuated
delay-related activity while having no effect on move-
ment-related activity related to pressing and releasing
the lever.

The reduction in delay-related neurons was also ap-
parent in comparisons of firing rates before lever release
in control and dmPFC-inactivation sessions. In Fig-
ure 5E, the average responses of neurons in control and
dmPFC-inactivation sessions are shown and sorted by
firing rates during the delay period (800-300 ms prior to
lever release). The top two-thirds of neurons, as ranked
by delay activity, fired at higher rates in control sessions
than in dmPFC inactivation sessions (T, 55 = 4.19,
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p < 104 for the middle 1/3 neurons: T, s8 = 2.95,
p < 0.005; bottom 1/3: T4, 55 = 0.9, p < 0.33) (Figure 5E).

To investigate whether motor cortex activity was
influenced by the trigger stimuli, we examined firing
rates between 1000 and 1100 ms after lever press
(when the trigger stimulus would occur on 50% of trials)
on trials with and without trigger stimuli. We found no
evidence for differences in motor cortex firing rates dur-
ing this epoch in control sessions (paired Ty, gg) = 1.08,
p < 0.28). We also found no difference in the fraction
of neurons that were modulated on trials with and with-
out trigger stimuli (x? = 0.91, p < 0.26). Furthermore,
we found no differences in motor cortex firing rates or
modulation on trials with and without trigger stimuli in
sessions with dmPFC inactivated (firing rate: paired
Ty, 89 = 1.24, p < 0.21; modulation: %2 = 0.03, p < 1).
These data suggest that activity in motor cortex is not al-
tered by the trigger stimulus itself. This result is not sur-
prising as our task has a fixed delay and animals could
use a timing strategy to initiate responding (Narayanan
et al., 2006).

Together, these results indicate that dmPFC inactiva-
tion specifically alters motor cortex neurons with delay
activity. This finding is consistent with the view that
dmPFC has a top-down role in controlling motor cortical
activity during the delayed-response task.

Inactivation of dmPFC Alters Motor Cortex
Prediction of Premature Errors

Previous studies have revealed that neuronal activity in
rodent motor cortex is correlated with successful wait-
ing behavior (Laubach et al., 2000; Narayanan et al.,
2005). To examine whether inactivation of dmPFC al-
tered this relationship, we trained statistical classifiers
to discriminate between trials with correct responses
and premature errors. Experiment 1 revealed that
dmPFC neurons strongly predicted premature errors.
This result suggests that dmPFC inactivation should
preferentially alter prediction of premature error trials
by motor cortical neurons (i.e., using task-related fea-
tures from premature error trials to predict correct or
premature error trials).

To test this hypothesis, we made comparisons be-
tween predictions of premature errors (i.e., using task-
related features from premature errors) in control and
dmPFC-inactivation sessions from motor cortex activity.
In control sessions, activity from 36% of neurons (32 of
90) predicted premature errors with an AUC of 0.68 +
0.02 (Iag: 0.09 = 0.01 bits). In each animal (of 6 in this ex-
periment), activity from an average of 5.5 + 1.6 neurons
(31% = 7%; range 0%-44%) predicted premature errors.
In sessions with dmPFC inactivated, activity from 27 % of
neurons (26 of 90) predicted premature errors with an
AUC of 0.63 = 0.01 (Iag: 0.03 = 0.01 bits). Predictions
of premature errors were significantly decreased by
dmPFC inactivation (T¢s, 17 = 4.4, p <107%).

We also made comparisons between predictions of
correct trials (i.e., using task-related features from cor-
rect trials) in control and dmPFC-inactivation sessions
from motor cortex activity. In control sessions, activity
from 37% of neurons (33 of 90) predicted correct trials
with an AUC of 0.65 = 0.02 (Iag: 0.08 £+ 0.01 bits). In
each animal (of 6), activity from an average of 5.8 =
1.6 neurons (34% = 7%; range 0%-48%) predicted cor-
rect trials. In sessions with dmPFC inactivated, activity

from 39% of neurons (35 of 90) predicted correct trials
with an AUC of 0.74 = 0.01 (Iag: 0.12 = 0.01 bits). Predic-
tions of correct trials were not significantly altered by
dmPFC inactivation (T(y, 175 = 1.8, p < 0.07). Finally, un-
like neuronal activity in dmPFC, neuronal activity in
motor cortex predicted correct and premature error tri-
als equivalently in control sessions (paired T, 175 =
0.48, p < 0.63).

To see whether dmPFC influenced relationships
between motor cortex and reaction time, we also exam-
ined the correlation between firing rates of motor corti-
cal neurons and reaction times in control and dmPFC-
inactivation sessions. In control sessions, correlation
coefficients between firing rates of motor cortical neu-
rons at the time of the response (from 0 to 500 ms after
the end of the delay period) and reaction times had an
average absolute value of 0.23 + 0.2 (range: —0.67 to
0.80). In sessions with dmPFC inactivated, correlation
coefficients between firing rates of motor cortical neu-
rons and reaction times had an average absolute value
of 0.20 = 0.2 (range: —0.71 to 0.75). We observed no
change in the relationship between motor cortex neu-
rons and reaction time as a function of dmPFC inactiva-
tion (T(1, 178) = 1.01, p < 0.31).

Our results suggest that dmPFC inactivation specifi-
cally diminishes predictions of premature errors that
can be made by using spiking activity from motor corti-
cal neurons, while predictions of correct trials and corre-
lations with reaction times are unchanged.

Experiment 3: Simultaneous Recordings

from dmPFC and Motor Cortex

Pairs of dmPFC and Motor Cortex Neurons

Reveal Delay-Related Correlations

In order to further test the hypothesis that dmPFC exerts
specific control on motor cortex, we recorded simulta-
neously from ensembles of neurons in dmPFC and motor
cortex. If dmPFC specifically controls delay-related
activity in motor cortex, we expect to find delay-related
correlations between dmPFC and motor cortex.

Six animals trained to perform the delayed-response
task were implanted with microwire arrays in both
dmPFC and motor cortex (data from arrays in dmPFC
in these animals were also reported above in experi-
ment 1; dmPFC was implanted unilaterally and ipsilat-
eral to the motor cortex array). On average, in each rat
17.1 = 3.1 neurons were recorded from dmPFC while
6.5 = 2.7 neurons were recorded from motor cortex.
As in experiments 1 and 2, neurons in dmPFC and motor
cortex were significantly modulated while animals were
waiting to respond (dmPFC: 30/107 neurons, 28%;
motor cortex: 17/39 neurons, 44%).

To quantify functional coupling between dmPFC and
motor cortical neurons, we used the joint peristimulus
time histogram (JPSTH) technique (Aertsen et al.,,
1989). This method normalizes the cross-correlation
function between a pair of neurons by accounting for
bin-by-bin fluctuations in the neurons’ firing rates.
Peaks in the JPSTH represent an increased probability
of temporal relationships between spikes from one
neuron given spikes of another neuron.

We found many interesting functional interactions be-
tween neurons in dmPFC and motor cortex. For in-
stance, one pair of neurons recorded simultaneously in
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Figure 6. Delay-Related Functional Coupling between dmPFC and
Motor Cortex Neurons

(A) Functional coupling during the delay period is apparent in simul-
taneously recorded pairs of neurons in dmPFC (vertical axis) and
motor cortex (horizontal axis). This pair is initially positively corre-
lated and then becomes negatively correlated as the rat waits to re-
spond (diagonal axis). Spikes from the dmPFC neuron led those
from the motor cortical neuron by ~50 ms. (B) Another pair of neu-
rons in dmPFC and motor cortex with delay-related functional cou-
pling. This pair is negatively correlated early in the delay period and
then becomes positively correlated. Importantly, in this example
functional coupling exists despite the weak modulation of the
dmPFC neuron during the trial.

dmPFC and motor cortex had prominent positive corre-
lations during the initial delay period (Figure 6A). Later,
the neurons became anticorrelated; the motor cortical
neuron increased its firing rate as the dmPFC neuron
fired at a reduced rate. We also found interactions that
were independent of task-related modulations (Vaadia
et al., 1995). For example (Figure 6B), a dmPFC neuron
that lacked task-modulated activity nevertheless had
prominent delay-related positive correlations with a
task-modulated motor cortex neuron. In both cases (Fig-
ures 6A and 6B), the normal cross-correlation function
(time-averaged correlation over an epoch of =100 ms)
showed that activity of dmPFC neurons led activity of
motor cortical neurons (Figures 6A and 6B, rightmost
panels).

To estimate the frequency of task-related functional
coupling between dmPFC and motor cortical neurons,
we made comparisons between temporal correlations
during three trial epochs: lever press (250 ms before to
250 ms after lever press), during the delay period when
animals were waiting to respond (800 ms before to
300 ms before release), and around lever release
(250 ms before to 250 ms after lever release). These
comparisons revealed that significant temporal correla-
tions (significance was determined by destroying corre-
lations via trial-shuffling and revealed that a JPSTH
value of 0.225 corresponded to a p value of 0.005; see

6%

]
R
*

2%

Pairs with Significant
JPSTH Correlations

PRESS DELAY RELEASE

Figure 7. Percentage of Neuronal Pairs with Significant Functional
Coupling around Press, Delay, and Release Epochs

Asterisk indicates that more neuronal pairs with significant JPSTH
correlations were found than expected by chance (p < 0.005).

Supplemental Experimental Procedures) between
dmPFC and motor cortical neurons were most common
during the delay period (36 of 581 pairs, 6.2%; more than
could be expected by chance: %2 = 24.46, p < 1075; av-
erage: 9 = 4 pairs per animal; range: 0-21 interactions;
significant interactions found in 4 of 6 animals). Around
lever press, 3.8% of pairs (22 of 581; more than chance:
%2 = 10.96, p < 0.001) had significant interactions.
Around lever release, few pairs (12 of 581, 2%; not
more than chance: %2 = 2.92, p < 0.1) showed significant
interactions (Figure 7). Pairs of dmPFC and motor cortex
neurons revealed more significant interactions during
delay than during release (paired T, sgi) = 6.20,
p < 107°). Significant peaks in time-averaged cross-cor-
relation (i.e., standard cross-correlation analysis) were
not found at timescales less than 20 ms. This result sug-
gests that the functional couplings between dmPFC and
motor cortical neurons, described above, were not due
to direct, synaptic interactions between the neurons.

Our paired recording experiments indicate that neu-
rons in dmPFC and motor cortex are functionally cou-
pled, particularly during the delay period. These results
are convergent with those from experiments 1 and 2.
Together, our experiments suggest that dmPFC has
a specific influence of neuronal activity in motor cortex
as animals wait for trigger stimuli.

Discussion

We tested the hypothesis that dmPFC specifically con-
trols neurons in motor cortex during delay periods in
a delayed-response task. In experiment 1, we found
that about one-third of neurons in dmPFC were signifi-
cantly modulated during the delay period. By analyzing
these neurons with statistical classifiers, we found that
many of these neurons were predictive of premature
errors in the task. In experiment 2, we reversibly inacti-
vated dmPFC while recording from motor cortex ensem-
bles during delayed-response performance. Consistent
with previous results (Narayanan et al., 2006), we found
that dmPFC inactivation increased premature errors.
Critically, we found that dmPFC inactivation specifically
decreased delay-related firing of motor cortex neurons
but did not alter movement-related firing (i.e., lever
press and release). In experiment 3, we simultaneously
recorded pairs of neurons in dmPFC and in motor cortex
during delayed-response performance and found that
dmPFC and motor cortex neurons fired in a correlated
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manner during the delay period but not during the motor
response (lever release). These data provide novel evi-
dence that temporal control over behavior is achieved
by a top-down signal from prefrontal cortex that acts
on motor cortical neurons during the delay period.

Prefrontal Cortex and Top-Down Control
The prefrontal cortex is thought to exert top-down con-
trol on other brain systems to guide behavior according
to internal states or intentions (Brunia, 1999; Fuster,
2000; Miller and D’Esposito, 2005; Miller and Cohen,
2001). While few studies have investigated how prefron-
tal and motor regions interact, several studies have in-
vestigated top-down influences of prefrontal cortex on
other cortical areas. Fuster et al. (1985) and Chafee and
Goldman-Rakic (2000) found that inactivating primate
prefrontal regions attenuates the activity of parietal neu-
rons to behaviorally relevant cues. Tomita et al. (1999) re-
corded from IT neurons during a visual recall task and
found that IT neurons could receive information about
stimulus identity from prefrontal regions in the absence
of bottom-up activity. Moore and colleagues (Moore
and Armstrong, 2003; Moore and Fallah, 2004) found
that stimulation of the frontal eye fields altered the recep-
tive field structure of neurons in V4. Finally, Winkowski
and Knudsen (2006) report that microstimulation of neu-
rons in the avian forebrain (analogous to mammalian pre-
frontal regions) shifted spatial tuning of neurons on the
optic tectum. Each of these studies investigates the
role of frontal brain regions on modulating sensory sys-
tems in accordance with behaviorally relevant goals.
The present study extends this body of work to the
motor cortex. Our data suggest that dmPFC activity
controls delay period firing by neurons in motor cortex
(Figure 8), which, in turn, directs the execution of move-
ment. These data are convergent with a study (Rowe
et al., 2005) that reports that prefrontal and motor re-
gions increase their correlation in the BOLD signal dur-
ing a task in which subjects freely select actions but
not objects. Importantly, our results do not shed light
onto how responses are inhibited by the motor cortex.
Rather than having an inhibitory effect on motor cortex
that suppresses a response, the neurons we recorded
in rat dMPFC seem instead to supply motor cortex
with information about the expected timing of the trigger
stimulus. We therefore speculate that the actual inhibi-
tion of temporally inappropriate responses is achieved
by activity in motor cortex itself or in a downstream com-
ponent of the motor system.

Prefrontal Cortex and Rule-Based Behavior

The prefrontal cortex has been hypothesized to be in-
volved in hierarchically coordinating and planning motor
actions (Fuster, 1997, 2000). Many studies have sug-
gested that prefrontal neurons encode the “rules of the
game” (Miller and Cohen, 2001). In a delayed-response
task, these rules would include which response to
make to a given stimulus and when to make the re-
sponse. Several recent studies suggest that prefrontal
regions are involved in temporal processing. A recent
study of primate dorsolateral PFC found neurons that
were sensitive to the timing of trigger stimuli in adelayed-
response task (Genovesio et al., 2005). Recent neuro-
imaging and lesion studies implicated prefrontal regions

Motor Cortex Activity

Time

Figure 8. Model of Top-Down Control by dmPFC over Motor Cortex

During delayed-response performance, activity in motor cortex
(black) is prominently modulated during lever press, delay, and lever
release. While animals are holding down the lever and waiting to
respond, delay-related activity in motor cortex is influenced by
top-down control from dmPFC (gray) in order to inhibit temporally
inappropriate responses.

in temporal processing (Li et al., 2006; Naito et al., 2000;
Stuss et al., 2005). These studies, together with the re-
sults reported here, suggest that dmPFC is involved in
encoding temporal information that is used to guide
behavior, an idea first proposed by Fuster (2000).

A further piece of evidence that dmPFC is involved in
rule-based processing is the strong error predictions of
dmPFC neurons. Neurons in dmPFC that predict errors
strongly often have increased delay-related firing rates
around the time of lever response that on correct trials
would have returned to baseline (Figure 3B). These pro-
files of neural activity in dmPFC, combined with sus-
tained delay-related increases firing, are very similar to
those described by Niki and Watanabe (1976, 1979) in
the primate dmPFC in a similar task. Our results extend
this classic work, as we are able to show for the first time
(to our knowledge) that the brain area containing such
delay-related neurons is directly responsible for inhibit-
ing responding during the delay period and alters the
delay-related activity of motor cortex.

Previous studies have interpreted the influence of pre-
frontal regions on other areas as related to attention
(Moore and Armstrong, 2003; Moore and Fallah, 2004)
or working memory (Chafee and Goldman-Rakic,
2000). However, in the present study, we believe these
processes were not altered by dmPFC inactivation. If ro-
dent dmPFC were to mediate attention to the expected
time of the trigger stimulus, then dmPFC inactivation
should affect attention-related processing in motor cor-
tex. In experiment 2, we found no differences in motor
cortex activity as a function of stimulus presentation in
control sessions or in sessions with dmPFC inactivation.
Moreover, our previous study found equivalent effects
of dmPFC inactivation on premature responding in ses-
sions with single or multiple delay periods. If the effects
of dmPFC inactivation were due to effects on attending
to the stimulus, we would have found increased prema-
ture responding in sessions with multiple delay period,
as increasing the number of delay periods increases
the uncertainty about the occurrence of the trigger stim-
uli (Narayanan et al., 2006). Taken together, these data
suggest that dmPFC inactivation did not alter attention
to the trigger stimulus.

If the role of rodent dmPFC in the task used in the pres-
ent study is related to working memory, then there
should be increased premature responding following
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inactivation of dmPFC as the length of the delay period is
increased. ltis possible that suppressing the tendency to
respond during the delay period is similar to suppressing
responses to distracting stimuli in a working memory
task and that this function involves a form of working
memory (Chelazzi et al., 1993; Moran and Desimone,
1985). However, our previous study found equivalent
effects of dmPFC inactivation on premature responding
in sessions with relatively short and long delay periods
(500-1000 and 900-1400 ms) (Narayanan et al., 2006).
As working memory processing should be sensitive to
delay length, it is unlikely to account for the interactions
between dmPFC and motor cortex described in our
study. However, as our study lacks an overt mnemonic
component, future studies which use tasks that explicitly
engage working memory will test the role of rodent
dmPFC in maintaining information online.

If dMPFC does not mediate working memory or atten-
tion, what is its functional basis of top-down control over
motor cortex? A classic account of temporal processing
in tasks with predictable temporal properties (the task
used in this study has a fixed delay of 1000 ms) is that
subjects employ a task strategy based on the expected
timing of the trigger stimulus (Janssen and Shadlen,
2005; Los et al., 2001; Ollman and Billington, 1972).
These expectancies lead to rules about how to perform
the task, e.g., wait for 1 s and respond whether or not the
trigger stimulus has occurred. This kind of rule has
been called the “deadline” for initiating a response in
asimple RT task (Narayanan et al., 2006; Ollman and Bill-
ington, 1972). The profile of correlations between
dmPFC and motor cortex described in our study might
represent functional interactions relevant for encoding
this response deadline.

An alternative hypothesis suggests that effects of
dmPFC inactivation are exhibited by motor cortical
neurons only because motor cortex is part of the final
common pathway of behavior. This would be true irre-
spective of direct influences of dmPFC on the motor cor-
tex. According to this hypothesis, the system would be
functionally independent and we would expect to find
the greatest influence of dmPFC on motor cortex during
movements such as lever release, when motor regions
are involved in generating a response. Contrary to this
idea, we found that the inactivation of dmPFC did not al-
ter movement-related firing by motor cortical neurons
(during lever presses and releases), did not change mea-
sures of motor performance (force on the lever,
Figure 4C and the Supplemental Data), and did not alter
the relationship between response-related firing in
motor cortex and the reaction time.

Moreover, temporal correlations between dmPFC and
motor cortical neurons were greatest during the delay
period and minimal at the times of response (lever re-
lease; press-related correlations may be related to the
beginning of temporal control). This is despite the fact
that neurons in both cortical areas were modulated
around the times of the lever press, the delay period,
and the lever release. These results suggest that dmPFC
exerts specific, delay-related control on motor cortex.

It is also important to point out that our data do not
provide evidence that prefrontal regions are sufficient
to encode elapsed time. While there have been no
studies in rodents on this topic, work in nonhuman pri-

mates suggests that neurons in prefrontal (Genovesio
et al., 2006) and parietal regions (Janssen and Shadlen,
2005; Leon and Shadlen, 2003; Maimon and Assad,
2006) encode the timing of task events. It is possible
that the neurons we report in dmPFC are also involved
in such computations. However, the experiments car-
ried out in the present study are not suitable for making
this distinction. Instead, we would need to use a task
with multiple stimulus times, as in the Janssen and
Shadlen (2005) study. As such, we are at present unable
to comment on whether neurons in dmPFC are sensitive
to the temporal probabilities of stimulus delivery in our
delayed-response task.

Connections between dmPFC and the Motor System
We found no evidence for direct, monosynaptic connec-
tions between dmPFC and motor cortical neurons. This
result is to be expected from tract-tracing studies that
have found no evidence for direct projections from
dmPFC to the motor cortex (Conde et al., 1995; Sesack
et al., 1989). As shown in Figure 6, the time-averaged
cross-correlation (small plots in the upper right of each
panel) between neurons in these cortical areas was ob-
served on a broad timescale and did not contain the
central, short timescale peaks usually associated with
common inputs. This result suggests that the functional
coupling between dmPFC and motor cortex occurs at
the network level.

There are several pathways through which dmPFC and
motor cortex might share network connections. There
are connections between dmPFC areas and the medial
agranular cortex (Van Eden et al., 1992), which contains
the rostral forelimb area (Neafsey and Sievert, 1982), as
well as the agranular insular cortex, the posterior region
of which innervates the rostral and caudal forelimb areas
(Kyuhou and Gemba, 2002). The subthalamic nucleus re-
ceives input from dmPFC (Ryan and Clark, 1991). Inacti-
vation of this region also increased premature errors
(Baunez and Robbins, 1997); however, these effects
might be a result of errors in motor performance (Wich-
mann et al., 1994) rather than waiting behavior. Dorso-
medial PFC also could control motor cortical firing
through the thalamus, dorsal striatum, and monoaminer-
gic nuclei in the brainstem. Indeed, dmPFC projects to
the dorsal raphe nucleus and locus coeruleus (Lee
et al., 2005; Sesack et al., 1989), which heavily innervate
motor cortex (Loughlin et al., 1982; Waterhouse et al.,
1986), and to the pedunculopontine nucleus (Sesack
et al., 1989). Of these brain regions, the rostral forelimb
area is considered to be a premotor area (Neafsey
et al., 1986) and is a likely candidate for mediating func-
tional interactions between dmPFC and motor cortical
neurons. This area receives projections from dmPFC
(Reep et al., 1987) and projects heavily to the motor cor-
tex and spinal cord (Rouiller et al., 1993). Elucidating the
complex network connecting dmPFC to motor cortex
will require functional anatomy followed by inactivation
and neurophysiological studies in behaving animals.

Experimental Procedures

Subjects
In experiment 1, 11 male Long-Evans rats (aged 3-4 months) were
trained to perform a delayed-response task and had microwire
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arrays implanted (five bilaterally, six unilaterally) in dmPFC. In exper-
iment 2, eight male Long-Evans rats (aged 3-4 months) were identi-
cally trained and had cannulae implanted in dmPFC and microwire
arrays implanted in motor cortex. Two other animals did not perform
enough trials with dmPFC inactivated (22 and 49 trials versus 244 +
27 trials in the other animals) and were excluded from further analy-
sis. In experiment 3, six male Long-Evans rats included in experi-
ment 1 also had microwire arrays implanted into motor cortex as
well as unilaterally (ipsilateral to the motor cortex array) into dmPFC.
The Animal Care and Use Committee at the John B. Pierce Labora-
tory approved all procedures.

Delayed-Response Task
Rats were trained to perform a delayed-response task (i.e., a simple
reaction-time task with a fixed foreperiod) using procedures de-
scribed in detail in Narayanan et al. (2006) and in the Supplemental
Experimental Procedures.

Surgery

Arrays of microwire electrodes (NB Labs, Dennison, TX, or Neuro-
linc, New York, NY) or 26 gauge guide cannulae (Plastics One, Roa-
noke, VA) were lowered into dmPFC (Figures S1 and S3) or into mo-
tor cortex (Figure S3) according to methods described in detail
previously (Laubach et al., 2000; Narayanan et al., 2005, 2006) and
in the Supplemental Experimental Procedures.

Electrophysiological Recordings

Neuronal ensemble recordings were performed according to
methods described in detail previously (Laubach et al., 2000; Nar-
ayanan et al., 2005) and in the Supplemental Experimental Proce-
dures. Analysis of task-modulations in firing rates and analysis of
interactions between dmPFC and motor cortex are described in
detail in the Supplemental Experimental Procedures.

Reversible Inactivation of dmPFC

Reversible inactivation studies of dmPFC (experiment 2) were
carried out according to methods described in detail previously
(Narayanan et al., 2006) and in the Supplemental Experimental
Procedures.

Predicting Correct and Premature Error Trials

Neurons with delay- and response-related firing were analyzed us-
ing a statistical pattern recognition approach according to methods
described in detail previously (Laubach et al., 2000; Narayanan et al.,
2005) and in the Supplemental Experimental Procedures.

Histology

Once experiments were complete, rats were anesthetized with
100 mg/kg sodium pentobarbital and then transcardially perfused
with either 10% formalin or 4% paraformaldehyde. Brains were sec-
tioned on a freezing microtome, mounted on gelatin subbed slides,
and Nissl stained with thionin. Electrode locations were visualized
using custom written three-dimensional reconstruction software
(Eyal Kimchi, Laubach Lab) based on an atlas of coronal sections
by Swanson (1999).

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/52/5/921/DC1/.
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