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Mesocortical Dopamine Neurons Operate in Distinct
Temporal Domains Using Multimodal Signaling
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Invivo extracellular recording studies have traditionally shown that dopamine (DA) transiently inhibits prefrontal cortex (PFC) neurons,
yet recent biophysical measurements in vitro indicate that DA enhances the evoked excitability of PFC neurons for prolonged periods.
Moreover, although DA neurons apparently encode stimulus salience by transient alterations in firing, the temporal properties of the PFC
DA signal associated with various behaviors is often extraordinarily prolonged. The present study used in vivo electrophysiological and
electrochemical measures to show that the mesocortical system produces a fast non-DA-mediated postsynaptic response in the PFC that
appears to be initiated by glutamate. In contrast, short burst stimulation of mesocortical DA neurons that produced transient (<4 s) DA
release in the PFC caused a simultaneous reduction in spontaneous firing (consistent with extracellular in vivo recordings) and a form of
DA-induced potentiation in which evoked firing was increased for tens of minutes (consistent with in vitro measurements). We suggest
that the mesocortical system might transmit fast signals about reward or salience via corelease of glutamate, whereas the simultaneous

prolonged DA-mediated modulation of firing biases the long-term processing dynamics of PFC networks.
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Introduction

The ventral tegmental area (VTA) provides dopamine (DA) to
the prefrontal cortex (PFC), and release of DA from midbrain
neurons has been characterized as tonic or phasic (Grace, 2002).
Microdialysis measures have shown that tonic DA levels exist in
the PFC that are in the low nanomolar range (Hedou et al., 2001;
Marsteller et al., 2002), but extracellular DA levels can increase
many fold above this baseline for tens of minutes. These long-
lasting changes in DA levels do not differentiate between the
motivational valence of events, because increases in PFC DA oc-
cur as robustly to unexpectedly rewarding stimuli as to aversive
stimuli (Feenstra et al., 1995, 2000; Feenstra and Botterblom,
1996; Taber and Fibiger, 1997; Watanabe et al., 1997; Ahn and
Phillips, 1999; Phillips et al., 2004). In contrast, the firing patterns
of VTA neurons have been suggested to encode temporally pre-
cise information about reward, reward predictions, or stimulus
salience (Miller et al., 1981; Rasmussen et al., 1986; Freeman and
Bunney, 1987; Schultz, 1997, 1998).
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Voltammetric measurements have revealed that transient
burst activation of VTA DA neurons effectively evokes phasic
release of DA in the PFC (Garris et al., 1993). Brief VTA stimula-
tion evokes a transient (~200 ms) inhibition of PFC neurons
recorded extracellularly in vivo (Bunney and Aghajanian, 1976;
Sesack and Bunney, 1989; Godbout et al., 1991; Pirot et al., 1992).
Although this phasic inhibition is typically blocked by DA antag-
onists, such antagonists would also eliminate tonic DA modula-
tion of PFC neurons. Furthermore, the transient inhibition typ-
ically begins within ~20 ms of VTA stimulation, which
corresponds approximately to the peak of an EPSP, and therefore
is barely enough time for activation of ionotropic receptors, let
alone modulation of an input by DA receptors that are metabo-
tropic in the PFC. Therefore, certain issues remain regarding the
classical view of transient inhibition in the PFC by the VTA.

Brief DA elevations can also exert prolonged actions. Williams
and Millar (1990) reported that stimulation of the medial fore-
brain bundle (MFB) that evoked DA levels of <1 um caused an
elevation in the firing of nearby striatal neurons that outlasted the
period of stimulation by as much as 300 s. There is reason to
believe that the effects of DA may produce even more prolonged
effects in the PFC, given the fact that evoked DA levels decay at a
much slower rate in the PFC (Garris et al., 1993; Cass and Ger-
hardt, 1995), mainly because of the much lower concentrations of
the DA transporter (DAT) (Sesack et al., 1998; Moron et al.,
2002). Accordingly, bath application of DA (2-5 min) has been
shown to exert prolonged (>30 min) increases in various intrin-
sic or synaptic currents in PFC interneurons (Gorelova et al.,
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2002) and pyramidal neurons (Yang and Seamans, 1996; Gore-
lova and Yang, 2000; Henze et al., 2000; Gulledge and Jaffe, 2001;
Seamans et al., 2001a,b), similar to the prolonged effects of DA
observed in other neuron types (Gribkoff and Ashe, 1984; Huang
and Kandel, 1995; Umemiya and Raymond, 1997; Yang, 2000;
Seamans and Yang, 2004). Yet, the in vitro preparation lacks en-
dogenous DA tone, and DA is often applied in high concentra-
tions for minutes, which is much longer than the elevation in
phasic DA levels that normally lasts for seconds (Garris et al.,
1993). Therefore, if one is to find evidence for a system capable of
transferring a transient signal to the PFC, in vivo experiments
investigating the effects of phasic DA activation on PFC neurons
are required.

The goal of the present study was to investigate the signal
conveyed to PFC neurons by activation of mesocortical DA neu-
rons. Field recordings or intracellular recordings from deep-layer
PFC neurons were made before and after transient burst activa-
tion of the VTA. Voltammetric analyses assessed the duration
and magnitude of stimulus-induced elevations in extrasynaptic
DA levels. Results indicate that a non-DA signal elicits fast PSPs
in PFC neurons, whereas a DA-mediated signal modulates the
excitability of PFC neurons for prolonged periods.

Materials and Methods

Electrophysiology

In vivo field potentials. Forty-five male Sprague Dawley rats (250-300 g;
Charles River Laboratories, Wilmington, MA) were anesthetized with 1.5
g/kg urethane or a ketamine/xylazine mixture (20:6 mg/kg) and placed
into a Narishige (Tokyo, Japan) stereotaxic device. Supplemental injec-
tions were delivered as needed to maintain an adequate level of anesthe-
sia. The cisterna magna was drained, the skull was drilled, and the dura
was resected over the PFC [anteroposterior (A/P), +3.2; mediolateral
(M/L), *=1.2; dorsoventral (D/V), —3.0; 10° angle from the sagittal
plane], the VTA (A/P, +6.6; M/L, £0.7; D/V, —8.2; 10° angle from the
coronal plane), or the MFB (A/P, —0.2; M/L, —1.8; D/V, —8.8). A con-
centric bipolar stimulating electrode (World Precision Instruments,
Sarasota, FL) glued to a glass puffer pipette (~20 wm open tip) was
lowered into the VTA. A 2 m NaCl-filled glass pipette pulled on a Flam-
ing/Brown P97 horizontal puller was lowered into the PFC (open tip
resistance, 1-2 M(}). Test pulses were given, and fine spatial adjustment of
electrodes was performed to optimize field responses. Field responses were
amplified by an NPI Instruments (Tamm, Germany) SEC-05LX amplifier,
filtered at 1 kHz, and digitized by a National Instruments (Austin, TX) PCM-
CIO 16E4 board connected to a personal computer running custom Labview
software (Lee Campbell, Salk Institute, La Jolla, CA).

Given the stability of field recordings, reverse dialysis could be per-
formed easily, as opposed to in vivo intracellular recordings in which
systemic administration of drugs was more practical. After field re-
sponses were established, dialysis probes (CMA 11, CMA Solna, and
Sweden) were lowered within 1 mm of the pipette. The location of the
dialysis probe with respect to the recording pipette was verified histolog-
ically in fixed sections. Reverse dialysis was performed via a CMA 102
pump (CMA, Solna, and Sweden) at a rate of 2 ul/min. After the dialysis
probe was lowered and an initial field response was isolated, 2 h were
given before experiments commenced to allow for tissue acclimation to
the microdialysis probe and recording pipette. During this period, the
VTA was stimulated via a World Precision Instruments A360 stimulator
at various intervals to assess the continued reliability of the VTA-evoked
response. After verifying the stability of the response with the dialysis
probe in place, the VTA was stimulated every 30 s, and baseline record-
ings were obtained for a minimum of 30 min.

Pharmacological manipulation of the PFC was then performed via
reverse dialysis of the AMPA/kainate receptor antagonist 6-cyano-7-
nitroquinoxaline-2,3-dione disodium salt (CNQX) (5 um), the GABA , re-
ceptor antagonist bicuculline (10 uM; Sigma, St. Louis, MO), and the D,
antagonist 7-chloro-8-hydroxy-3-methyl-5-phenyl-2,3,4,5-tetrahydro-1 H-
3-benzazepine (SCH23390) or the D, antagonist sulpiride (both from
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Sigma) viaa CMA 110 liquid switch. Reverse dialysis of artificial CSF (ACSF)
occurred continuously during these experiments. Glutamate (0.25-1 mm
L-glutamic acid; Sigma) was applied focally for 50 ms to the VTA viaa World
Precision Instruments PV830 pressure ejection device. To avoid glutamate
toxicity, administration was limited to one puff every 2 min. All pharmaco-
logical agents were dissolved in ACSF consisting of the following (in mm): 5
KCl, 140 NaCl, 1.4 CaCl,, 1.2 MgCl,, and 5.0 glucose plus KOH to give a pH
of 7.4. At the end of each experiment, rats were decapitated, and the brains
were harvested and stored in 2% paraformaldehyde and 1% sucrose for
histology.

In vivo intracellular recordings. Rats were anesthetized with a ket-
amine/xylazine mixture (20:6 mg/kg) and placed in a David KopfInstru-
ments (Tujunga, CA) stereotaxic device. The cisterna magna was
drained, and a hole was drilled over the PFC (A/P, 3.2 mm; lateral, =0.6
mm, ventral, 4—5.0 mm; 10° inclination) and the VTA (A/P, —4.9 mm;
lateral, =£0.5 mm; ventral, 7.7 mm). Intracellular microelectrodes were
pulled from Omegadot tubing (outer diameter, 1.5 mm; World Precision
Instruments, New Haven, CT) using a Narishige vertical puller (model
PS2). The electrodes were filled with 3 M potassium acetate (electrode
resistance, 25-40 M) in situ). Impalements were defined as stable if the
resting membrane potential was at least —55 mV and the action potential
amplitude was at least 50 mV. Signals were amplified by the NEURO-
DATA IR-283 amplifier (Cygnus Technology, Delaware Water Gap, PA)
filtered at 1 kHz and connected via a National Instruments PCM-CIO
16E4 board to a personal computer running custom Labview software.
Electrical stimulation of the VTA was delivered through bipolar concen-
tric electrodes (model SNE-10; David Kopf Instruments). Single current
pulses were delivered with a duration of 0.15 ms at a frequency of 2 Hz for
EPSPs. For burst protocols, 120 ws monophasic pulses were delivered in
2 s bursts at 20 Hz (protocol 1), a pattern of eight bursts (five pulses, 100
Hz) separated by 200 ms (protocol 2), or five bursts (four pulses, 500 Hz)
separated by 200 ms (protocol 3).

After successful impalement of a cell, at least 15 min of stable baseline
recordings were obtained. Drugs were administered either intraperito-
neally (1.5 mg/kg sulpiride) (Vives and Mogenson, 1986; Yanagihashi et
al,, 1991; Rosa-Kenig et al., 1993) or intravenously and used in the con-
centration range reported by others [AMPA/kainate antagonist 2,3-
dihydroxy-6-nitro-7-sulfonyl-benzo (f) quinoxaline (NBQX), 12.5
mg/kg (Li et al., 1999); NMDA antagonist (*)-3-(2-carboxypiperazin-
4-yl)propyl-1-phosphonic acid (CPP), 1 mg/kg (Hernandez et al., 1994;
Connelly and Shepard, 1997); or SCH23390, 1 mg/kg (Lewis and
O’Donnell, 2000; Brady and O’Donnell, 2004; Daniela et al., 2004)]. The
delay between drug administration and VTA burst stimulation was 10
min for intraperitoneal injections and 3 min for intravenous injections. It
should be noted that, although considered a selective D, antagonist,
SCH23390 also interacts with 5-HT receptors with an IC,, value of 30 nm
in vitro and 1.5 mg/kg in vivo (Bischoff et al., 1986, 1988). The tempera-
ture of the animal was maintained at 36 = 0.5°C through a thermostati-
cally controlled heating pad.

In vivo voltammetry

Separate groups of rats were used for voltammetric recordings. Rats were
anesthetized with ketamine/xylazine and placed in a stereotaxic frame.
Their temperature was maintained at 36.5°C with a thermostatically con-
trolled heating pad (Harvard Instruments, Holliston, MA). The scalp was
resected, and holes were drilled over the PFC (A/P, +3.2 mm; M/L, +0.6
mm; skull flat) and the VTA (A/P, —4.8 mm; M/L, +0.5 mm; skull flat).
A carbon-fiber microelectrode (7 uwm diameter, ~100 um exposed
length, uncoated) was driven in a direction 10° medial to vertical into the
PFC to a depth of 3.5-5.0 mm beyond dura. Electrical stimulation of the
VTA was delivered through bipolar concentric electrodes (model SNE-
10; David Kopf Instruments). The placement ranges for stimulating elec-
trodes were —5.2 to —6.3 mm A/P, 0—1.2 mm M/L, and —7.5 to 9 mm
D/V (VTA). DA release was evoked using 120 ws monophasic pulses
delivered in 2 s bursts at 20 Hz (protocol 1), a pattern of eight bursts (five
pulses, 100 Hz) separated by 200 ms (protocol 2), or five bursts (four
pulses, 500 Hz) separated by 200 ms (protocol 3). DA was detected using
fast-scan cyclic voltammetry at the carbon-fiber microelectrode. The
electrode potential was held at —0.4 V versus Ag/AgCl and then, every
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100 ms, ramped to +1.3 V and back at a scan rate of 400 V/s. Waveform
application and data acquisition were accomplished with a computer-
based system using custom software written in LabView. At each record-
ing location (three to five per animal), each stimulation pattern was
repeated five times at 5 min intervals, and the resultant signal was
averaged.

DA was identified by its cyclic voltammogram (current—voltage rela-
tionship of its electrolytic reactions) (see Fig. 4). This provides a fairly
unique signature for DA and allows it to be resolved chemically from
most other biological electroactive species. However, norepinephrine
produces a similar cyclic voltammogram to DA and is present at similar
concentrations in the PFC. The selectivity of the measurements for DA
over norepinephrine is gained by the specificity of the stimulation to
evoke DA, because the stimulating electrode is stereotaxically implanted
in the VTA where the DA cell bodies are located and signals are time
locked to the stimulation (Garris et al., 1993)

6-Hydroxydopamine lesions

Animals were anesthetized with a mixture of ketamine/xylazyne (20:6
mg/kg) and fixed to a steretoaxic apparatus. The skin covering the skull
was removed, and a hole was drilled over the VTA. A Hamilton syringe
delivered 4 ul (1 wl/min) of 6-hydroxydopamine (6-OHDA) (2.25 mg/
ml). The needle was kept in place for an additional 5 min at the end of the
injection. The animals were allowed to recover for 1 week and then were
given injections of apomorphine (0.05 mg/kg) and tested for rotations
for 1 h. To consider an animal for electrophysiological recordings, the
rats have to score at least 300 rotations/h.

Immunohistochemistry

Staining for tyrosine hydroxylase (TH) was achieved by standard peroxi-
dase—antiperoxidase techniques. Sections were incubated at 4°C over-
night in a primary antibody against TH from rabbit (Calbiochem, San
Diego, CA) with 0.3% Triton X-100 (Fisher Scientific, Pittsburgh, PA)
and 3% bovine serum albumin (Fisher Scientific). The following steps
were performed at room temperature, separated by three washes in PBS
for 10 min each. After washing, slices were first incubated for 1 h in
biotinylated goat anti-rabbit (ABC Elite; Vector Laboratories, Burlin-
game, CA) and then for 1 h in the avidin—biotin complex (1:100 in PBS
with 0.3% Triton X-100; ABC Elite; Vector Laboratories). Staining was
achieved by the VIP technique (three drops of reagents 1-3 per 5 ml of
PBS; Vector Laboratories) and catalyzed by H,0,, yielding a violet signal.
Next, stained sections were slide mounted with di-n-butylphthalate xy-
lene and allowed to dry 24 h before visualization. Images that included
the VTA region of both hemispheres were taken on a Nikon microscope
(Optiphot-2) and digitized using Spot 6.1 (Diagnostic Instruments, Ster-
ling Heights, MI). Scion Image (Scion, Frederick, MD) was used to quan-
tify the density of TH-stained neurons in the slices. Values were assigned
to each hemisphere by quantifying the VTA only. Each of these quantities
representing a unilateral region of the VTA was then normalized to the
deep mesencephalic nucleus to subtract background staining. The den-
sity of staining in nonlesioned and 6-OHDA-lesioned sections was com-
pared. Recording and stimulation tracks and sites were confirmed using
light microscopy in fixed slices.

Data presentation and statistics

One field or intracellular recording was obtained from a given animal
(i.e., n = 1 for each animal). For statistics, all responses for each cell
during the baseline and all postdrug or poststimulation responses were
collapsed, yielding two values for each cell. A paired cell ¢ test or ANOVA
was used to compare differences between these values for a given exper-
iment. For graphical presentations, each time point represented the av-
erage (+SEM) response for all cells. To obtain a normalized baseline, an
average was taken of all the responses from each individual cell before an
experimental treatment. Each response at each time point for each cell
was then divided by this individual cell average, multiplied by 100, and
subtracted by 100 to yield a percentage of change from the averaged
baseline response of the individual cell.
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Figure 1. Properties of the response in the PFC to single-pulse electrical stimulation of the
VTA. A, Intracellular recordings from PFC neurons revealed an EPSP evoked by VTA stimulation.
B1, Averaged traces from 32 field recordings in the PFC elicited by VTA stimulation revealed a
multiphasic waveform. B2, Representative field responses from 13 animals in which a gluta-
mate pulse (0.25—1mwm, 50 ms) was delivered to the VTA. C, The D, and D, receptor antagonists
SCH23390 (10 M) and sulpiride (10 wum) applied together to the PFC via reverse microdialysis
did not modulate the field response significantly. D, Top, Representative traces in control and
after sulpiride or SCH23390 application. Bottom, Group data showing that D, (H; 1 mg/kg
SCH23390; n = 3) or D, (E; 1.5 mg/kg sulpiride; n = 3) antagonists did not affect the mean
amplitude of the VTA—PFCEPSP relative to control ((]) recorded intracellularly, suggesting that
the response is not DA mediated.

Results
Responses to single pulse VTA stimulation
Single-pulse stimulation of the VTA evoked an EPSP in PFC
neurons recorded intracellularly in vivo for cells held near —70
mV (Fig. 1A). Although the EPSP had a constant latency in a
given neuron, there was variability in latencies across cells with an
average onset of 13 = 5 ms (Fig. 1A). When held above —60 mV,
the EPSP was often followed by an IPSP that peaked at 23 * 4.3
ms and lasted ~50 ms. This observation is consistent with previ-
ous observations in PFC neurons after VTA stimulation and stri-
atal neurons after substantia nigra or MFB stimulation (Kitai et
al., 1976; Kocsis and Kitai, 1977; Bernardi et al., 1982; Wilson et
al., 1982; Mercuri et al., 1985; Lewis and O’Donnell, 2000).

Field potential recordings revealed additional components of
the VTA-PFC response. The multiphasic field response consisted
of two main components (Fig. 1BI). The first component
showed a 4.68 = 0.45 ms latency to onset and 9.18 % 0.455 ms to
peak with a mean amplitude of —0.20 £ 0.02 mV (n = 42). The
second component had an onset latency of 15 * 1.39 ms and a
peak of —1.69 = 0.6 mV at 21 * 3.25 ms, which was in reasonable
agreement with the intracellular EPSP. In 42% of fields, a later
positive-going component was also present with an onset latency
of 43.3 = 2.7 ms and peak of 0.29 * 0.026 mV. The first and
second negative-going components reflect the presynaptic volley
and postsynaptic components of the orthodromic response, re-
spectively, whereas the last positive-going component likely rep-
resents a field IPSP. This interpretation of the field response is
consistent with the interpretation of field responses observed in
other cortical or hippocampal regions (Andersen et al., 1978;
Kimura et al., 1989; Bear etal., 1992; Varela et al., 1997; Chapman
et al., 1998). Despite the presence of a descending PFC-VTA
pathway in the rat (Beckstead, 1979), we only observed a fast
population spike (antidromic spike) preceding the first compo-
nent of the field response in a minority of recordings (14 of 42;
33.3%).

Glutamate injections into the VTA should activate only VTA
neurons and should not stimulate axons that pass through the
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VTA or axons descending from the PFC.
As shown in Figure 1 B2, when glutamate
(0.25-1 mm) was applied locally into the
VTA by pressure ejections (50 ms), a large
amplitude field response was observed in
the PFC. On some trials, a single peak was
observed representing the postsynaptic re-
sponse, whereas on other trials, a dual peak
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change in amplitude during the period of
reverse dialysis of both antagonists [re-
verse dialysis, n = 6 (Fig. 1C); systemic,
n = 3 (data not shown)]. Likewise, sys-
temic injection of a D; antagonist or a D,
antagonist also did not reduce the ampli-
tude of the VTA-induced EPSP recorded
intracellularly in vivo (n = 6) (Fig. 1D). 3
These data suggest the PSP that resulted
from VTA stimulation was not mediated
by DA receptors.

We repeated these experiments using
glutamate receptor antagonists. Reverse
dialysis of the non-NMDA antagonist
CNQX (10 u™m) produced a large reduc-
tion in the second component of the field
response evoked by VTA stimulation
(control amplitude, 0.6 * 0.02 mV; amplitude in the presence of
CNQX, 0.03 * 0.004 mV; n = 6; p < 0.01) (Fig. 2A, B), suggest-
ing that this component, which represents the postsynaptic re-
sponse, was glutamate mediated. Note that the first negative peak
of the multiphasic response was still present after CNQX admin-
istration (Fig. 2 A, B, open squares), because this peak represents
the presynaptic component of the response.

Similar experiments were conducted using intracellular re-
cordings. Systemic injection of NBQX (12.5 mg/kg) and CPP (1
mg/kg) completely eliminated the EPSP in all neurons tested
(control amplitude, 4.4 * 2.3 mV; amplitude in glutamate antag-
onists, 0.23 = 0.72; n = 8; p < 0.01) (Fig. 2C). In cells in which an
IPSP was present under baseline conditions, it was also elimi-
nated by non-NMDA antagonists. Reverse dialysis of the GABA
antagonist bicuculline (10 uM) produced a large increase in the
second component of the field response (Fig. 2D, E), highlighting
the importance of GABAergic currents. However, it is important
to emphasize that both in the present study and in our previous
study (Seamans et al., 2003), blockade of glutamate receptors
usually eliminated the electrophysiological response to VTA
stimulation. Glutamatergic antagonists delivered to the PFC
should not block an IPSP produced by GABAergic efferents from
the VTA to the PFC (Carr and Sesack, 2000). Rather, because
both the EPSP and IPSP were eliminated by CNQX or NBQX, it

X 5
3] o

Field Response (mV)

Figure 2.
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j1mv
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2

Glutamate and GABA contribution to the VTA-evoked response in the PFC. A, Plot of putative presynaptic (L) and
postsynaptic (@) response amplitudes during ACSF reverse dialysis (control) followed by reverse dialysis of 5 um CNQX. B,
Representative field responses in the presence of ACSF reverse dialysis (top) and in the presence of 5 um CNQX reverse dialysis
(bottom). €, Representative traces of intracellular PFCrecordings under control conditions (top) and in the presence of 12.5 mg/kg
NBQX and 1 mg/kg CPP delivered intraperitoneally (bottom). D, Reverse dialysis of the GABA, antagonist bicuculline (10 zum)
produced a large increase in the second (postsynaptic) component of the field response (mean + SEM; n = 4). E, Representative
traces showing the response to VTA stimulation in the baseline period (top) and during reverse dialysis of bicuculline (bottom).

suggests that the IPSP is mediated by VTA-induced feedforward
activation of local PFC interneurons. Activation of these inter-
neurons then produces the IPSP recorded in the field or intracel-
lularly in PFC pyramidal cells. Together, these data suggest that
the PSP evoked by VTA stimulation is initiated by glutamatergic
and not DAergic receptors in the PFC.

The potential influence of fibers of passage and antidromic
fiber activation
Although stimulation of DA neurons consistently has been re-
ported to induce PSPs in target regions, one cannot be certain
that such stimulation exclusively activates ascending DA fibers
(Wilson et al., 1982). For instance, the PSP may be produced by
activation of fibers of passage. Alternatively, VTA stimulation
may depolarize the axon terminals of descending PFC-VTA fi-
bers and cause an antidromic action potential to travel back to the
PFC. Axon collaterals of these activated fibers may then excite
neighboring deep-layer PFC neurons to produce the observed
PSP. Although such responses could not be produced by gluta-
mate injections into the VTA (Fig. 1 B2), we conducted a series of
additional experiments to further test these possibilities.

Unlike the ascending DA fibers that travel to the PFC through
the MFB, the descending pathway from the PFC to the VTA
travels mainly through the internal capsule/cerebral peduncle
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Figure3. Response in the PFCto VTA stimulation is blocked by MFB inactivation or 6-OHDA
VTA lesions. A, A concentration of 1 um TTX puffed to the MFB abolishes the averaged evoked
amplitude of the postsynaptic component of the field response (n = 8). Inset, Representative
trace of the field response before and after the TTX puff into the MFB. The stimulus artifact was
cropped for clarity. B, Left, Field response in the PFC evoked by VTA stimulation in a control rat
(top) and in a rat with a 6-OHDA lesion of the VTA (bottom). Right, Intracellular recording of a
PFCneuron after VTA stimulation in a control rat (top) and from a rat with a 6-OHDA lesion of the
VTA (bottom). C, Photomicrograph of a representative section through the VTA stained for TH.

(Beckstead, 1979). Therefore, if the response in the PFC was an
artifact of antidromic activation of descending PFC-VTA fibers,
blocking activity in the MFB should be without effect. This hy-
pothesis was tested by focally pressure ejecting 1 um TTX into the
part of the MFB (A/P, +0.2; M/L, 1.8; D/L, 8.8) that is the most
spatially separated from the descending pathway. As shown in
Figure 3A, TTX application into the MFB almost completely
eliminated the field PSP produced by electrical stimulation of the
VTA (p <0.01; n = 8), suggesting that the field responses shown
in Figure 1 are attributable mainly to ascending VTA-PFC fibers
and not to antidromic activation of descending PFEC-VTA fibers.

The experiments described above did not specifically address
the question of whether it was actually DA cells and not some
other cell type in the VTA that produced the PSP in the PFC. To
test the specific contribution of DA cells, 6-OHDA was injected
unilaterally into the VTA to lesion DA cells in one hemisphere.
Stimulation of the 6-OHDA-lesioned VTA failed to evoke a PSP
in the ipsilateral PFC recorded either extracellularly or intracel-
lularly, even when higher stimulation intensities than normally
required were delivered (Fig. 3B). The fact that a PSP was ob-
served in control animals and not in adequately lesioned animals
suggests that DA neurons are needed to generate the response. It
is also important to emphasize the lack of an IPSP in the PFC after
VTA 6-OHDA lesions. This finding supports the conclusion
stated above: that the IPSP was as a result of feedforward drive
from the VTA onto PFC interneurons rather than the GABAergic
VTA-PEC pathway, which should have been relatively spared by
6-OHDA lesions.

The histological representation of a 6-OHDA lesion is shown
in Figure 3C. Densitometry showed that the 6-OHDA-lesioned
animals had significantly less staining for TH (18.19 = 1.77) than
nonlesioned animals (36.14 = 4.17) measured in arbitrary opti-
cal units with background subtracted (n = 5; p < 0.01). Thus,
although the PSP is not produced by DA receptors in the PFC,
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Figure4. Burststimulation of the VTA evokes transientincreases in PFC[DA]. Stimulation of
the VTA using protocol 1 (20 Hz/2 s), protocol 2 (8 bursts, 5 pulses at 100 Hz separated by 200
ms), and protocol 3 (5 bursts, 4 pulses at 500 Hz separated by 200 ms) evoked an increase in PFC
[DA] as measured with a carbon-fiber probe in vivo using fast-scan voltammetry (average +
SEM from 3 rats per protocol) that returned to basal levels within seconds. The horizontal line
represents the stimulation period. Inset, Normalized cyclic voltammograms from six separate
recording sites in the PFC (black lines) showing that the detected signal is very similar (r* =
0.91-0.98) to that for authentic DA in vitro (1 pm; red line). The blue line is a cyclic voltammo-
gram for released DA in the nucleus accumbens core after stimulation of the VTA (4 pulses, 20
Hz), shown for comparison (r = 0.95 vs authentic DA).

VTA-PFC signaling appears to be transmitted by DA axons. Fur-
thermore, 6-OHDA should not destroy fibers of passage or anti-
dromic PFC-VTA fibers, yet no PSP was observed in lesioned
animals.

Effects of phasic VTA activation on PFC DA levels

Garris et al. (1993) showed previously that short bursts of stim-
ulation to the VTA effectively caused phasic DA release in the
PFC in the nanomolar range. In the present study, three burst
patterns were chosen based on the firing properties of VTA neu-
rons recorded extracellularly in behaving animals (Freeman et al.,
1985; Freeman and Bunney, 1987; Kiyatkin, 1988). Rat VTA DA
cells fire in 15-20 Hz bursts of <2 s in duration. Accordingly, we
used a stimulation pattern of 20 Hz/2 s (protocol 1) to mimic this
activity. Faster bursts are also sometimes observed consisting of
three to six spikes at 67-200 Hz. Therefore, an additional burst
protocol was used to mimic this pattern [eight trains of five pulses
at 100 Hz separated by 200 ms (protocol 2)]. A third protocol was
also used that had fewer pulses but at a much higher frequency
than normally observed in VTA neurons [five trains of four
pulses at 500 Hz separated by 200 ms (protocol 3)].

A total of six rats were used for electrochemical recordings.
Each stimulation protocol was run at 3—-5 recording sites per rat,
amounting to 12 recording sites for protocol 1, 9 recording sites
for protocol 2, and 10 recording sites for protocol 3. At any re-
cording site, data were collected for each stimulation protocol.
Each protocol was applied five times at 5 min intervals. The re-
sulting electrochemical data from the five replicates were aver-
aged and considered as a single data point. Therefore, the error
bars on the graphs represent the variance between recording sites
within the PFC and do not account for the small amount of
variance between replicates within a site. As shown in Figure 4,
protocol 1 evoked a maximum release of DA of 30.6 nm (n = 12
recording sites), whereas protocol 2 evoked a maximum release
of 40.6 nM (n = 9 recording sites) that decayed back to baseline
within 2 s after the burst. Protocol 3 evoked a smaller increase in
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PEC DA levels that peaked at 16.9 nm and
also decayed back to baseline within 2 s of
the end of the stimulation (n = 10 record-
ing sites). Therefore, these stimulation
patterns effectively increase PFC DA levels
for a brief period of time.

Effects of transient VTA activation on
PFC firing

As noted above, VTA stimulation reduces
spontaneous firing of PFC neurons mea-
sured extracellularly in vivo, whereas DA
increases firing in response to intracellular
current injection in vitro. Using intracellu-
lar in vivo recordings, it is possible to mea-
sure both spontaneous and current-pulse
evoked firing in vivo. For these experi-
ments, identical stimulating electrodes
and stimulation protocols were used as for
voltammetry experiments shown in Figure
4. As described previously (Lewis and
O’Donnell, 2000; Seamans et al., 2003),
burst stimulation of the VTA could some-
times evoke up states in the PFC (n = 8 of
62) (Fig. 5A). At present, it is unclear how
VTA-induced up states compare with
rhythmic spontaneous up states also ob-
served in the cortex in vivo.

In the present study, firing was always
analyzed in the period beginning 30 s after
VTA stimulation, well after the up state
had terminated. After VTA stimulation, a
reduction in firing frequency was observed
for neurons that fired spontaneously but
did not exhibit spontaneous up/down-
state transitions (n = 7; p < 0.05) (Fig.
5B,C). Such cells fired spontaneously but
were not bistable and had an overall uni-
modal membrane potential distribution.
In contrast, the same burst stimulation of
the VTA had no effect on firing of bistable
neurons during spontaneous up-state pe-
riods (n = 13) (Fig. 5D). This differential
effect likely reflects the fact that spontane-
ous firing from rest is initiated mainly by
spontaneous AMPA-like EPSPs that are
reduced by DA (Seamans et al., 2001a),
whereas up states are mediated by a bal-
anced mix of GABA, and NMDA currents
that are enhanced equivalently by DA
(Durstewitz et al., 2000; Seamans et al.,
2001a,b; Seamans et al., 2003; Shu et al.,
2003; Seamans and Yang, 2004).

In vitro, DA strongly enhances firing to
a depolarizing input, such as an intracellu-
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Figure 5.  Phasic VTA stimulation differentially modulates spontaneous and evoked firing of PFC neurons for prolonged peri-

ods. A, Burst stimulation of the VTA could induce up states in the PFC. The arrow indicates the time of the 20 Hz burst. B,
Representative intracellular traces from a PFC neuron that did not exhibit spontaneous up/down-state transitions. The neuron
fired spontaneously during the baseline recording period (left), but this firing was reduced 5 min after VTA stimulation (right). C,
Group data showing the mean (+SEM) change in spontaneous firing after burst stimulation of the VTA for PFC neurons that
exhibited no up/down-state transitions but fired spontaneously. D, Group data showing the mean (+ SEM) change in spontane-
ous firing after burst stimulation of the VTA for PFC neurons that exhibited clear up/down-state transitions and fired during the up
state. E, Representative traces of a PFC neuron recorded intracellularly in vivo that fired in response to intracellular depolarizing
current pulses, during the baseline recording period and 0.5, 10, and 20 min after VTA stimulation. F, G, Group data of the mean
(+SEM) change inintracellular current-pulse-evoked firing of PFC neurons after burst stimulation of the VTA using protocol 1 (F)
and protocol 2 (G).

lar current pulse (Yang and Seamans, 1996; Gorelova and Yang,
2000; Henze et al., 2000; Gulledge and Jaffe, 2001). In the present
study, a large progressive increase in this type of evoked excitabil-
ity was observed after VT A burst stimulation using protocol 1 or
2 (protocol 1: n = 14, p < 0.004; protocol 2: n = 5, p < 0.05) (Fig.
5E-G). In contrast, the third “nonphysiological” stimulation
protocol not only evoked less PEC DA release, it also had a non-
significant effect on evoked firing (baseline firing per bin, 5.5 *

0.3; after stimulation, 8.3 = 2; p = 0.2; n = 4; data not shown).
Thus, a minimum DA concentration ([DA]) appears to be re-
quired to produce the increase in evoked firing. Yet, there does
not appear to be a linear relationship between [DA] and firing
modulation, because protocol 2 produced a greater increase in
DA than protocol 1, yet had less of an effect on spiking. During all
experiments, the membrane potential was monitored closely,
and changes in V, were corrected by the addition of current via



Lavin et al.  Mesocortical Signaling

J. Neurosci., May 18, 2005 - 25(20):5013-5023 « 5019

treated rats (Fig. 5C, filled circles), indicat-
ing that DA released by VTA stimulation
was responsible for the increase in evoked
excitability (Fig. 6C, open squares).

Discussion

The results of the present study show that
electrical or chemical stimulation of the
VTA can evoke a short-latency PSP in the
PFC that lasts tens of milliseconds and is
blocked by 6-OHDA lesions of the VTA,
transient lesions of the MFB, or adminis-
tration of glutamatergic receptor antago-
nists but not of DA receptor antagonists.
Phasic burst stimulation of the VTA
evokes transient rises in the PFC [DA] that
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Figure 6.  The VTA burst-induced increase in evoked firing is blocked by manipulation of the DA system. A-(, Group data

showing the mean (+SEM) change in intracellular current-pulse-evoked firing of PFC neurons after burst stimulation of the VTA
in the control condition (L), in the presence of D, antagonist sulpiride (4), in the presence of D, antagonist SCH23390 (B), or in
reserpine-treated rats (C). The black dot indicates when drugs were delivered. The arrow indicates the time of electrical stimula-
tion delivered into the VTA. D, Representative traces showing the effects of sulpiride alone (top) and SCH23390 (bottom) on
evoked firing. E, Collapsed data replotted from the boxed regions in Aand B. Control (CONT; [[J) data were from the dashed boxes
inAand B, whereas sulpiride data were taken from the black boxin A and SCH23390 data were taken from the gray box in B. Before
any VTA stimulation, sulpiride (SULP; ) produced an increase in evoked firing, whereas SCH23390 (SCH; E3) reduced evoked

firing relative to baseline firing.

the recording electrode. Collectively, the data suggest that for
some period after a significant phasic DA release event, both a
reduction in spontaneous firing in the down state and a pro-
longed increase in depolarization-induced firing are seen.

Effect of DA antagonists on tonic excitability and VTA
burst-induced potentiation

In the absence of VTA stimulation, there is a background level of
DA in the PFC that is in the nanomolar range as measured with
microdialysis (Hedou et al., 2001; Marsteller et al., 2002; Phillips
et al., 2004). This tonic background level of DA modulated the
intrinsic excitability of PFC neurons. After the baseline period,
either a D, antagonist or a D, antagonist was delivered in separate
experiments. In the absence of VTA stimulation, the D, antago-
nist alone increased the average evoked excitability measured in
the 5-10 min after injection by 42.8 = 20% (p < 0.03; n = 6)
(Fig. 6A). In contrast to a D, antagonist, the D, antagonist de-
creased the average evoked excitability by —24.6 = 6.7% (p <
0.04; n = 7) (Fig. 6 B). These effects in PFC neurons replicated
previous findings from striatal neurons (West and Grace, 2002)
and demonstrate that tonic DA acts in an opposing manner via
D, and D, receptors to regulate excitability.

Shortly after the administration of DA antagonists, 20 Hz/2 s
(protocol 1) stimulation of the VTA was applied. In both groups
of animals receiving either the D, or D, antagonist, the increase in
evoked excitability was no longer observed (Fig. 6 A, B). In Figure
6A, data previously presented in Figure 5 was replotted (open
squares) to highlight the effect of VT A stimulation in the absence
of DA antagonists. These data show that both D, and D, recep-
tors are required for the expression of the VTA-induced increase
in evoked excitability.

As additional evidence that the prolonged effects were a direct
result of DA released by VTA stimulation, a group of animals
were given reserpine injections (2.5 mg/kg) 12-24 h before re-
cordings. This treatment significantly depletes PFC DA (Bean et
al., 1989). Protocol 1 stimulation of the VTA produced no in-
crease in the evoked excitability of PFC neurons in reserpine-

peak at 30—40 nM and decay to baseline
levels in <2 s. This stimulation reduced
spontaneous firing but enhanced evoked
firing for a period that far outlasted the
period of elevated DA levels. This effect
was blocked by DA antagonists or
catecholamine depletion. These results
suggest that the PFC receives a fast
non-DA-mediated signal from the VTA
and a slower DA-mediated signal that
differentially affects spontaneous and
depolarization-evoked firing for prolonged periods.

Issues related to the fast signal emanating from the VTA
There is emerging physiological evidence for corelease of gluta-
mate from DA neurons. TH-positive neurons are immunoreac-
tive for glutamate in primate and rat slices, and DA neurons
grown in primary cultures make glutamatergic synapses that can
produce both autaptic glutamatergic EPSPs or EPSPs in neigh-
boring cells (Sulzer et al., 1998; Joyce and Rayport, 2000). Yet,
one might argue that glutamate immunoreactivity does not mean
that glutamate is actively being released as a neurotransmitter,
given the ubiquity of glutamate in neurons. It is also possible that
neurons grown in primary culture may lose their DA phenotype
and become glutamatergic although they still are TH immunopo-
sitive. However, Chuhma et al. (2004) have shown that stimula-
tion of yellow fluorescent protein-labeled TH neurons from the
VTA produced a glutamatergic EPSC in an acute brain slice prep-
aration that preserved the meso-accumbal pathway. This impor-
tant observation lends credence to the idea of glutamate corelease
in DA neurons.

Yet, there are important issues relating to glutamate corelease
from DA neurons that remain unresolved. First, there is currently
very little evidence that a substantial portion of DA axons make
asymmetric synapses, characteristic for glutamate (Descarries et
al., 1987; Ikemoto et al., 1996; Hanley and Bolam, 1997). Second,
although VTA neurons in primary culture are immunopositive
for the vesicular glutamate transporter VGIuT2 (Dal Bo et al.,
2004), VTA neurons in fresh tissue have not yet been shown to
express this protein or mRNA (Bellocchio et al., 1998; Fujiyama
etal.,2001; Dal Bo et al., 2004). In contrast, although VGIuT3 has
been found at symmetrical as well as asymmetrical synapses and
VGIuT3 expression is present in neurons containing vesicular
acetylcholine transporter, vesicular monoamine transporter,
tryptophan, and GAD, evidence for colocalization of TH and
VGIuT3 has proven elusive (Fremeau et al., 2002; Grass et al.,
2002; Schafer et al., 2002; Herzog et al., 2004). Thus, although
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clear anatomical and molecular evidence for corelease of gluta-
mate from DA neurons is pending, the accumulation of recent
physiological data and the evidence of corelease in other classical
“neuromodulatory” systems (Johnson, 1994; Johnson and Yee,
1995; Fremeau et al., 2002; Grass et al., 2002; Schafer et al., 2002;
Herzog et al., 2004) strongly suggests that DA neurons are indeed
capable of glutamate corelease.

Comparison with previous in vivo studies

A long history of studies has shown that DA exerts an “inhibi-
tory” effect on the excitability of pyramidal cells recorded extra-
cellulary in vivo. Specifically, VTA stimulation suppresses spon-
taneous spike firing for a period of ~200 ms (Bunney and
Aghajanian, 1976; Sesack and Bunney, 1989; Godbout et al.,
1991; Pirot et al., 1992). In the present study, an IPSP was ob-
served in the field and intracellular recordings, and a GABA an-
tagonist greatly increased the amplitude of the excitatory compo-
nent of the field response. Thus, as suggested previously (Pirot et
al., 1992), much of the inhibition of spontaneous PFC firing after
VTA stimulation may actually be the result of the GABAergic
component of the multiphasic response. In contrast, in the
present study, a reduction in spontaneous firing from rest was
observed after the fast PSP terminated. This effect was quite po-
tent in suppressing PFC firing, reminiscent of the effects reported
in the studies cited above. Therefore, it is likely that both the IPSP
component of the mixed PSP and the cessation in spontaneous
firing shown in Figure 5 were responsible for the classical actions
of VTA stimulation recorded extracellularly in vivo.

DA dynamics in PFC

The long-lasting effects of VTA stimulation may be attributable
to lingering DA levels or phasic activation of DA receptors that
then have prolonged actions via intracellular signaling cascades.
Although data presented in Figure 4 suggest that DA levels return
to baseline in seconds, this technique is not optimal for assessing
tonic changes in [DA]. Insight into this question may, however,
be garnered from considerations of DA dynamics in the PFC. The
average diameter of a DA synapse in the PFC is 200 nm (Seguela
etal., 1988), giving it an extracellular volume of ~6 X 10 “22m?
(assuming the geometry is a 20-nm-thick disk). Within 10 us of
exocytosis, the 10,000-30,000 DA molecules released (Hoch-
stetler et al., 2000; Staal et al., 2004) will have diffused throughout
the synapse (diffusion coefficient = 6.9 X 10 ~®cm?/s) (Gerhardt
et al., 1996) to give a synaptic concentration of ~30-100 mwm.
Because DA varicosities are fairly sparse in the PFC (10° per cubic
meter) (Descarries et al., 1987), this concentration is rapidly de-
pleted, by radial diffusion (Cragg and Rice, 2004), to nanomolar
levels in the extrasynaptic compartment. However, DA can dif-
fuse relatively large distances in the PFC because there are few
DATS (Sesack etal., 1998) and, consequently, slow uptake (Garris
et al., 1993, 1994), which may result in a rather steady-state and
spatially homogeneous concentration. Because D, receptors are
often, if not exclusively, located extrasynaptically (Smiley et al.,
1994; Yung et al., 1995; Caille et al., 1996), they are not likely to
see the high localized and transient intrasynaptic DA levels. From
the perspective of D, receptors, phasic DA release may only serve
to increase overall extrasynaptic DA levels in the PFC. In contrast,
D, receptors, if located closer to a release site or synapse, may
detect and respond more quickly to these transient rises in DA.

A theory of mesocortical signaling
Midbrain DA neurons respond by firing a ~200 ms burst of
spikes to primary rewards, conditioned or secondary rewards
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(Hyland et al., 2002), rewards that are not predicted (Hollerman
and Schultz, 1998), and novel or unexpected stimuli (Miller et al.,
1981; Rasmussen et al., 1986; Freeman and Bunney, 1987; Schultz
1997, 1998). Such response properties suggest that DA neurons
respond to “salience” (Le Moal and Simon, 1991; Schultz, 1997;
Hyland et al., 2002). According to Schultz (1997, 1998), DA neu-
rons are activated by rewarding events that are better than pre-
dicted, remain unaffected by events that are as good as predicted,
and are depressed by events that are worse than predicted. In this
way, the firing of DA neurons may generate “a prediction error”
about rewards.

DA neurons also exhibit a significant and tonic elevation in
firing from sleep to active wakefulness (Steinfels et al., 1983),
which is more compatible with the idea that DA neurons exert a
“state-dependent function” perhaps providing a “tonic-
activational influence” (Strecker et al., 1983) on target regions.
Measurement of DA neurotransmission in the PFC is also com-
patible with such a state-dependent function. In response to be-
havioral stimuli, extrasynaptic DA levels typically rise slowly to a
plateau level and, after reaching this plateau, slowly return to
baseline. Light handling, novelty, or delivery of food to a hungry
rat potently increases DA levels in the PFC for tens of minutes
(Feenstra et al., 1995, 2000; Feenstra and Botterblom, 1996; Taber
and Fibiger, 1997; Watanabe et al., 1997; Ahn and Phillips, 1999).
Furthermore, negative events such as stress (Finlay et al., 1995;
Yoshioka et al., 1996; Finlay and Zigmond, 1997; Del Arco and
Mora, 2000) also increase PFC DA levels for prolonged periods.

Yet, these in vivo microdialysis DA measurements have poor
temporal resolution and cannot detect fast synaptic DA fluctua-
tions on a millisecond time scale that is possible with voltammet-
ric measurements (Phillips etal., 2003). In contrast, extrasynaptic
DA measured with microdialysis may actually reflect functional
PFC DA levels because of the known diffusional action of DA,
especially at D, receptors that are extrasynaptic as noted above.
As a result, it is difficult to envision how extrasynaptic D, recep-
tors could “sense” the difference between large lingering levels of
extrasynaptic DA produced by a previously encountered salient
stimulus some minutes ago, versus a more recently encountered
stimulus. Data shown in Figures 5 and 6 suggest that these recep-
tors are not well suited to translate a transient release of DA into
a transient electrophysiological response.

Our data provide a means to reconcile these various hypoth-
eses of DA function. The firing of VTA neurons could encode
salience or a prediction error signal in accordance with single-
unit recording data (Schultz, 1997, 1998), yet this signal may be
transmitted via glutamate coreleased from VTA terminals in the
PFC, rather than by DA. In this scenario, glutamate that is core-
leased actually transmits the temporally precise information.
This hypothesis frees DA from the burden of encoding both fast
and slow signals and partly transfers it to the glutamate system
that is exquisitely suited to produce transient changes in neural
activity.

Itis thought that PFC networks retain information in working
memory via persistent activity patterns (Goldman-Rakic, 1995).
The VTA can evoke persistent activity states in the PFC that are
dependent on glutamate rather than DA receptors (Lewis and
O’Donnell, 2000; Seamans and Yang, 2004). Therefore, the firing
of VTA neurons in response to reward may release glutamate in
the PFC, which can evoke a persistent activity state in the PFC
that signals that an event is “better than predicted” and to hold
this information in working memory. In contrast, DA exerts pro-
longed changes in ionic currents in vitro, and computational
models suggest that these changes alter network dynamics to re-
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strict or enhance access to PFC networks, while greatly strength-
ening currently maintained representations in working memory
(Compte et al., 2000; Durstewitz et al., 2000; Durstewitz and
Seamans, 2002). In this scheme, DA provides no specific infor-
mation but rather biases how PFC networks will respond to af-
ferents that evoke persistent activity states. Several glutamate-
evoked persistent activity states may occur within a short period
of time, yet these states would be processed differently depending
on the already established DA tone. Thus, when an animal enters
an environment rich with unexpected rewards, DA transmission
may maintain a state of cognitive attention, lasting many min-
utes. Numerous glutamatergic inputs are capable of activating
working memory networks in the PFC, but the VTA may be
unique in that it provides both transient reward-related informa-
tion as well as exerting state-dependent control of PFC networks
via release of DA.
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