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Dopamine Terminals in the Rat Prefrontal Cortex Synapse on
Pyramidal Cells that Project to the Nucleus Accumbens

David B. Carr, Patricio O’Donnell, J. Patrick Card, and Susan R. Sesack
Departments of Neuroscience and Psychiatry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Afferents to the prefrontal cortex (PFC) from dopamine neurons
in the ventral tegmental area have been implicated in working
memory processes and in the pathogenesis of schizophrenia.
Previous anatomical investigations have demonstrated that do-
pamine terminals synapse on dendritic spines and shafts of
pyramidal cells in the PFC. Moreover, neurochemical and phys-
iological studies suggest that dopamine modulates the activity
of PFC neurons that project to the nucleus accumbens. How-
ever, whether this modulation involves direct synaptic input to
cortico-accumbens projection neurons has not been deter-
mined. To address this question, retrograde transport of an
attenuated strain of pseudorabies virus (PRV) from the nucleus
accumbens was combined with immunoperoxidase labeling of
tyrosine hydroxylase (TH) to identify dopamine terminals in the
PFC. At survival times <48 hr, extensive dendritic distribution of
immunogold labeling for PRV was observed in cortico-

accumbens neurons. However, evidence consistent with trans-
synaptic passage of PRV within this timeframe was observed
only rarely. When examined at the electron microscopic level,
immunogold labeling for PRV was localized to neuronal somata,
proximal and distal dendrites, and dendritic spines. Some of
these dendritic processes received symmetric synaptic input
from TH-immunoreactive terminals. These data represent the
first demonstration of dopamine synaptic contacts onto an
identified population of pyramidal cells in the PFC. The findings
have important implications for understanding how dopamine
modulates cortical outflow to limbic regions in normal brain and
pathological states such as schizophrenia.
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The mesocortical dopamine (DA) system has received consider-
able attention, because of its proposed role in the cognitive
functions subserved by the prefrontal cortex (PFC) (Goldman-
Rakic, 1992). The distribution of cortical DA fibers has been
described in rodents as well as in human and nonhuman primates,
using several histochemical techniques (Berger et al. 1976; Des-
carries et al. 1987; Lewis and Sesack, 1997). At the ultrastructural
level, DA terminals synapse on the dendritic tree of both pyra-
midal cells and local circuit neurons (Séguéla et al. 1988;
Goldman-Rakic et al. 1989; Sesack et al. 1995b). Recent evidence
suggests that DA terminals selectively synapse on specific classes
of local circuit neurons, as categorized by their content of
calcium-binding proteins (Sesack et al. 1995a; Sesack et al. 1998).
However, the subpopulations of pyramidal cells that are synapti-
cally innervated by DA have not been determined.

One of the principal efferents of the PFC is its projection to the
nucleus accumbens (NAc) (Sesack et al. 1989). The PFC-
accumbens projection is part of a multisynaptic processing loop
that also involves the ventral pallidum and mediodorsal thalamus
(Alexander et al. 1990; Groenewegen and Berendse, 1994;
O’Donnell et al. 1997). This circuit plays a role in motivated and
cognitive behaviors and has been implicated in the etiology of
schizophrenia and other neuropsychiatric disorders (Weinberger,
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1987; Csernansky et al. 1991; Grace, 1991). Anatomical and
electrophysiological studies have demonstrated that PFC input to
spiny projection neurons in the NAc is subject to modulation by
mesolimbic DA afferents (Sesack and Pickel, 1992; O’Donnell
and Grace, 1994; Harvey and Lacey, 1996).

Whether DA afferents also modulate PFC-accumbens trans-
mission by synapsing on PFC neurons that project to the NAc is
not known. However several lines of evidence suggest that such
synapses may occur. The projection from the PFC to the NAc
arises from pyramidal cells located primarily in layer V (Brog et
al. 1993; Pinto et al. 1997), which, along with layer VI, contains
the highest concentration of DA terminals in the rat PFC (Lind-
vall and Bjorklund, 1984; Descarries et al. 1987). Electrophysio-
logical studies also show that PFC pyramidal cells projecting to
the NAc respond to applied DA or stimulation of the ventral
tegmental area (VTA) (Jay et al. 1995; Yang and Seemans, 1996).
Furthermore, mRNA for D1 and D2 DA receptors has been
localized in pyramidal neurons retrogradely labeled from the
striatum (Gaspar et al. 1995). However, DA may exert at least
some of its actions via local circuit neurons (Sesack et al. 1995b)
or through extrasynaptic mechanisms (Smiley et al. 1994), making
it unclear whether PFC-accumbens neurons receive direct synap-
tic contacts from DA terminals.

To examine this question, a method is required that will selec-
tively label different populations of pyramidal cells. However,
unlike local circuit neurons, pyramidal cells are not easily classi-
fied by histochemical content. Pyramidal cells can be classified
based on the target of their main projection axon, as determined
by retrograde tract tracing. However, in tissue prepared for elec-
tron microscopy, most conventional retrograde tracers are de-
tected primarily in the soma and proximal dendrites and rarely in
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the distal dendrites and spines where DA terminals synapse
(Séguéla et al. 1988; Goldman-Rakic et al. 1989; Sesack et al.
1995b).

The recent introduction of neurotrophic viruses for use as
neuronal tracing substances allows for retrograde labeling of PFC
pyramidal neurons that extends into their distal processes. One
strain of virus, pseudorabies virus (PRV), is avidly taken up by
axon terminals and transported retrogradely to the soma where it
replicates to form infectious progeny. During the course of infec-
tion, viral particles and virally encoded proteins are transported
throughout the dendritic tree, where viral particles pass transneu-
ronally at sites of synaptic contact in a process that leaves viral
membrane at both presynaptic and postsynaptic sites (Card,
1998a). This property of PRV produces extensive labeling of the
dendritic tree of infected neurons and permits visualization of
identified synaptic contacts onto distal processes. In the present
study, we have applied the viral retrograde tracing method with
dual-label immunocytochemistry and electron microscopy to de-
termine if PFC pyramidal neurons that project to the NAc receive
synaptic contact from DA terminals.

MATERIALS AND METHODS

PRV injection. The strain of virus that was used in this experiment
(PRV-Bartha) is an attenuated strain of pseudorabies virus that was
initially developed as a swine vaccine (Bartha, 1961). PRV-Bartha rep-
licates efficiently in the rodent CNS and has been used to demonstrate
multisynaptic circuitry in a variety of neural systems (for review, see
Card, 1998a,b). Procedures for growing and harvesting the virus have
been described in detail elsewhere (Enquist and Card, 1996). PRV was
stereotaxically injected via a 0.5 ul syringe into the medial NAc of 27
male Sprague Dawley rats under chloral hydrate anesthesia (420 mg/kg,
i.p.). The coordinates for the injection were 1.3 mm anterior to bregma,
1.3 mm lateral to the midline, and 7.6 mm ventral to the skull surface,
according to the atlas of Paxinos and Watson (1986). For each animal,
50-150 nl of PRV (1.4 x 10° plaque-forming units/ml) was injected at a
rate of 10 nl/min, and the syringe was left in place for 5 min after
completion of the injection to prevent reflux of the virus up the cannula
track. In compliance with the regulations stated in Health and Human
Services Publication No. 88-8395, PRV injections were performed in a
Biosafety Level 2 containment facility, and animals were housed in this
facility until they were killed by aldehyde perfusion. After a 24-60 hr
survival period, animals were deeply anesthetized with Nembutal (100
mg/kg, i.p.) and perfused through the aortic arch with the following
solutions: (1) 10 ml of 0.9% saline containing 1000 U/ml of heparin, (2)
50 ml of 3.75% acrolein and 2% paraformaldehyde in 0.1 M phosphate
buffer (PB), and (3) 2% paraformaldehyde in 0.1 M PB. The brains were
removed, and 5-6 mm coronal blocks containing the PFC and NAc were
post-fixed in the last fixative for 30 min. Vibratome (50 um) sections
through the PFC were processed for immunocytochemical detection of
tyrosine hydroxylase (TH) and PRV.

Immunoperoxidase—immunogold dual-label histochemistry. A dual-
labeling method was used in which dopamine terminals were visualized
by peroxidase immunocytochemistry for TH, while retrogradely trans-
ported PRV was visualized by pre-embedding immunogold labeling with
silver intensification. Briefly, vibratome sections were incubated for 30
min in 1% sodium borohydride in 0.1 M PB to improve immunocyto-
chemical labeling (Leranth and Pickel, 1989). After rinses in 0.1 M PB
and 0.1 M Tris-buffered saline (TBS), sections were incubated for 30 min
in blocking solution containing 3% normal goat serum and 1% bovine
serum albumin in TBS. To enhance antibody penetration, blocking
solution contained 0.04% Triton X-100 (Sigma, St. Louis, MO) for
electron microscopic examination or 0.2% for light microscopy. Sections
were then incubated for 12-15 hr in blocking solution containing poly-
clonal antiserum raised in rabbit against PRV (1:1000; gift of Dr. L. W.
Enquist) and mouse monoclonal antibody generated against TH (1:50;
Boehringer Mannheim, Indianapolis, IN). For peroxidase localization of
TH, sections were rinsed in TBS and then incubated in biotinylated horse
anti-mouse antiserum (1:400; Vector Laboratories, Burlingame, CA) for
30 min. Sections were again rinsed in TBS followed by a 30 min incuba-
tion in avidin-biotin peroxidase complex (1:200; Vectastain Elite kit;
Vector Laboratories). The bound peroxidase was visualized by incubat-
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ing the sections in 0.022% diaminobenzidine and 0.003% hydrogen
peroxide in TBS for 2-5 min. For immunogold localization of PRV,
sections were incubated for 30 min in a blocking solution containing 0.8%
bovine serum albumin and 0.1% fish gelatin in 0.01 M PBS. Sections were
then incubated in blocking solution that also contained goat anti-rabbit
antiserum conjugated to 1 nm gold particles (1:50; Goldmark Biologi-
cals). After rinses in blocking solution and PBS, the size of the gold
particles was subsequently enhanced by incubation in silver solution
(Amersham, Arlington Heights, IL) for 5-7 min. All incubations and
rinses were performed at room temperature under constant gentle
agitation.

For single label light microscopic peroxidase visualization of PRV,
tissue sections were treated as described above, using a dilution of
1:10,000 for the rabbit anti-PRV primary antibody and substituting bio-
tinylated goat anti-rabbit antiserum (Jackson ImmunoResearch, West
Grove, PA) in the secondary antibody step.

Tests for the specificity of the PRV-Bartha antiserum have been
described elsewhere (Card and Enquist, 1994). Tests for the specificity of
the TH antibody (e.g., Western blot analysis) have been performed by the
supplier. TH rather than DA antibody was used to label DA terminals
within the PFC because DA antibodies are incompatible with acrolein
fixation, which is optimal for PRV. Moreover, considerable evidence
indicates that TH antibodies label primarily DA rather than norepineph-
rine (NE) terminals within the cortex (for review, see Lewis and Sesack,
1997). In addition, the tissue examined was taken exclusively from layers
V and VI of the medial PFC, in which the density of DA terminals is
higher than for NE afferents (Descarries and Lapierre, 1973; Lindvall
and Bjorklund, 1984; Descarries et al. 1987; Audet et al. 1988). Finally,
the frequency with which DA terminals form distinct synaptic contacts is
also higher than the frequency observed for NE terminals in the rat
cortex (93 vs 17%, respectively) (Séguéla et al. 1988, 1990; Descarries
and Umbriaco, 1995). Thus, the available evidence suggests that the
majority of TH-labeled terminals observed in this study, particularly
those forming distinct synaptic junctions, represent DA rather than NE
terminals.

Immunofluorescence histochemistry. As part of a time course analysis of
PRV infection, dual-immunofluorescence detection of PRV and GABA
were performed to determine the duration of first-order pyramidal neu-
ronal infection required to secondarily infect GABA-containing local
circuit neurons that synapse on pyramidal cells within the PFC. In this
case, sections immediately adjacent to those prepared for electron mi-
croscopy were incubated in blocking solution containing polyclonal rab-
bit anti-PRV antiserum (1:1000) and mouse monoclonal anti-GABA
antibody (1:1000; Sigma) for 48 hr at 4°C. After thorough rinsing in TBS,
sections were incubated for 1 hr in blocking solution containing CY2-
conjugated donkey anti-rabbit and CY3-conjugated donkey anti-mouse
antisera (1:400; Jackson ImmunoResearch). Sections were then rinsed
and prepared for light microscopic examination as described below.

Light and electron microscopy. Sections for light microscopy were
mounted on glass slides, dehydrated, and coverslipped with Krystalon
(Harleco). Sections for electron microscopy were post-fixed for 1 hr in
2% osmium tetroxide in 0.1 M PB, dehydrated through successive alco-
hols and propylene oxide and embedded in Epon-812 (Electron Micros-
copy Sciences). Ultrathin sections were taken from the outer surface of
the tissue and collected on copper mesh grids. Sections were counter-
stained with uranyl acetate and lead citrate and examined with either a
Zeiss 902 or Joel 100CX transmission electron microscope.

Electron microscopic examination. Ultrathin sections were taken from
vibratome sections through the deep layers (V-VI) of the prelimbic and
infralimbic cortices, as defined by Krettek and Price (1977). Within
single, nonconsecutive sections, tissue was examined at 12,000X magni-
fication along the Epon/tissue interface, the area of maximum antibody
penetration. All synaptic contacts and nonsynaptic appositions between
TH-labeled terminals and PRV-labeled profiles were quantified at this
magnification (Table 1) and then photographed at a magnification of
19,000-20,000%. A total of 1,477,713 um? of tissue was examined from
four animals chosen for ultrastructural analysis (four to six vibratome
sections per animal). These subjects were chosen because they exhibited
the best combination of immunocytochemical labeling and ultrastruc-
tural preservation.

Neuronal elements were defined according to the criteria of Peters et
al. (1991). Axon terminals contained numerous synaptic vesicles and
were at least 0.2 um in diameter. Cell bodies were identified by the
presence of a nucleus. Dendritic shafts were postsynaptic to axon termi-
nals, had regular profiles, and contained mitochondria, microtubules,
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Table 1. Associations between dopamine terminals and cortico-
accumbens pyramidal cells in the rat prefrontal cortex

Area of tissue examined containing both TH

and PRV-IR structures” 583,073 wm?
Number of TH-IR terminals in the same

field as PRV-IR structures 674
Number of TH-IR terminals in contact®

with PRV-IR dendrites and spines 106
Number of TH-IR terminals synapsing on

PRV-IR dendrites and spines 11

“ See Materials and Methods.
® Includes synapses and nonsynaptic appositions.

and/or endoplasmic reticulum. Dendritic spines were also postsynaptic to
axon terminals but were typically smaller and lacked these intracellular
organelles. Glial processes contained clear cytoplasm and exhibited
irregular contours that conformed to the shapes of surrounding neuronal
elements. Asymmetric synapses (Gray’s type I; Gray, 1959) were defined
by thickened postsynaptic densities, whereas symmetric synapses exhib-
ited thin postsynaptic densities. Synapses made by TH-labeled terminals
typically lacked an appreciable postsynaptic density and were thin, being
observed only in one or two consecutive serial sections. Thus, the
widened spacing of parallel apposed membrane surfaces, as well as the
presence of intercleft filaments (Peters et al. 1991), were often the only
recognizable synaptic features made by TH-labeled terminals. This clas-
sification of synapses made by TH- and/or DA-labeled terminals has
been applied to previous descriptions of catecholamine synapses in the
cortex (Séguéla et al. 1988, 1990; Smiley and Goldman-Rakic, 1993;
Sesack et al. 1995b; Carr and Sesack, 1996).

RESULTS

Light microscopy

Within the NAc, PRV injection sites were circumscribed, with
viral immunoreactivity largely confined to the area immediately
adjacent to the injection cannula (Fig. 14). Only those animals in
which PRV injection was within the medial NAc and did not
infringe on adjacent structures were included in this study. Injec-
tions typically included portions of both the core and shell sub-
divisions of the NAc, and no attempts were made in this study to
differentiate between these subregions. After PRV injection into
the medial NAc, numerous pyramidal neurons were extensively
labeled within the PFC (Fig. 1B). Consistent with previous ob-
servations using conventional tracers, the majority of PRV-
infected neurons were located in layer V of the prelimbic and
infralimbic cortices (McGeorge and Faull, 1989; Groenewegen et
al. 1990; Brog et al. 1993). Within infected cortico-accumbens
neurons, immunoreactivity for PRV was extensively distributed
throughout the soma and dendritic tree (Fig. 1B).

To avoid false-positive results, it was necessary to ensure that
viral immunoreactivity in tissue processed for electron micros-
copy was confined to first-order neurons and did not spread to
neurons that synapse on the first-order cells. To find this optimal
postinoculation survival period, a thorough temporal analysis of
the distribution and extent of PRV labeling was performed. This
temporal analysis revealed that a survival period of 36—48 hr was
optimal to yield maximal labeling of cortico-accumbens neurons
without significant apparent second-order infection. Animals sac-
rificed 24-30 hr after PRV infection did not exhibit any PRV
immunolabeling within the PFC, indicating that this time period
was necessary for virions to be transported from the NAc and to
begin replication. Animals with postinoculation periods >48 hr
exhibited signs of advanced viral infection typified by the pres-
ence of immunoreactive glia surrounding densely labeled neu-

J. Neurosci., December 15, 1999, 719(24):11049-11060 11051

rons. Within the 36-48 hr postinoculation period, the pattern of
PRV labeling seen within the PFC was consistent with results
obtained for this pathway using conventional tracers (McGeorge
and Faull, 1989; Brog et al. 1993), i.e., viral immunoreactivity was
largely confined to layer V of the prelimbic and infralimbic
cortices. Only with survival periods >48 hr was a more extensive
pattern of infection observed, with infection spreading into su-
perficial layers and into adjacent cortical regions.

Observations in tissue processed for dual-immunofluorescence
localization of PRV and GABA also indicated that a 36—-48 hr
postinfection period resulted in labeling of mainly first-order
neurons. As GABA-containing local-circuit neurons synapse on
the soma and proximal dendrites of pyramidal neurons, these
cells are likely to be the first population of neurons subject to
trans-synaptic infection by PRV. At postinoculation intervals <48
hr, all PRV-labeled neurons were immunonegative for GABA. In
animals surviving 48 hr after infection, only 2.5% (10 of 403) of
all PRV-labeled neurons were also labeled for GABA. Further-
more, within these dual-labeled cells, PRV immunoreactivity was
largely confined to the soma and did not extend out into the
dendritic tree, consistent with an early stage of infection (Fig. 2).
As DA synaptic contacts target distal portions of the dendritic
tree of both pyramidal and local- circuit neurons within the PFC
(Van Eden et al. 1987; Séguéla et al. 1988; Goldman-Rakic et al.
1989; Smiley and Goldman-Rakic, 1993; Sesack et al. 1995b) it is
unlikely that the rare infection of second-order neurons in ani-
mals with 48 hr survival periods contributed to the observed
synaptic contacts of DA terminals onto PRV-immunoreactive
profiles. It should be noted that the use of sections fixed with
acrolein contributed to a certain degree of background fluores-
cence. However, we felt it essential to perform these control
experiments in tissue from the same animals immediately adja-
cent to those examined by electron microscopy. Furthermore,
despite this background fluorescence, dual labeling for GABA
and PRV was observed in few neurons and only at survival
periods >48 hr.

Electron microscopy
Characterization of PRV labeled profiles in the PFC
Within the deep layers of the medial PFC, immunogold labeling
for PRV was observed in neuronal somata, dendrites, and den-
dritic spines. Within somata of infected cortico-accumbens neu-
rons, PRV immunoreactivity was densely distributed throughout
the nucleus and cytoplasm (Fig. 34). Viral particles were also
observed in the somata of infected neurons (Fig. 3B). PRV-
immunoreactive somata typically exhibited smooth uninvagi-
nated nuclear envelopes and received input from unlabeled ter-
minals forming exclusively symmetric synaptic contacts. These
morphological characteristics are consistent with PRV labeling of
pyramidal projection neurons (DeFelipe and Farinas, 1992).
The extensive labeling of the dendritic tree by PRV observed at
the light microscopic level was also observed in material prepared
for electron microscopic investigation, as viral immunoreactivity
was observed in both large and small caliber dendrites as well as
in dendritic spines (Figs. 4, 5). A proximal to distal gradient of
labeling was observed with the greatest density of immunogold
labeling for PRV present in the somata and proximal dendrites of
infected neurons and decreasing density in more distal dendrites
and dendritic spines. Dendrites containing gold-silver labeling for
PRYV typically exhibited smooth contours, received sparse inner-
vation from unlabeled terminals, and often gave rise to dendritic
spines (Figs. 4, 5). These characteristics are consistent with PRV
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Light micrographs of a representative PRV injection in the NAc (A4) and the resulting labeling of pyramidal neurons within the PFC (B). In

A, the PRV injection is centered between the anterior commissure (ac) and the medial surface of the hemisphere. In B, many pyramidal neurons and
their apical and basilar dendrites are extensively labeled after an injection of PRV into the NAc. Medial is toward the fop, and dorsal is toward the left.

Scale bar: A, 160 um; B, 40 pum.

Figure 2. Fluorescence micrographs of the same coronal section through the PFC showing the distribution of neurons labeled for either PRV (A) or
GABA (B) 48 hr after an injection of PRV into the NAc. Within this field, most neurons contain labeling for either PRV or GABA (small arrows), but
not both markers. One neuron adjacent to a small blood vessel (asterisk) contains labeling for both markers (open arrow). Note the lighter fluorescence
signal and limited dendritic labeling of the dual-labeled neuron compared with other PRV-labeled neurons within the same field. Scale bar, 20 um.

immunolabeling of dendrites and dendritic spines of pyramidal
projection neurons (DeFelipe and Farifias, 1992).

Relationship between PRV- and TH-labeled processes

In tissue immunolabeled for both TH and PRV, TH-labeled
terminals were frequently observed in the same area of neuropil
as PRV-labeled dendrites and dendritic spines. Furthermore,

TH-labeled terminals were often directly apposed to PRV-labeled
structures (Figs. 6—8). To quantify this observation, it was noted
for each TH-labeled terminal and PRV-immunoreactive structure
observed in the same photographic frame (area of frame = 32.5
um? at a magnification of 12,000X), whether the TH-labeled
terminal directly contacted a PRV-labeled dendrite or spine.
Within 583,073 wm? of tissue analyzed in this manner 16% (106
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Figure 3. Electron micrographs of the rat PFC showing the distribution of immunogold-silver labeling for PRV within the somata of a cortico-
accumbens neuron. In 4, immunogold-silver particles are distributed throughout the nucleus (Nu) and cytoplasm. The area outlined corresponds to the
field shown at higher magnification in B. At this higher magnification, immunogold-silver particles can be seen within the nucleus and in association with
the membrane envelope of virions (open arrows) and other membranous organelles. Scale bar: 4, 1 um; B, 0.5 wm.

of 674) of TH-labeled terminals were in direct contact with
PRV-labeled structures. TH-labeled terminals also frequently
contacted unlabeled dendrites or dendritic spines in the vicinity
of PRV-labeled structures. In some cases, the contacts made by
TH-labeled terminals were clearly synaptic, as characterized by
widened spacing of parallel apposed membrane surfaces as well
as the presence of intercleft filaments (Fig. 8). In other cases,
TH-labeled terminals were apposed to PRV-labeled and unla-
beled dendrites and dendritic spines without forming clear syn-
aptic specializations (Figs. 6, 7). In many instances, the PRV-
immunoreactive spines and dendrites contacted by TH-labeled

terminals also received synaptic input from unlabeled terminals
forming symmetric (Fig. 6B) or asymmetric synapses (Fig. 7).
This was particularly the case for PRV-labeled spines, which, as
expected, each received an asymmetric synapse on the head in
close proximity to the contact formed by the TH-labeled terminal
(Fig. 7).

DISCUSSION

These data represent the first direct demonstration of DA syn-
apses onto an identified population of pyramidal neurons in the
rat PFC. The finding that DA terminals synapse onto PFC neu-
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Figure 4. Electron micrographs showing dendritic shafts and spines containing gold—silver immunoreactivity for PRV. In 4, two PRV-labeled dendrites
(PRV-d) receive asymmetric synapses (curved arrows) from unlabeled terminals (Ut). In B, a labeled dendritic spine (PRV-s) emanates from a
PRV-labeled dendrite. The labeled spine receives an asymmetric synapse from an unlabeled terminal. Two other PRV-labeled dendrites are also present

in this field. Scale bar, 0.25 um.

rons that project to the NAc is consistent with neurochemical and
electrophysiological studies demonstrating DA modulation of
cortico-accumbens transmission and further emphasizes the di-
rect and synaptic nature of this modulation. Finally, the results
demonstrate that retrograde transport of PRV represents a novel
approach to the identification of postsynaptic targets of DA axons
that synapse onto the distal dendrites of cortical cells.

Relationship between DA terminals and cortico-
accumbens neurons in the PFC

The ultrastructural characteristics of TH-labeled terminals iden-
tified within the PFC in this study are consistent with previous

observations that the primary targets of DA terminals are distal
dendrites and dendritic spines (Van Eden et al. 1987; Séguéla et
al. 1988; Goldman-Rakic et al. 1989; Smiley and Goldman-Rakic,
1993; Sesack et al. 1995b). The results of this investigation pro-
vide the first direct evidence that some of these distal dendrites
and spines arise from pyramidal neurons that project to the NAc.
In this regard, it is important to address the specificity of PRV
labeling and whether the virus is potentially taken up by fibers of
passage. Previous studies have shown that viral uptake is greatest
into axon terminals and astrocytes (Vahlne et al. 1978, 1980), and
that virions are not likely to be taken up by intact fibers of passage
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Figure 5. Electron micrographs showing the distribution of PRV immunoreactivity within distal dendrites and dendritic spines within the PFC. In 4,
viral immunolabeling is present in two small caliber dendritic shafts (PRV-d) and a dendritic spine (PRV-s). The labeled spine receives an asymmetric
synapse (curved arrow) from an unlabeled terminal (Ur). In B, an unlabeled terminal forms an asymmetric synapse on a dendritic spine that contains both
an immunogold particle and a virion (open arrow). In C and D, a PRV-labeled dendritic spine shown in serial sections contains several immunogold-silver
particles and receives an asymmetric synapse from an unlabeled terminal. Scale bar, 0.25 pum.

(O’Donnell et al. 1997). Furthermore, although some PFC effer-
ents may pass through the NAc to target more caudal structures,
the majority of corticofugal axons pass more dorsally through the
striatum (Sesack et al. 1989). Finally, our temporal analysis and
control experiments revealing no significant second order infec-
tion of GABA cells before 48 hr support the specificity of PRV
labeling to first order neurons. Thus, the data are most consistent
with synaptic input by DA terminals to PFC pyramidal neurons
that project to the NAc.

Given that the tissue sampled in this study was taken from
layers V and VI, it is likely that the majority of the observed
PRV-labeled profiles contacted by DA terminals arise from the
basilar tree of cortico-accumbens neurons (DeFelipe and Farifias,
1992), although contacts onto branches of the apical tree cannot
be excluded. Although this issue has not been examined in the
rodent cortex, a study by Goldman-Rakic and colleagues (Krimer
et al. 1997) has reported that DA terminals within the primate

PFC contact both the basilar and apical dendrites of pyramidal
neurons.

Although these results demonstrate that DA terminals within
the PFC contact the dendrites and spines of pyramidal neurons
that project to the NAc, currently available methods cannot
provide an accurate estimate of the proportion of DA terminals
that specifically contact this population. The observed synaptic
frequency reported here is likely to be an underestimation for
several reasons. First, the synapses that are formed by DA termi-
nals typically lack an appreciable postsynaptic density and are
only observed in one or two consecutive serial sections (Séguéla
et al. 1988). According to data by Descarries and colleagues
(Séguéla et al. 1988), as many as 9—12 serial sections through each
DA terminal are required to observe all definitive synaptic con-
tacts. Because such an extensive serial section analysis was not
conducted in this study, the proportion of DA contacts with
PRV-labeled profiles that represent distinct synapses was proba-
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Figure 6. Electron micrographs of PRV-labeled dendrites contacted (straight arrows) by TH-immunoreactive terminals (7H-t) within the PFC. In 4 and
B, PRV-labeled dendrites are contacted by TH-labeled terminals without forming distinct synaptic specializations. The PRV-labeled dendrite in B also
receives an asymmetric synapse (curved arrow) from an unlabeled terminal (Ut). Scale bar, 0.25 wm.

bly underestimated. In addition, the relatively small PRV injec-
tion sites make it unlikely that all PFC-accumbens neurons were
labeled. Finally, although PRV labeling was extensive within
PFC-accumbens neurons, it is unlikely that this labeling filled
each neuron in its entirety. For example, some spines contained
only a single gold particle, despite their clearly arising from
infected dendrites, as evidenced by the presence of viral particles
(Fig. 5B). Thus, it is likely that some TH-labeled terminals con-
tacted dendrites and spines arising from cortico-accumbens neu-
rons that contained either low or undetectable levels of PRV
immunoreactivity.

The observation that DA terminals targeting cortico-
accumbens neurons converged with presumed excitatory inputs
forming asymmetric synapses is consistent with previous obser-
vations of synaptic convergence involving DA axons in cortical
structures (Séguéla et al. 1988; Goldman-Rakic et al. 1989; Carr
and Sesack, 1996). Such “triadic” arrangements provide anatom-
ical substrates for the known modulation of glutamatergic trans-
mission by DA (Cepeda et al. 1992). Thus, the present findings
suggest that DA modulates the activity of cortico-accumbens
neurons, both via direct actions and by the regulation of excita-
tory drive to these cells.

In interpreting the present findings, it is interesting to consider
whether the PFC-accumbens neurons that receive synaptic input
from DA terminals may have collateral projections to multiple
targets. Although earlier studies using electrophysiological meth-
ods reported extensive collateralization of PFC pyramidal cell
axons to multiple targets (Thierry et al. 1983), recent anatomical
studies using retrograde tracers have reported only limited col-
lateralization of PFC-accumbens neurons to either the contra-
lateral PFC, amygdala, or VTA (Pinto et al. 1997). Thus, the
modulatory influence mediated by DA on this population of pyra-
midal neurons is likely to be specific for its projection to the NAc.

In addition to synapsing onto PRV-labeled dendrites, DA ter-

minals also formed synaptic contacts onto unlabeled dendrites
and spines. It has previously been demonstrated that approxi-
mately one-third of DA terminals in the PFC synapse onto the
dendrites of GABA-containing local-circuit neurons (Sesack et al.
1995b), and thus it is likely that a portion of the unlabeled
dendrites that received synaptic contact from DA terminals in
this study arose from this neuronal population. However, it is also
likely that a portion of the unlabeled structures that received
synaptic input from DA terminals arose from pyramidal neurons
that project to regions other than the NAc. This is particularly
true for the unlabeled spines contacted by DA terminals, because
spines arise almost exclusively from pyramidal neurons (DeFelipe
and Farinas, 1992). The above hypothesis is consistent with in situ
hybridization studies reporting mRNA for DA receptors in PFC
neurons retrogradely labeled from several projection sites (Gas-
par et al. 1995), as well as electrophysiological studies that have
observed effects of applied DA or VTA stimulation on PFC
neurons that project to areas other than the NAc (Peterson et al.
1987; Godbout et al. 1991). The identity of other populations of
PFC pyramidal neurons that receive synaptic input from DA
terminals is not known. Possible candidates include cells that
project to the contralateral PFC, agranular insular cortex, me-
diodorsal thalamus and other thalamic nuclei, hypothalamus,
amygdala, VTA, and other brainstem areas (Sesack et al. 1989).
Moreover, it is possible that DA terminals exhibit a degree of
selectivity in their pyramidal neuron targets, similar to data
showing a selective innervation of certain classes of local-circuit
neurons by DA terminals (Sesack et al. 1995a, 1998). Further-
more, it is possible that DA exerts extrasynaptic influences on
PFC pyramidal cell populations in addition to its synaptic actions.
Such extrasynaptic mechanisms would be suspected if DA termi-
nals were found not to synapse on pyramidal cell populations that
nevertheless expressed receptors for DA. Thus, future examina-
tion of both the synaptic targets of DA terminals and the local-
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Figure 7. Electron micrographs showing TH-labeled terminals within the PFC directly apposed to PRV-labeled dendritic spines without forming
distinct synaptic specializations. In A, a PRV-labeled spine (PRV-s) emanates from a dendrite that also contains immunogold labeling for PRV (PRV-d).
The labeled spine receives an asymmetric synapse (curved arrow) from an unlabeled terminal (Utr) and is also contacted (straight arrow) by a TH-labeled
terminal (TH-t). Serial sections (B, C; D, E) illustrate two PRV-labeled spines that receive asymmetric synaptic contact from unlabeled terminals as well
as appositional contact from TH-labeled terminals. In D and E, the TH-labeled terminal is directly apposed to the unlabeled terminal. Scale bar, 0.25 um.

ization of DA receptors will further our understanding of the
relative contributions of synaptic and extrasynaptic mechanisms
to the overall modulation of PFC neurons by DA.

Technical and functional considerations

This study represents the first ultrastructural use of a neurotro-
phic virus to demonstrate a specific afferent that synapses onto an
identified population of pyramidal neurons. Thus, in addition to
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the ability of these tracers to label multisynaptic pathways via
trans-synaptic transport, the ability of PRV to extensively fill the
dendritic tree of infected first-order neurons provides a powerful
tool to examine the synaptic inputs of identified projection neu-
rons. This is particularly important for identification of inputs
that target the distal portions of the dendritic tree, which are
largely inaccessible to conventional retrograde tracing agents.
The use of PRV at the ultrastructural level is especially important
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Figure 8. Electron micrographs in the PFC showing TH-labeled terminals that form distinct synaptic contacts with PRV-immunoreactive dendrites. In
A and B, a TH-labeled terminal (TH-t), shown in serial sections, forms a symmetric synapse (curved arrows) on a PRV-labeled dendrite (PRV-d). C and
D show two additional examples of PRV-labeled dendrites that receive symmetric synaptic contact (curved arrows) from TH-labeled terminals. Scale bar,

0.25 pm.

for examination of circuits for which clear results cannot be
obtained by simple temporal analysis of PRV multisynaptic trans-
port. For example, the question of whether DA terminals synapse
on PFC-accumbens neurons could not be addressed by light
microscopic analysis of trans-synaptic passage of PRV, because
VTA DA neurons project directly to the NAc and also to several
other nuclei that send afferents to the NAc, such as the paraven-
tricular nucleus of the thalamus (Lindvall and Bjorklund, 1984;
Groenewegen, 1988). Thus, both first- and second-order infection
of neurons in the VTA may arise from projections to sites other
than the PFC.

These results represent the first direct demonstration of DA
synaptic contacts onto an identified class of PFC projection neu-
rons. These synaptic contacts of DA terminals onto the dendritic
tree of cortico-accumbens neurons are likely to play an important
role in regulating the functional output of cortico-accumbens
neurons. This synaptic substrate, along with the convergence of
DA and PFC terminals onto common targets within the NAc
(Sesack and Pickel, 1992), indicates that DA afferents can mod-
ulate cortico-accumbens transmission both at the dendritic as well

as the terminal level. These synaptic contacts of DA terminals
onto cortico-accumbens neurons may play an important role in
the changes in DA transmission within the NAc that have been
observed after DA deafferentation in the PFC (Deutch, 1992;
King and Finlay, 1995, 1997). Furthermore, given the recent
evidence of a reduced density of both DA fibers and receptors in
the PFC of schizophrenic patients (Lewis and Akil, 1997; Okubo
et al. 1997) it is possible that a loss of DA synaptic input to
cortico-accumbens neurons in this disorder may produce second-
ary changes in DA transmission in subcortical structures.
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