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The prefrontal cortex (PFC) is essential for top-down control over higher-order executive function. In this study we demonstrate that

the medial prefrontal cortex (mPFC) and orbitofrontal cortex (OFC) differentially regulate VTA dopamine neuron activity, and

furthermore, the pattern of activity in the PFC drastically alters the dopamine neuron response. Thus, although single-pulse activation of

the mPFC either excites or inhibits equivalent numbers of dopamine neurons, activation of the OFC induces a primarily inhibitory

response. Moreover, activation of the PFC with a pattern that mimics spontaneous burst firing of pyramidal neurons produces a strikingly

different response. Specifically, burst-like activation of the mPFC induces a massive increase in dopamine neuron firing, whereas a similar

pattern of OFC activation largely inhibits dopamine activity. Taken together, these data demonstrate that the mPFC and OFC

differentially regulate dopamine neuron activity, and that the pattern of cortical activation is critical for determining dopamine system

output.

Neuropsychopharmacology (2011) 36, 1227–1236; doi:10.1038/npp.2011.7; published online 9 February 2011
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INTRODUCTION

The prefrontal cortex (PFC) is essential for top-down
control over higher-order executive function. The two
major prefrontal regions implicated in the regulation of
dopamine system function are the medial prefrontal
(mPFC) and orbitofrontal (OFC) cortices, regions that carry
out independent, but complementary forms of cognitive
processing in changing environmental conditions (Floresco
et al, 2006; McAlonan and Brown, 2003; O’Doherty et al,
2003). There is a significant literature demonstrating that
the mPFC regulates dopamine neuron activity (Aston-Jones
et al, 2009; Overton et al, 1996; Tong et al, 1996, 1998).
Electrical stimulation of the mPFC induces both inhibitory
and excitatory responses in dopamine neurons (Aston-Jones
et al, 2009; Overton et al, 1996; Tong et al, 1996, 1998). This
likely reflects the specific anatomy of mPFC afferents to the
VTA. Thus, mPFC afferents target only those dopamine
neurons that project back to the PFC (Carr and Sesack,
2000). In addition, the mPFC innervates GABAergic
neurons within the VTA that project to the NAc as well as
providing local axonal collaterals within the VTA (Carr and

Sesack, 2000; Sesack and Carr, 2002). Thus, excitatory
responses observed in dopamine neurons following mPFC
stimulation are likely limited to mesocortical dopamine
neurons, whereas inhibitory responses may occur second-
ary to activation of GABAergic neurons.

In contrast to the literature examining the function of the
mPFC, a role for the OFC in the regulation of dopamine
system function has not yet been demonstrated but is of
critical importance, particularly given recent preclinical
studies by Schoenbaum et al (2009) demonstrating the
signaling of reward expectation by OFC neurons (Takahashi
et al, 2009). Specifically, OFC neurons demonstrate a greater
increase in activity before predictable rewards when
compared with activity preceding a delayed, unpredictable
reward (Takahashi et al, 2009). This is essentially the
opposite of what is observed in dopamine neurons, that is,
an increased activity to an unexpected reward, suggesting
that the OFC may negatively regulate dopamine neuron
activity. Indeed, the data presented in this study demon-
strate that OFC activation results in a strong inhibition of
spontaneous activity within the VTA.

It is important to note that neuronal activity within the
PFC is not limited to single-spike firing. Thus, pyramidal
neurons of the cortex display transient elevations in activity
in response to cognitive tasks (Homayoun and Moghaddam,
2006a; Jackson et al, 2004; Jung et al, 1998). Furthermore, a
proportion of pyramidal neurons, particularly those located
in the deeper parts of layer 5 (Chagnac-Amitai et al, 1990),
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have also been demonstrated to fire high-frequency bursts
of action potentials during task performance (Burgos-
Robles et al, 2007; Chang et al, 2010; Laviolette et al,
2005; Santini and Porter, 2010; Wang and Goldman-Rakic,
2004; Zhang and Shi, 1999). This distinct firing pattern
results in large changes in neurotransmitter release, as well
as the liberation of peptide neuromodulators (Whim and
Lloyd, 1989) that are suggested to enhance the signaling of
salient events (Cooper, 2002; Lisman, 1997; Miller and
Cohen, 2001). Thus, understanding how burst-like activa-
tion of the PFC regulates dopamine system function is
critical to understanding the consequence of this firing
pattern with regard to information processing of salient
events. Indeed, the data presented in this study demonstrate
that the pattern of cortical activation is critical for
determining dopamine system output.

MATERIALS AND METHODS

All experiments were performed in accordance with the
guidelines outlined in the USPHS Guide for the Care and
Use of Laboratory Animals and were approved by the
institutional animal care and use committee of the
University of Texas Health Science Center, San Antonio.

Dopamine Neuron Electrophysiology

Male Sprague Dawley rats (250–350 g) were anaesthetized
with chloral hydrate (400 mg/kg i.p.) and placed in a
stereotaxic apparatus. Chloral hydrate was utilized for all
recordings as under this anesthetic, the evoked cortical
activity is relatively unaltered (Angel and Gratton, 1982)
and dopamine neuron activity states more closely resemble
that observed in freely moving rats (Hyland et al, 2002).
Anesthesia was maintained by supplemental administration
of chloral hydrate as required to maintain suppression of
limb compression withdrawal reflex. A core body tempera-
ture of 37 1C was sustained by a thermostatically controlled
heating pad (TCAT-2LV; KOPF). Bipolar concentric stimu-
lating electrodes (KOPF/Rhodes NEX100) were implanted in
the mPFC (A/P + 3.0, M/L + 0.5, D/V �5.0 mm from
bregma) and OFC (A/P + 3.0, M/L + 3.5, D/V �5.0 mm
from bregma). Glass extracellular microelectrodes (impe-
dance 6–14 MO) were lowered into the VTA (A/P �5.3, M/L
+ 0.6 mm from bregma and �6.5 to �9.0 mm ventral of
brain surface) using a hydraulic microdrive (model 640;
KOPF) and the activity of the population of dopamine
neurons was determined by counting the number of
spontaneously active dopamine neurons encountered while
making 6–9 vertical passes, separated by 200 mm, in a
predetermined pattern to sample equivalent regions of the
VTA. Spontaneously active dopamine neurons were identi-
fied with open filter settings (low cutoff: 30 Hz, high cutoff:
30kHz) using previously established electrophysiological
criteria (Grace and Bunney, 1983), including an action
potential 42 ms and a firing rate from 0.5 to 12 Hz. It
should be noted that dopamine neuron waveforms identi-
fied under different filter conditions (Ungless et al, 2004), or
from immature rats in vitro (Margolis et al, 2006), may not
necessarily reflect those obtained with open filter settings in
adult rats (Grace et al, 2007).

Once a stable dopamine neuron was identified (signal-to-
noise typically greater than 3 : 1), low-cutoff filter settings
were increased (to 100 or 300 Hz) to minimize stimulus
artifacts and single-current pulses (0.25 ms; 1.0 mA) deliv-
ered at a rate of 0.5 Hz to the mPFC for 1 min followed by
activation of the OFC (0.25 ms; 1.0 mA; 0.5 Hz) for an
additional 1 min. Trains of stimuli (four pulses; 65 Hz,
1 mA, 0.25 ms), used to mimic cortical burst firing
(Laviolette et al, 2005), were then delivered at a rate of
0.5 Hz to mPFC for 1 min and the OFC for an additional
1 min. A subset of neurons (B40%) were recorded with the
OFC stimulation performed first. To determine whether a
dopamine neuron was excited or inhibited by the electrical
stimulation, smoothed (second-order polynomial of three
neighbors) peristimulus time histograms were generated
and a criteria of X2 consecutive bins (50 ms) that were
greater (for excited neurons) or lower (for inhibited
neurons) than 2 SD from the average baseline was utilized
(Aston-Jones and Bloom, 1981; Clayton et al, 2004; Nishiike
et al, 1997; Steinfels et al, 1983).

Drug Administration

For acute administration of drugs into the PFC, rats were
implanted with a 23-gauge cannula 2.0 mm dorsal to the
mPFC (A/P + 3.0, M/L + 0.5, D/V �3.0 mm from bregma)
or OFC (A/P + 3.0, M/L + 3.5, D/V �3.0 mm from bregma).
Chemical activation or disinhibition of the PFC was
performed with N-methyl-D-aspartic acid (NMDA: 0.75 mg
per 0.5 ml in Dulbecco’s PBS) or 1(S),9(R)-(�)-bicuculline
methbromide (0.1 mg per 0.5 ml in Dulbecco’s PBS), respec-
tively, infused through a 30-gauge injection cannula
protruding 2.0 mm past the end of the implanted guide
cannula. The injection cannula was left in situ for the
duration of the experiments to ensure adequate diffusion
of drug into the surrounding tissue. Rats received only
one injection in either mPFC or OFC and dopamine neuron
activity was typically recorded from 10 min to 2 h following
infusions. Three parameters of activity were measured:
(1) population activity (defined as the number of sponta-
neously active dopamine neurons recorded per electrode
track), (2) basal firing rate, and (3) the proportion of action
potentials occurring in bursts (defined as the occurrence of
two spikes with an interspike interval of o80 ms, and the
termination of the burst defined as the occurrence of an
interspike interval of 4160 ms; Grace and Bunney, 1984a).
For NMDA experiments, data were compared with vehicle-
treated rats (0.5 ml Dulbecco’s PBS into either the OFC or
mPFC), whereas within-subject comparisons were per-
formed in bicuculline-treated rats, once drug effects had
subsided.

NMDA and bicuculline were injected at doses previously
demonstrated to augment afferent input to the mesolimbic
dopamine system for electrophysiological studies (Floresco
et al, 2003; Lodge and Grace, 2006a, b). Furthermore, it has
been demonstrated previously that NMDA augments single-
unit pyramidal cell activity (Lodge and Grace, 2006a) and
that the enhanced activity persists for 42 h (Lodge and
Grace, 2006a, b). In contrast, bicuculline induces spike-wave
discharges that have been demonstrated to correspond with
coordinated bursting of pyramidal neurons (Steriade et al,
1998). To examine the duration of the effects of bicuculline,
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local field potentials were examined during drug adminis-
tration, in a separate group of rats. Thus, guide cannula
were implanted into the PFC with a 201 angle to the midline
2.0 mm dorsal to the mPFC (A/P + 3.0, M/L �0.8, D/V
�3.5 mm from bregma) or OFC (A/P + 3.0, M/L + 2.2, D/V
�3.5 mm from bregma). Extracellular glass microelectrodes
were implanted vertically in the same coronal plane and,
following a 20-min equilibration, baseline spontaneous local
field potentials (0.3–300 Hz) were recorded for 5 min.
Chemical activation or disinhibition of the PFC was
performed with NMDA (0.75 mg per 0.5 ml) or bicuculline
(0.1 mg per 0.5 ml), respectively, infused through a 30-gauge
injection cannula protruding 2.0 mm past the end of the
implanted guide cannula. LFPs were recorded for 60 min
following drug administration. Power density was calcu-
lated in LabChart 7.1 (8K FFT, Hamming window, 0–60 Hz).
Two counterbalanced infusions (one per region) were
performed in each rat, with the second infusion occurring
42 h after the first.

Histology

At the cessation of the experiments, the recording site was
marked via electrophoretic ejection of Pontamine sky blue
dye from the tip of the recording electrode (�25 mA
constant current: 20–30 min) and iron deposited from the
stimulating electrodes by passing constant current (0.3 mA,
10 s) across the poles. Rats were decapitated and their
brains removed, fixed for 24 h (3.7% formaldehyde contain-
ing 1% potassium ferricyanide to enhance visualization of
stimulating electrode tip location), and stored in 0.1 M PBS
until sectioning. Brains were cryoprotected (10% w/v
sucrose in PBS) until saturated and sectioned (25 mm
coronal sections) on a cryostat (Shandon). Sections contain-
ing electrode placements were mounted onto gelatin–chrom
alum-coated slides and stained with neutral red (0.1%) and
thionin acetate (0.01%) for histochemical verification with
reference to a stereotaxic atlas (Figure 1) (Paxinos and
Watson, 1986).

Analysis

Electrophysiological analysis of dopamine neuron activity
and cortical local field potentials were performed using
commercially available computer software (LabChart v7.1).
All data are represented as the mean±SEM unless
otherwise specified. All statistics were calculated using the
Prism software program (GraphPad). To examine the
proportions of neurons excited or inhibited, an w2 analysis
was utilized that compared excited cells with those that were
not excited (ie, no effect and inhibited) and inhibited
neurons with those that were not inhibited (Table 1).

Materials

NMDA, 1(S),9(R)-(�)-Bicuculline methbromide, and chloral
hydrate were all purchased from Sigma (St Louis, MO).
All other chemicals and reagents were of either analytical
or laboratory grade and were purchased from standard
suppliers.

RESULTS

The PFC provides a significant input to dopamine neurons
in the rat VTA (Gabbott et al, 2005; Sesack and Carr, 2002).
Consistent with previous data (Aston-Jones et al, 2009;
Overton et al, 1996; Tong et al, 1996, 1998), we report that
single-pulse activation of the ventral mPFC induces either
excitatory (in 25% of dopamine neurons) or inhibitory (in
44% of dopamine neurons) effects (Figure 2 and Table 1).
The variance of these responses is depicted in Supplemen-
tary Figures 1 and 2. The excitatory effects (n¼ 12 neurons)
were short latency (19.6±4.5 ms), in accord with previously
reported antidromic latencies (Thierry et al, 1979), with a
duration of 73±15 ms, whereas the inhibition had a longer
latency of 51.2±7.6 ms and a greater duration of
318±45 ms (n¼ 21 neurons). In contrast, single-pulse
activation of the OFC primarily inhibited spontaneous
activity in the majority (n¼ 31 neurons; 64.6%) of VTA

Figure 1 Representative brain section demonstrating the localization of
stimulating electrode placements (arrows) within the mPFC and OFC (a).
The locations of each recording electrode (star) or infusion site (circle) are
depicted in (b), whereas a representative track throughout the VTA
(arrow) is demonstrated in (c) and expanded in (d). The shaded areas
illustrate electrode target sitesFadapted from Paxinos and Watson
(1986).

Table 1 PFC Stimulation Differentially Affects Dopamine Neuron
Activity

No effect Excitation Inhibition

mPFC, single pulse 31% 25% 44%

mPFC, train 2% 94%a 4%a

OFC, single pulse 23% 12% 65%b

OFC, train 10% 40%a,b 50%b

aSignificant difference between single-pulse and train stimulation.
bSignificant difference between mPFC and OFC (po0.05 w2, n¼ 9 rats, n¼ 48
neurons/group).
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dopamine neurons examined with a latency of 38.7±5.4 ms
and a duration of 339±31 ms (Figure 2 and Table 1). Given
that cortical neurons also fire higher-frequency bursts of
activity (Burgos-Robles et al, 2007; Chang et al, 2010;
Laviolette et al, 2005; Santini and Porter, 2010; Wang and
Goldman-Rakic, 2004; Zhang and Shi, 1999), which are
suggested to enhance the signaling of salient events and
dampen interference from nonsalient events (Cooper, 2002;
Lisman, 1997; Miller and Cohen, 2001), we also examined
the response to burst-like stimulation of cortical afferents
(four pulses, 65 Hz). In contrast to that observed with
single-pulse stimulation, burst-like activation of the mPFC
resulted in a significant increase in spike firing in 93.8% of
the neurons recorded (Figure 3 and Table 1). This increase
in activity had a latency of 34.0±2.7 ms from the first
stimulus in the train and a duration of 59±12 ms. More-
over, this increase in spike firing was often (64.4% of
neurons) associated with a burst of action potentials by the
dopamine neuron as determined by a maximum number of
evoked spikes (in a 50-ms bin) 430 (average 53.5±4.1
spikes/bin; Figure 4). Interestingly, train stimulation of the
OFC still produced an inhibitory response (latency
43.6±6.9 ms; duration 468±54 ms) in the majority of
dopamine neurons (n¼ 24 neurons, 50%), although an
excitatory response was observed in 39.6% of neurons (c.f.
12.5% of neurons following single-pulse activation). It
should be noted that repeated stimulus trains did not
appear to produce enduring changes in dopamine neuron
activity, as the average firing rate of all cells was consistent
with that observed in untreated rats (4.36±0.29 Hz, n¼ 48
neurons).

It is important to note that information gathered by
recording individual dopamine neurons may not necessarily

reflect the scope of the activity by the population of
dopamine neurons in the VTA (Grace et al, 2007). To more
comprehensively examine the effect of these independent
PFC regions, NMDA was utilized to produce a sustained
increase in cortical output, as reported previously (Floresco
et al, 2003; Lodge and Grace, 2006a, b), while the activity
population of dopamine neurons was examined. Rats that
received control vehicle (Dulbecco’s PBS) infusions into
either the mPFC or OFC (n¼ 5 rats, 35 neurons) exhibited
an average of 1.10±0.04 spontaneously active dopamine
neurons per electrode track that fired at an average rate of
4.6±0.3 Hz with 32±5% of action potentials occurring in
bursts (Figure 5a–c), consistent with previous findings
(Lodge and Grace, 2006a, b, 2007, 2008). Intra-OFC infusion
of NMDA (n¼ 5 rats, 22 neurons) resulted in a significant
decrease in dopamine neuron population activity
(0.65±0.09 cells/track; po0.05 one-way ANOVA;
Figure 5a) without significantly affecting average burst
firing (21.4±4.7%) or firing rate (4.7±0.4 Hz) relative to
control (Figure 2b and c). It should be noted that this is
consistent with the number of neurons (55%) that were
completely inhibited following electrical activation of the
OFC (defined as 4150 ms without activity following the
stimulus). In contrast, intra-mPFC infusions of NMDA
(n¼ 6 rats, 44 neurons) did not significantly alter dopamine
neuron population activity (1.22±0.12 cells/track;
Figure 5a), average burst firing (31.8±4.2%) or firing rate
(4.48±0.3 Hz) relative to control (Figure 2b and c). Based
on the effects of single-pulse electrical activation of the
mPFC, it is likely that NMDA activation increases and
decreases distinct sub-populations of dopamine neurons
with the net result being no observable difference in the
average activity of the population of neurons examined.

Figure 2 Single-pulse activation of the PFC differentially affects dopamine neuron activity. Peristimulus time histograms depict the average response of all
recorded neurons demonstrating either inhibitory (a, c) or excitatory (b, d) effects of single-pulse electrical stimulation (vertical dashed line at time¼ 0) of
either the mPFC (a, b) or OFC (c, d). The proportion of neurons displaying each response is detailed in Table 1 (n¼ 9 rats, n¼ 48 neurons total).
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To examine the effect of cortical burst firing on the
population of dopamine neurons in the VTA, we investi-
gated the ability of the GABAA receptor antagonist,
bicuculline, to disinhibit cortical neurons. The local
administration of bicuculline induced high-amplitude field
potentials in both the mPFC and OFC that lasted for
B30 min (Figure 6). These spike-wave discharges have been
demonstrated to correspond with coordinated bursting of
pyramidal neurons (Steriade et al, 1998). Intra-OFC
infusion of bicuculline (n¼ 6 rats, 41 neurons) resulted in
a significantly greater dopamine neuron population activity
during the first 30 min (1.50±0.18 cells/track c.f. 0.90±0.11
cells/track; po0.05 t-test; Figure 7a) without significant
differences in average burst firing (29±5% c.f. 29±7%;
Figure 7c) or firing rate (4.4±0.5 Hz c.f. 4.5±0.4 Hz;
Figure 7b). In contrast, intra-mPFC infusion of bicuculline
(n¼ 6 rats, 40 neurons) resulted in significantly higher
burst firing during the first 30 min (40.7±6% c.f. 17.5±5%;
po0.05 t-test; Figure 7c); a trend for a greater population
activity (1.56±0.19 cells/track c.f. 1.06±0.06 cells/track;
p¼ 0.07 t-test; Figure 7a) while having no significant effect
on average firing rate (4.5±0.5 Hz c.f. 3.8±0.5 Hz;
Figure 7b). Thus, these data appear to parallel those
observed following train stimulation of the PFC, ie, an
enhanced dopamine neuron response to mPFC activation. It
should be noted that dopamine neuron activity observed
430 min following bicuculline administration was not
significantly different to that observed following vehicle
administration (all p40.05 one-way ANOVA). For this
reason, a within-subject comparison was utilized when

Figure 3 Burst-like pulse activation of the PFC dramatically alters dopamine neuron responses. Peristimulus time histograms depict the average
response of all recorded neurons demonstrating either inhibitory (a, c) or excitatory (b, d) effects of electrical stimulus trains (four pulses at 65 Hz:
vertical dashed lines) of either the mPFC (a, b) or OFC (c, d). The proportion of neurons displaying each response is detailed in Table 1 (n¼ 9 rats, n¼ 48
neurons total).

Figure 4 Representative extracellular voltage traces demonstrating a
dopamine neuron response to mPFC stimulation. The trace in (a) depicts
the inhibition of dopamine neuron firing by single-pulse mPFC activation.
Interestingly, the same neuron exhibited a strong burst of excitation in
response to mPFC train stimulation (b). The arrows depict stimulus
artifacts. Scale bar represents 100 ms in (a) and 40 ms in (b).
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examining the effects of bicuculline on dopamine neuron
activity.

DISCUSSION

In this study we demonstrate that the mPFC and OFC
differentially regulate dopamine neuron activity and,
moreover, the pattern of cortical activation is critical for
determining dopamine system output.

It has been known for some time that the mPFC can
regulate dopamine neuron activity and that this regulation

likely reflects the pattern of cortical innervation of the VTA
(Aston-Jones et al, 2009; Overton et al, 1996; Tong et al,
1996, 1998). Indeed, single-pulse or NMDA activation of
the mPFC activated or inhibited distinct sub-populations of
VTA dopamine neurons. Based on anatomical studies by
Carr and Sesack (2000), it is likely that the excited cells
are mesocortical neurons receiving monosynaptic inputs
from glutamatergic mPFC neurons; indeed, this is sup-
ported by the short latency (19.6±4.5 ms) of the evoked
response. In contrast, dopamine neurons inhibited by the
mPFC had a long latency (51.2±7.6 ms) and are likely
mesolimbic neurons, innervated by recurrent collaterals
from GABAergic neurons (Carr and Sesack, 2000). Thus,
tonic single-spike activity in the mPFC is postulated to
regulate the balance between mesolimbic and mesocortical
transmission.

It is well established that pyramidal neurons of the cortex
display transient elevations in activity in response to
cognitive tasks (Homayoun and Moghaddam, 2006a;
Jackson et al, 2004; Jung et al, 1998). Furthermore, a subset
of pyramidal neurons in the mPFC, specifically those layer
5 neurons known to innervate the VTA (Gabbott et al,
2005), encode information as high-frequency bursts (Bur-
gos-Robles et al, 2007; Chang et al, 2010; Laviolette et al,
2005; Santini and Porter, 2010; Wang and Goldman-Rakic,
2004; Zhang and Shi, 1999). Thus, mPFC neurons can
display periods of intense burst firing in response to salient
stimuli (Burgos-Robles et al, 2007; Chang et al, 2010;
Laviolette et al, 2005; Santini and Porter, 2010; Wang and
Goldman-Rakic, 2004; Zhang and Shi, 1999); however, the
relevance of this distinct firing mode, in the context of
dopamine neuron activity, has not been examined. In this
study we demonstrate that burst-like activation of the mPFC
dramatically augments dopamine neuron activity. Specifi-
cally, in contrast to the relatively discrete effects of single-
pulse activation, burst-like stimulation of the mPFC
produced a massive increase in dopamine neuron activity
in the vast majority of neurons recorded. This is consistent
with previous studies examining dopamine efflux in the
nucleus accumbens in response to mPFC activation.
Specifically, low-frequency (10 Hz) electrical stimulation of
the mPFC has been demonstrated to decrease accumbens
dopamine levels, consistent with a decreased activity of
putative mesolimbic neurons, whereas higher-frequency
activation (60 Hz) of the mPFC produces the opposite
response, ie, an increase in dopamine efflux (Jackson et al,
2001). Thus, although single-spike activity in the mPFC
likely sets the balance between mesolimbic and mesocortical
activity, salient events that promote burst firing of the
mPFC are likely to induce a more substantial dopamine
signal that promotes attention to the stimulus. Interestingly,
given the relatively sparse innervation of the VTA by the
dorsolateral PFC in primates (Frankle et al, 2006), this is
likely a prominent form of communication between PFC
and dopamine systems.

It should be noted that train stimulation of the mPFC
induced a burst of action potentials by the dopamine
neuron, even in neurons inhibited by single-pulse stimula-
tion. At first, this may seem at odds with the relatively
discrete innervation of the VTA by the mPFC (Carr and
Sesack, 2000); however, there are a number of ways by
which train stimulation can induce effects distinct to that

Figure 5 NMDA activation of the OFC decreases dopamine system
function. Three parameters of activity were recorded: population activity
(number of spontaneously firing dopamine neurons per electrode track
(a)), average firing rate (b), and average percent spikes fired in bursts (c).
Consistent with the effects of electrical stimulation, NMDA activation of
the OFC significantly reduced dopamine neuron population activity. In
contrast, NMDA activation of the mPFC produced no observable effects
on the population of dopamine neurons in the VTA. Based on the effects of
single-pulse electrical activation of the mPFC, we posit that NMDA
activation increases and decreases distinct sub-populations of dopamine
neurons with the net result being no observable difference in the average
activity of the population of neurons examined. *po0.05 one-way
ANOVAFDunnett’s post hoc: n¼ 5 to 6 rats/group, n¼ 22–44
neurons/group.
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observed with single pulse. One possibility is through the
liberation of peptide modulators such as cholecystokinin,
known to promote burst firing of VTA dopamine neurons
(Skirboll et al, 1981). Another potential explanation is that
the increase in dopamine neuron activity may not
necessarily be synaptic in origin. Thus, microdialysis
studies have demonstrated that although low-frequency
(o16 Hz) activation of the mPFC does not significantly alter
glutamate levels within the VTA, stimulation at higher
frequencies (464 Hz) induces a B300% increase in
extrasynaptic glutamate (Rossetti et al, 1998). Such an
increase in extracellular glutamate could seemingly affect
dopamine neurons that do not receive a direct synaptic
input from the mPFC. Given that microiontophoretically
applied glutamate not only induces burst firing in dopamine
neurons (Lodge and Grace, 2006b), but also activates ‘silent’
neurons in the VTA (Grace and Bunney, 1984b), it is likely
that phasic mPFC activity produces profound effects on the
population of dopamine neurons in the VTA. Indeed, in this
study we demonstrate that intra-mPFC bicuculline admin-
istration induces an increase in both dopamine neuron
population activity and burst firing. Taken together, it

appears that distinct activity states of the mPFC differen-
tially regulate dopamine system function. More specifically,
tonic mPFC activity likely regulates the balance between
mesocortical and mesolimbic transmission, whereas salient
stimuli that induce burst firing of layer 5 pyramidal neurons
are likely to cause a massive increase in dopamine neuron
activity, by increasing burst firing as well as increasing the
number of spontaneously active neurons that convey that
signal.

One mediator that has been demonstrated to induce burst
firing of layer 5 pyramidal cells in the mPFC is dopamine
itself, via an action on D2-like receptors (Wang and
Goldman-Rakic, 2004). Therefore, this provides a potential
positive feedback loop by which salient events promote
burst firing of pyramidal neurons that then induce phasic
activity in dopamine neurons that, in turn, augments burst
firing of mPFC neurons. Thus, it is likely that complemen-
tary regions act as a brake in order to stop this positive
feedback cycle, with one potential region being the OFC. In
contrast to the significant literature examining the function
of the mPFC, a role for the OFC in the regulation of
dopamine system function has not yet been demonstrated.

Figure 6 Phasic activation of the PFC by bicuculline. Intra-PFC infusions of bicuculline (0.1mg per 0.5 ml), but not NMDA (0.75 mg per 0.5ml), induced
spike-wave discharges that persisted for B30 min. Raw voltage traces are depicted from a representative experiment with either bicuculline (a) or NMDA
(b). Group data depict the mean±SEM of the area under the curve (AUC) of the power spectrum (8K FFT, Hamming window, 0–60 Hz) for bicuculline or
NMDA infusions into the mPFC (c, d respectively) and OFC (e, f respectively). n¼ 4 rats/group.
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Based on anatomical studies, it is likely that the OFC can
modulate VTA activity either directly or indirectly (Gabbott
et al, 2005). Indeed, we now demonstrate that the OFC can
regulate the activity of the majority of dopamine neurons in
the VTA. Specifically, single-pulse activation of the OFC
potently inhibits spontaneous activity in a significant
proportion of the dopamine neurons examined. Further-
more, although burst-like stimulation of the OFC still
resulted in an inhibitory effect in 50% of the VTA dopamine
neurons, a phasic activation was observed in a subset (40%)
of neurons. Thus, it appears that the OFC regulation of
dopamine neuron activity is secondary to activation of
GABAergic neurons that likely originate within the accum-
bens or VTA itself. As mentioned above, how the OFC
regulates dopamine system function is of critical impor-
tance given the role of the OFC in adaptive responding

(Schoenbaum et al, 2009; Takahashi et al, 2009). Thus, it has
been demonstrated that the OFC is a critical region
associated with response inhibition. Specifically, recent
electrophysiological studies have demonstrated that when
reward signaling of OFC neurons is increased, prediction
errors observed in dopamine neurons are attenuated
(Takahashi et al, 2009). These data suggest that the OFC
may negatively regulate dopamine neuron activity. In this
study we demonstrate that OFC activation does indeed
result in a strong inhibition of spontaneous activity within
the VTA, and may therefore provide the foundation by
which the OFC can signal learning when outcomes are not
as expected, ie, during overexpectation (Schoenbaum et al,
2009; Takahashi et al, 2009).

Taken as a whole, these data demonstrate that the mPFC
and OFC differentially regulate dopamine neuron activity,
and that the pattern of cortical activation is critical for
determining dopamine system output. These data further
suggest that modulation of different regions of the frontal
cortex, which themselves have been implicated in different
aspects of cognition (ie, executive function and error
prediction), produces functionally divergent effects on the
dopamine system. Given that these regions often display
discordant responses, such as that observed following
repeated psychostimulant administration (Homayoun and
Moghaddam, 2006b), understanding how these PFC regions
modulate dopamine system function is of critical relevance
to a number of neuropsychiatric disorders including
schizophrenia, ADHD, and addiction.
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