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Abstract Projections from the prefrontal cortex (PFC) to
the amygdala (AMG) regulate affective behaviors in a
manner that is modulated by dopamine (DA). Although
PFC and DA inputs overlap within the basolateral nucleus
(BLA) and intercalated cell masses (ICMs), the spatial
relationship between these afferents has not been investi-
gated, nor is it known how DA D1 (D1R) and D2 (D2R)
receptors are localized in relationship to PFC terminals.
We therefore combined tract-tracing from the rat PFC to
the AMG with immunocytochemical labeling of tyrosine
hydroxylase (TH) to identify presumed DA axons or DIR
and D2R. In both the ICMs and BLA, PFC terminals
formed asymmetric synapses onto spines that typically did
not receive secondary synaptic inputs. TH-immunoreactive
(-ir) fibers in the adjacent neuropil typically contacted
different structures. Although PFC and TH-ir axons were
sometimes apposed to the same dendrites or to each other,
PFC terminals only rarely synapsed onto dendrites that also
received synapses from TH-ir axons. DIR-ir spines and
dendrites were observed commonly within the ICMs but
less frequently within the BLA, and PFC axons in the ICMs
occasionally synapsed onto DIR-ir spines. Within both
regions, D2R-ir spines, dendrites, and axons were
observed. PFC terminals occasionally contained presyn-
aptic labeling for D2R but were not observed to synapse
onto D2R-ir targets. The infrequent observation of synaptic
convergence between PFC and presumed DA terminals
within the AMG suggests that DA modulates PFC inputs
primarily via extrasynaptic mechanisms, a conclusion
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supported by the localization of D2R within and DIR
postsynaptic to PFC terminals.
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Introduction

The amygdala (AMG) has been implicated in the formation
of phobias and anxiety (Davidson 2002; Davis 2000; Le-
Doux 2000), and dysfunctions within this region, as well as
the prefrontal cortex (PFC) have been observed in patients
with affective disorders and schizophrenia (Drevets 2003;
Grace and Rosenkranz 2002; Rauch et al. 2003). Interac-
tions between the PFC and the AMG are necessary for the
guidance of appropriate behavioral responses (Baxter et al.
2000) and for the extinction of learned fear (Phelps et al.
2004). Moreover, neuronal activity within the PFC and the
AMG seems to be reciprocally correlated (Garcia et al.
1999; Rosenkranz and Grace 2002b).

In the rat, the PFC projection to the AMG originates
from layers II and V of the prelimbic (PL) and infralimbic
(IL) regions (Pinto and Sesack 2000) and innervates most
densely the basolateral area (BLA) and intercalated cell
masses (ICMs) (Berretta et al. 2005; Cassell and Wright
1986; McDonald 1998; McDonald et al. 1996; Ottersen
1982; Sesack et al. 1989; Vertes 2004). Within the BLA,
PFC terminals form asymmetric synapses primarily onto
dendritic spines and less often onto distal dendritic shafts
(Brinley-Reed et al. 1995). The synaptic organization of
the PFC input to the ICMs has not yet been investigated.

Dopamine (DA) modulatory systems have also been
implicated in affective behaviors. For example, the DA
innervation of the AMG is particularly responsive to stress
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(Inglis and Moghaddam 1999), and DA transmission in this
area contributes to the acquisition and expression of Pav-
lovian fear conditioning (Guarraci et al. 1999; Lamont and
Kokkinidis 1998). Moreover, alterations of DA activity
within the AMG impair the recall of affect-charged mem-
ories (Nader and LeDoux 1999). Physiological recordings
from AMG neurons indicate that DA mediates direct
postsynaptic actions (Kroner et al. 2005; Lorétan et al.
2004; Marowsky et al. 2005; Pickel et al. 2006; Rosenk-
ranz and Grace 1999) and also modulates neuronal
responses to incoming stimuli during Pavlovian condi-
tioning (Rosenkranz and Grace 2002a). Moreover, DA
receptor activation attenuates neuronal responses to PFC
inputs (Rosenkranz and Grace 1999, 2002b).

The anatomical substrate for such modulation is not yet
clear. In other brain regions, DA is thought to modulate
specific inputs by synapsing onto spines that also receive
asymmetric, presumably excitatory glutamate contacts
(Freund et al. 1984; Goldman-Rakic et al. 1989; Johnson
et al. 1994; Sesack and Pickel 1990, 1992). Dopamine
fibers from the ventral midbrain project throughout the
AMG. Similar to the PFC projection, DA afferents are
particularly dense within the ICMs and the BLA, but also
provide a dense projection to the central nucleus (Ce)
(Asan 1998; Brinley-Reed and McDonald 1999; Fallon
and Ciofi 1992; Marowsky et al. 2005; Swanson 1982).
Within these nuclei, DA terminals form primarily en
passant symmetric type synapses onto small dendrites and
spines (Asan 1997). Hence, convergent synapses by PFC
and DA terminals onto common targets in the AMG could
provide a substrate for specific DA modulation of PFC
inputs to this region. However, such a convergent spatial
relationship has not yet been examined by ultrastructural
analyses.

In addition to its synaptic contacts, DA activates
receptors outside of synaptic specializations (Descarries
and Umbriaco 1995; Dumartin et al. 1998; Garris and
Wightman 1994; Paspalas and Goldman-Rakic 2004;
Sesack 2002). Hence, DA may also modulate PFC afferents
to the AMG via extrasynaptic receptors localized to the
PFC terminals or their targets. Various studies have dem-
onstrated mRNA or immunoreactivity for the D1 (D1R)
and D2 (D2R) receptors in several nuclei of the AMG
(Asan 1998; Fremeau et al. 1991; Fuxe et al. 2003; Maltais
et al. 2000; Meador-Woodruff et al. 1991; Pickel et al.
2006; Weiner et al. 1991). Moreover, both receptors play a
role in behaviors mediated by this region. For example,
either DIR or D2R antagonism within the AMG impairs
conditioned fear acquisition (Greba et al. 2001; Greba and
Kokkinidis 2000; Guarraci et al. (1999, 2000). D1 receptor
activation has specifically been shown to attenuate PFC-
evoked inhibition of BLA projection neurons (Rosenkranz
and Grace 2002b), possibly through actions involving
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reduced NMDA receptor transmission (Pickel et al. 2006)
and/or inhibition of GABA tone (Marowsky et al. 2005).

These studies indicate the involvement of DA in the
modulation of PFC inputs to the AMG. However, little is
known regarding the spatial relationships between PFC
afferents and DA terminals or DIR and D2R in this region.
Hence, tract-tracing and immunocytochemical methods
were combined to characterize the patterns of synaptic
connectivity formed by PFC and DA terminals within the
BLA and the ICMs and to examine the spatial associations
between PFC profiles and DIR and D2R. A preliminary
account of this work has been previously published (Pinto
and Sesack 2003).

Materials and methods
Tract-tracing

Eleven adult male Spraque Dawley rats weighing 300-
400 g were used in this study. The animals were kept on a
12 h light/dark cycle and were provided with rat chow and
water ad libitum. The subjects were anesthetized either
with chloral hydrate (420 mg/kg, i.p.) or with a mixture of
ketamine (34 mg/kg), acepromazine (1 mg/kg), and xyla-
zine (7 mg/kg) injected i.m. The animals were placed in a
stereotaxic apparatus and received bilateral injections of an
anterograde tracer or bilateral electrolytic lesions of the
medial PFC. All efforts were made to minimize the extent
of discomfort during the experiments and the number of
animals used. The anesthetic and surgical procedures used
in this study followed the principles of laboratory animal
care (NIH publication no. 86-23, revised 1985) and were
approved by the Institutional Animal Care and Use Com-
mittee at the University of Pittsburgh.

Either biotinylated dextran amine (BDA; 10,000
molecular weight, Molecular Probes, Eugene, OR), dis-
solved as a 10% solution in 0.01 M phosphate buffered
saline (PBS), or Phaseolus vulgaris-leucoagglutinin
(PHAL, Vector Laboratories, Burlingame, CA), dissolved
as a 2.5% solution in 0.01 M PBS, pH 8.0, was infused into
the medial PFC of 8 animals at the following coordinates:
3.3 and 2.7 mm anterior to Bregma, 0.7 mm lateral to the
midline sinus, and 4.4 and 5.0 mm ventral to the skull
surface (Paxinos and Watson 1986). The tracers were
delivered by iontophoresis through glass pipettes (tip
diameter 50-75 pm for BDA or 25 pm for PHAL) using
positive 5 pA current pulses, on and off every 10 s for
15 min.

Four animals received electrolytic lesions of the medial
PFC at the following coordinates: 3.3 and 2.7 mm anterior
to Bregma, 0.8 mm lateral to the midline, and 4.6 and,
5.5 mm ventral to the skull surface (Paxinos and Watson
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1986). The lesions were produced by passing a 0.5 mA
constant anodal current for 30 s through an epoxylite-
coated stainless steel monopolar electrode exposed for
1.0 mm at the tip.

The three different tracer methods described above were
employed in order to maximize the advantages of each
approach. BDA and PHA-L were used for their excellent
uptake and transport dynamics (Wouterlood and Jorritsma-
Byham 1993), although the BDA method prevented the use
of the more sensitive avidin-biotin peroxidase (ABC)
technique (Hsu et al. 1981) to label TH or DA receptors
(see below). The use of the electrolytic lesion method was
expected to alter the normal morphology of PFC axons and
to prevent the detection of receptors within these profiles.
However, anterograde degeneration is likely to label a
larger population of PFC profiles within the AMG, based
on the size of the lesion site and the occurrence of
degeneration throughout the thickness of tissue sections
(Sesack and Pickel 1992; Sesack et al. 2006). Moreover,
the approach would allow TH and DA receptors to be
detected by the ABC method. Hence, it is likely that the
combined use of three different labeling techniques with
similar results compensated for the limitations inherent to
each individual method.

Perfusion

The appropriate survival time for animals receiving elec-
trolytic lesions was empirically determined to be 4 days
following examination of tissue from animals that survived
for 4 or 5 days. Animals with tracer injections survived
5 days for BDA or 10 days for PHAL. After the appropriate
survival time, animals were anesthetized with sodium
pentobarbital, 50 mg/kg, i.p. Animals receiving tracer
injections also received an i.p. injection of the zinc chelator,
sodium diethyl dithiocarbamate (1 g/kg, Sigma, St Louis,
MO) (Veznedaroglu and Milner 1992) 15 min prior to the
perfusion in order to eliminate spurious silver labeling due
to the presence of zinc. The animals were then sacrificed by
perfusion through the aorta with 10 ml of 1,000 U/ml
heparin saline, followed by 50 ml of 3.75% acrolein
(Electron Microscopy Sciences, Hatfield, PA) in 2% para-
formaldehyde and 250 ml of 2% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4 (PB). The brains were
removed, cut into 4-5 mm blocks, and post-fixed in 2%
paraformaldehyde for 30 min. Blocks containing the PFC
or the AMG were sectioned at 50 pm in PB using a vibra-
tome. Sections were incubated in 1% sodium borohydride
(Sigma) for 30 min, then rinsed in PB followed by rinses in
0.1 M tris-buffered saline, pH 7.6 (TBS), followed by a
30 min incubation at room temperature in a blocking
solution containing 1% bovine serum albumin, 0.04% Tri-
ton 100X, and 3% normal goat serum in TBS.

Immunocytochemical procedures

Presumed DA axons in the AMG were labeled by a
monoclonal antibody directed against the catecholamine
synthetic enzyme, tyrosine hydroxylase (TH; Chemicon
International, Temecula, CA). The specificity of this anti-
body has been extensively described in prior publications
(Lewis and Sesack 1997; Miner et al. 2003; Sesack et al.
1995; Wolf et al. 1991). Tyrosine hydroxylase is contained
in both DA and norepinephrine neurons. However, the
majority of axonal projections from norepinephrine cells to
cortical regions contain undetectable levels of TH by either
light or electron microscopy (Lewis and Sesack 1997,
Miner et al. 2003), and similar observations have been
made in the AMG using both methods (Asan 1997, 1993).
Hence, we utilized TH immunostaining as a relatively
selective marker of DA axons in the AMG, with the
acknowledgement that it may have included a small pop-
ulation of norepinephrine fibers (Asan 1993, 1997, 1998).

In pilot studies, the use of immunogold-silver to label
TH resulted in a considerable reduction in sensitivity that
appeared more substantial then when this method was used
to label tracers. We therefore consistently used immuno-
peroxidase to label TH and immunogold-silver to label
BDA or PHAL. The DIR or D2R were also detected by
immunoperoxidase. The specificity of the DIR antibody,
directed against 97 amino acids from the C terminus, has
been well documented by Western blots from transfected
mammalian cell lines and brain tissue (Levey et al. 1993;
Yung et al. 1995). The D2R antibody was raised against 28
amino acids from the third cytoplasmic loop of the human
receptor and has been demonstrated to specifically recog-
nize the D2R by preadsorption with the immunizing
peptide and by Western blot analysis (Boundy et al. 1993;
Wang and Pickel 2002). Both antibodies have been shown
to produce no cross-reaction with other DA receptor
subtypes.

Animals receiving BDA injections

Sections from animals receiving BDA injections were
processed for detection of TH using the peroxidase anti-
peroxidase (PAP) method (Ordronneau et al. 1981) and for
BDA using a gold-conjugated antibody to identify this
tracer prior to plastic embedding. The PAP method rather
than the avidin-biotin peroxidase approach (Hsu et al.
1981) was chosen because the latter reagents would have
bound to the biotin group on the tracer. Following boro-
hydride treatment and incubation in blocking solution,
sections through the AMG were incubated overnight in
mouse anti-TH antibody (1:1,000), then rinsed in TBS
and incubated for 1 h in donkey anti-mouse IgG (1:100,
Jackson ImmunoResearch Laboratories, West Grove, PA),
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followed by rinses in TBS and a 1 h incubation in mouse
anti-peroxidase (1:100, Jackson). The sections were then
re-incubated for 1 h in donkey anti-mouse IgG, rinsed in
TBS, and re-incubated for 1 h in mouse anti-peroxidase
(Ordronneau et al. 1981) followed by rinses in TBS. The
peroxidase reaction was developed using a solution of
0.022% diaminobenzidine (DAB) and 0.003% hydrogen
peroxide in TBS. The sections were rinsed in TBS followed
by rinses in 0.01 M PBS, pH 7.4, and a 30 min incubation
in washing buffer containing 0.8% BSA, 0.1% fish gelatin,
and 3% normal goat serum in PBS. They were then incu-
bated overnight in 1 nm gold-conjugated goat anti-biotin
IgG (1:50, Ted Pella, Redding, CA). The sections were
rinsed, and post-fixed with 2% glutaraldehyde in PBS for
10 min at room temperature. After extensive rinses in PBS,
bound gold particles were enhanced by treatment with
silver solution (Amersham, Piscataway, NJ) for an empir-
ically determined time ranging from 5 to 8 min.

Animals receiving PHAL injections

In animals receiving PHAL injections, the presence of TH,
DIR, or D2R immunoreactivity within axonal or dendritic
profiles was detected by immunoperoxidase, whereas the
tracer was detected using pre-embedding immunogold-sil-
ver. Briefly, sections were incubated overnight in one of
three antibody combinations: (1) mouse anti-TH (1:1,000)
and rabbit anti-PHAL (1:1,000, Vector), (2) rat anti-D1R
(1:1,000, Sigma/RBI) and rabbit anti-PHAL, or (3) rabbit
anti-D2R (1 pg/ml; Chemicon) and goat anti-PHAL
(1:1,000, Vector). These sections were then rinsed in TBS
followed by a 1 h incubation in biotinylated horse anti-
mouse IgG (1:400, Vector) for tissue being immunostained
for TH, biotinylated donkey anti-rat IgG (1:100, Vector)
for tissue being immunostained for DIR, or donkey anti-
rabbit IgG (1:200, Jackson, minimal cross-reaction with
other species including goat) for tissue processed for D2R.
The secondary antibody incubations were followed by
rinses in TBS and a 30 min incubation in avidin-biotin
peroxidase complex (ABC). Bound peroxidase was
revealed as previously described. The sections were then
rinsed in TBS followed by PBS before being incubated for
30 min in washing buffer and then overnight in gold-con-
jugated goat anti-rabbit IgG (1:50, Ted Pella) for the TH or
DIR labeled tissue, or donkey anti-goat IgG (1:50, Elec-
tron Microscopy Sciences) for the D2R labeled tissue. The
following day, the sections were rinsed and postfixed
in glutaraldehyde, and the bound gold particles were
enhanced by treatment with silver solution as described
above.

The specificity of the secondary antibodies has been
demonstrated previously using sections from which pri-
mary antibodies were omitted. The specificity of the gold
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conjugated anti-biotin antibody is evidenced by the
absence of specific gold—silver labeling in regions that are
not innervated by the PFC. For dual labeling studies, evi-
dence that secondary antibodies specifically recognize their
respective species and not other species is shown by the
lack of dually labeled profiles in the sections labeled for
biotin and TH, PHAL and TH, or PHAL and DIR and from
the observation of dual labeling only in axons in sections
reacted for PHAL and D2R.

Animals receiving electrolytic lesions

Sections through the AMG were incubated overnight in
mouse anti-TH (1:1,000), rat anti-D1R (1:1,000), or rabbit
anti-D2R (1 pg/ml) antibodies. The sections were then
rinsed in TBS and incubated at room temperature for
30 min in biotinylated horse anti-mouse IgG (1:400,
Vector), donkey anti-rat IgG (1:100, Jackson) or goat
anti-rabbit IgG (1:200, Jackson), respectively. This was
followed by rinses in TBS and a 30 min incubation in
ABC. The bound peroxidase was visualized using DAB as
the chromogen.

Light microscopy

For BDA and PHAL tracers, every sixth section through
the PFC and AMG was processed by ABC peroxidase and
included 0.2% Triton X-100 in the blocking and incuba-
tion solutions. For most animals, a few sections through
the AMG were labeled for tracer by peroxidase and
for GABA by immunogold-silver (mouse anti-GABA,
1:2,000, Sigma). These sections were used to help deter-
mine the boundaries of the BLA and ICMs (see below),
based on studies showing that the ICMs consist solely of
GABA neurons occupying the paracapsular narrow band
of fibers coursing between the basolateral complex and
the Ce (Millhouse 1986). Sections for light microscopy
were mounted onto glass slides and coverslipped. For
animals receiving electrolytic lesions, every sixth section
through the PFC was mounted onto glass slides and
stained for Nissl substance before being coverslipped. The
light microscopic images in Fig. 1 were acquired digitally
and adjusted for exposure and contrast using Adobe
Photoshop.

Electron microscopy

Sections prepared for electron microscopy were rinsed in
PB, post-fixed in osmium tetroxide (2% solution in PB) for
1 h, and rinsed again in PB. These sections were then
dehydrated in a graded series of alcohols and propylene
oxide, and finally embedded in epon-812 resin (Electron
Microscopy Sciences) and baked overnight at 60°C.
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Fig. 1 Light micrographs showing representative injection and lesion
sites in the rat PFC, anterograde transport to the AMG, and the
distribution of D1 and D2 receptor immunoreactivity within the
AMBG. Panel a shows two PHAL injection sites centered in layer V of
the PL and IL cortices. Panel b shows an electrolytic lesion of the
PFC that involves most of the PL and IL as well as the medial portion
of the forceps minor (fm). Panel ¢ shows PHAL transport to the AMG
from the injection site shown in panel a. The most dense fiber
distribution involves the transition zone between the striatum (Str)
and AMG, the ICMs, and the medial La and BLA. The Ce and regions
lateral to the optic tract (ot) are relatively devoid of labeled fibers.
Panel d shows PFC axons in the BLA at higher magnification and

Portions of the AMG including the ICMs and BLA were
sectioned at 60—70 nm using an ultramicrotome (RMC,
Tucson, AZ, USA). Ultrathin sections were collected onto
copper mesh grids and counterstained with 5% uranyl
acetate and Reynold’s lead citrate.

illustrates their branched and beaded morphology. Arrows in panels ¢
and d indicate the same axon cluster. In panel e, dense immuno-
staining for the D1 receptor labels the narrow band between the Ce
and the basolateral complex (La—BLA) that includes the ICMs. D1
immunostaining is also dense within the Ce and Str but is sparse
within the La and BLA. In f, immunostaining for the D2 receptor in
the AMG is noticeably less dense and more homogeneous than that
seen for the D1 receptor. The Ce shows the highest levels of D2
labeling compared to other AMG nuclei. Scale bar shown in panel f
represents 250 um for panels a and ¢, 500 pm for panels b, e, and f,
and 50 pum for panel d

Sampling
At least one section from each animal was examined,

although in animals for which the tracer injections or
electrolytic lesions produced optimal terminal labeling
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within the AMG, up to three sections were examined.
Immunoreaction product for TH and for the D2R was
observed in both the ICMs and the BLA, the areas of the
AMG showing the densest PFC terminal fields (Fig. 1).
Consequently both regions were sampled in such sections,
and the BLA sampling included primarily the dorsomedial
portion of the anterior magnocellular division of this
nucleus. The DIR immunostaining was found to be mod-
erately heavy within the ICMs but considerably less dense
within the BLA. Hence, examination of DIR labeled sec-
tions was concentrated within the ICMs.

Sections embedded in epon were photographed, and the
area of interest within each section (BLA or ICMs) was
determined by comparison to adjacent sections immuno-
stained for GABA. The area of interest was drawn on the
photographs, and the tissue was trimmed onto trapezoidal
blocks at the same position and shape as drawn in the
photographs. Tissue blocks were then cut at 70 nm and
collected onto copper mesh grids.

Before high magnification electron microscopic exami-
nation of the tissue commenced, a careful drawing of the
tissue trapezoid at low magnification was made onto a
square grid notebook so that each square of the copper
mesh grid was depicted. The location of each PFC terminal
examined was then marked onto this grid map, which was
then compared to the photographs of embedded tissue to
determine whether each terminal was situated within the
ICMs or BLA. For a few PFC terminals, their differential
location within the ICMS or BLA could not be determined
for certain (see results), and therefore, these profiles were
not examined further. Moreover, the area of ICMs sam-
pling may have included a small part of the lateral,
paracapsular region of the Ce.

Data analysis
Tissue immunolabeled for TH

Within the BLA and the ICMs, all tracer-labeled or
degenerating PFC profiles were counted, and the presence
of TH-immunoreactive (-ir) profiles in the same micro-
scopic field (13.8 pm? at 20,000x magnification) was
registered. Photographs were made for every case in which
PFC and TH-ir terminals were apposed to each other or
formed synaptic or appositional contacts onto the same
spines or dendrites. In the latter instances, these fields were
also examined in 2—4 adjacent serial sections to determine
whether synaptic features were present. Synaptic contacts
were identified by clusters of vesicles at the presynaptic
membrane, parallel arrangement of pre-and postsynaptic
membranes, filamentous material within the synaptic cleft,
and electron dense material at the postsynaptic membrane.
The asymmetric synapses typically formed by PFC
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terminals exhibited larger zones of contact and thicker
postsynaptic densities than the symmetric synapses usually
established by TH-ir axons. Appositions were identified
as points of contact between profiles that did not exhibit
the synaptic characteristics described above. A total of
200,211 umz of tissue was examined. This area corre-
sponds to the number of squares examined along the
support grid, the approximate area encompassed by these
squares (3,025 pm?), and the approximate amount of tissue
versus plastic in each square.

Tissue immunolabeled for the DIR and D2R

Every tracer-labeled or degenerating PFC profile was
counted, and in each case it was determined whether DIR
or D2R immunoreactivity was present within synaptic
targets or within the tracer-labeled terminals themselves.
Moreover, when PFC terminals were apposed to dendrites
or spines immunoreactive for DIR or D2R, these fields
were examined in 2—4 serial sections to determine whether
PFC profiles formed synaptic contacts onto the receptor-
labeled dendrites or spines. A total of 127,813 urn2 of
tissue immunostained for DIR and 537,115 umz tissue
immunostained for D2R was examined in the AMG.

Results
Light microscopic observations

The location of injection sites and the resulting patterns of
anterograde labeling in the AMG were relatively similar in
animals receiving PFC injections of either BDA or PHAL.
Within the PFC, tracer injections usually targeted the deep
layers V and VI of the PL and IL regions and extended for
approximately 1.5 mm rostral to caudal (Fig. 1a). Numer-
ous cell bodies containing tracer could be observed within
these injection sites, and labeled dendrites ascended into
superficial layers. The electrolytic lesions involved a larger
portion of the PL and IL regions, extending approximately
2.2 mm rostral to caudal and covering superficial and deep
layers of the PFC as well as the underlying white matter
(Fig. 1b). Light microscopic examination of either PHAL
or BDA transport to the AMG revealed a dense plexus
of labeled fibers within the area encompassing the ICMs
and the dorsomedial BLA (Fig. 1c). Labeled axons were
extensively branched and displayed a densely beaded
morphology (Fig. 1d). The lateral nucleus (La) received
only moderate amounts of tracer, and the Ce outside the
paracapsular region was largely avoided by PFC axons
(Fig. 1c). Finally, it should be noted that a few retrogradely
labeled cells in the AMG were seen when BDA was used
as the tracer. However, these were typically observed
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Fig. 2 Electron micrographs showing prefrontal cortical terminals
(PFC-t) and their synaptic targets within the AMG. In panel a, a
degenerating PFC-t (dPFC-t) within the ICMs forms asymmetric
synaptic contacts (black arrows) onto two unlabeled spines (us). The

ventral and caudal to regions containing maximal antero-
grade transport.

Immunoperoxidase labeling for the DIR was heaviest
within the ICMs, moderately dense within the Ce, and
weakly present within the basolateral complex, particularly
in the dorsomedial portions where PFC afferents are most
dense (Fig. le). This highly patterned distribution matches
previous descriptions for the DIR (Fuxe et al. 2003). The
D2R was more evenly present within the various nuclei of
the AMG, having an overall low density of staining and
with the Ce expressing slightly heavier labeling than the
other AMG nuclei (Fig. 1f).

Electron microscopic observations
PFC axons within the AMG

Electron microscopic examination of immunostained sec-
tions through the ICMs and BLA revealed numerous PFC
axons or terminals undergoing degeneration following
electrolytic lesions (Fig. 2a) or containing immunogold-
silver labeling for BDA or PHAL following axonal trans-
port (Fig. 2b). Soma or dendrites containing retrogradely
transported BDA were not observed by electron

dPFC-t and its postsynaptic targets are enveloped by glial processes
(asterisks). In panel b, a PFC-t labeled by tracer within the BLA
forms an asymmetric synapse (black arrow) onto a small unlabeled
dendrite (ud). Scale bar represents 0.5 pm

microscopy. Terminals containing BDA or PHAL were
readily identified by black immunogold-silver particles,
whereas terminals undergoing degeneration were recog-
nized by the presence of swollen mitochondria, disrupted
vesicles, and an overall electron dense appearance (Peters
et al. 1991; Sesack and Pickel 1992). In some cases,
degenerating PFC terminals and their targets within the
AMG were enveloped by glial processes (Fig. 2a). As
detailed in Table 1, 161 PFC terminals were observed with
the BLA or the ICMs. An additional 19 terminals that could
not be confidently assigned to either the ICMs or BLA were
not included in the analysis. Regardless of the method used
for labeling, or the AMG nucleus examined, PFC terminals
formed predominantly asymmetric synapses onto dendritic
spines (93%, Fig. 2a), indicating that both tracers and
lesions labeled similar axon populations. The remaining
PFC terminals synapsed onto dendritic shafts (Fig. 2b).

PFC and TH-ir axons within the AMG

Many PFC terminals were observed in the neuropil adja-
cent to TH-ir axons (Figs. 3, 4; Table 1). In the majority of
cases, these two profile types contacted separate targets
(Fig. 3a, b). However, in some instances, PFC terminals

Table 1 PFC axons in the rat ICMs and BLA: association with TH+ profiles

ICMs BLA

Total number of PFC axons observed

Number (%) of PFC axons forming synapses in single sections

Number (%) of PFC axons observed in the same field* as TH+ profiles

Number (%) of PFC and TH+ profiles contacting common dendrites”
Number (%) of PFC and TH+ profiles directly apposed to each other

76 85

25/76 (33%) 19/85 (22%)
56/76 (74%) 23/85 (27%)
9/56 (16%) 4123 (17%)
6/56 (11%) 1123 (4%)

PFC prefrontal cortex, ICMs intercalated cell masses, BLA basolateral amygdala, TH+ tyrosine hydroxylase immunoreactive

% Area of a micrograph at 20,000x magnification (13.8 umz)

® Includes synapses and close appositions onto the same spine or dendrite
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Fig. 3 Electron micrographs of
PFC axons (PFC-a) and
terminals (PFC-t) in the AMG
and their spatial relationships to
TH-ir axons (TH-a) and
terminals (TH-t). PFC-ts
occasionally form asymmetric
synapses (black arrows) onto
unlabeled spines (us) that are
also contacted by TH axons,
although junctional
specializations are often absent
at the latter sites of contact. In
panel a, a PFC-t within the BLA
synapses onto an unlabeled
spine that is not contacted by a
nearby TH-t. In panel b, a PFC-t
within the ICMs synapses onto
an unlabeled spine that is also
contacted at its base by a TH-a.
A nearby TH-t forms a
symmetric synapse (white
arrow) onto an unlabeled
dendrite (ud). Panel ¢ shows a
PFC-t within the BLA in direct
apposition (facing arrowheads)
to a TH-a. Scale bar represents
0.5 pm

contacted spines that were in apposition to TH-ir profiles
(Fig. 3b). As is typical for DA axons in this and other
forebrain regions (Asan 1997; Descarries et al. 1996;
Sesack 2002; Smiley and Goldman-Rakic 1993), the
majority of TH-labeled structures were not observed to
form evident synapses in single or a limited series of
adjacent sections, although some did form symmetric syn-
apses on spines or dendrites (Fig. 3b). Some PFC terminals
were apposed to TH-ir axons (Fig. 3c) without forming
synaptic junctions at these points of contact. Finally,
examination of single or a short series of sections demon-
strated that spines or dendrites receiving PFC synaptic
inputs rarely were observed to receive secondary synaptic
contacts from other axons, either TH-labeled or unlabeled.
However, in one occasion, a PFC terminal synapsed onto a
spine, and a TH-ir terminal synapsed onto the dendritic
shaft from which the spine emanated (Fig. 4a, b).

Comparisons between the ICMs and BLA
PFC terminals observed within the ICMs or the BLA dis-

played similar morphology, synaptic incidence (Table 1)
and target preference. Within the ICMs, it was more
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common to find TH-ir axons in the immediate vicinity of
PFC terminals than was observed for the BLA (Table 1).
Nevertheless, the frequency with which PFC and TH-ir
profiles contacted the same dendritic structures or were
apposed to each other was comparable between the two
regions (Table 1).

DIR and D2R immunoreactivity within the AMG

At the electron microscopic level, the immunoperoxidase
reaction for DIR and D2R was readily recognized as a dark
and flocculent precipitate within dendritic and axonal
structures (Figs. 5-8) and in rarer instances within glial
processes (not shown). DIR immunoreactivity was more
readily detectable in the ICMs than the BLA, whereas D2R
labeling was equally observed in both structures. The D1R
was most commonly found within spines (Fig. 5a, b) that
typically received asymmetric synaptic inputs from unla-
beled terminals. In some instances, D1R-labeled spines
were seen to emerge from parent dendrites that were
devoid of DIR labeling (Fig. 5c). The DIR was less
commonly present within dendrites (Fig. 5d) or axon ter-
minals (Fig. Se).
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Fig. 4 Serial electron micrographs of a PFC terminal (PFC-t) and a
TH-ir terminal (TH-t) synapsing onto the same dendritic structure
within the ICMs. In panel a, the PFC-t forms an asymmetric synapse
(black arrow) onto an unlabeled spine (us). The spine emanates from
an unlabeled dendrite (ud; the nearly continuous membrane

Fig. 5 Electron micrographs
showing immunoperoxidase
labeling for the D1 receptor
within the ICMs. In panels a
and b, D1-labeled spines (D1-s)
receive asymmetric inputs
(black arrows) from unlabeled
terminals (ut). In panel b, the
open arrow indicates D1
labeling within the neck of the
spine. In panel ¢, a D1-s appears
to emerge from an unlabeled
parent dendrite (ud). In panel d,
a dendrite expresses D1
immunostaining (D1-d), and in
panel e, a D1-t forms an
asymmetric synapse (black
arrow) onto an unlabeled
dendrite. Scale bar represents
0.5 pm

The D2R was frequently observed within dendrites
(Fig. 6a, ¢) and spines (Fig. 6b). In some instances, D2R-
labeled spines were seen to emerge from unlabeled

connecting the dendrite and spine can be appreciated along the lower
surface as indicated by arrowheads), and this dendrite receives a
symmetric synapse (white arrows) from a TH-t. The serial section in
panel b better illustrates the synaptic junction formed by the TH-t.
Scale bar represents 0.5 um

dendrites (Fig. 6b). In one case, light immunoperoxidase
labeling for the D2R was observed within a dendritic shaft
receiving multiple synaptic inputs (Fig. 6¢), which is
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Fig. 6 Electron micrographs
showing immunoperoxidase
labeling for the D2 receptor
within dendrites (D2-d in panel
a and c), spines (D2-s in panel
b), and axon terminals (D2-t in
panels d and e) within the ICMs
(panels a and d) and BLA
(panels b, ¢, and e) of the AMG.
In panel b, the spine exhibits
heavy peroxidase labeling for
the D2 receptor but emerges
from a dendrite that appears to
be immunonegative (ud); sa
denotes the spine apparatus
within the neck. The D2-d in
panel ¢ contains light
peroxidase product (open
arrows) and has morphological
features characteristic of local
circuit neurons, specifically the
presence of unlabeled terminals
(ut) forming multiple symmetric
and asymmetric synapses onto
the shaft, only some of which
are indicated by white or black
arrows, respectively. In panels
d and e, the D2-labeled axonal
profiles contain clear vesicles
and are either apposed to
unlabeled dendrites without
synapsing (panel d) or form an
asymmetric synapse (black
arrow) onto an unlabeled spine
(us in panel e). Scale bar
represents 0.5 um in panels a
and d and 0.65 pm in panels b,
¢, and e

characteristic of local circuit neurons (McDonald et al.
2002). The D2R was frequently found within axonal pro-
files (Fig. 6d, e). Some of these formed either symmetric or
asymmetric synapses (Fig. 6e) onto spines or distal den-
drites. Other D2R-labeled axons were not observed to form
synapses in single sections (Fig. 6d).

A complete quantitative survey of DA receptor expres-
sion in the AMG was beyond the goals of the present study.
Moreover, the observations were taken primarily from
regions of tissue specifically chosen for their inclusion of
axons from the PFC and therefore represent a potentially
biased sample. Nevertheless, the limited and semi-quanti-
tative results are provided here in the hope that they might
be reflective of the AMG generally. Of 47 structures
immunoreactive for the DIR (nearly all of which were from
the ICMs), 17 (36%) were dendritic spines, 4 (9%) were
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dendritic shafts, 10 (21%) were axons or axon varicosities,
and 16 (34%) were unidentified. Of 188 profiles labeled for
the D2R (approximately two-thirds of which were from the
BLA and one-third from the ICMs), 43 (23%) were spines,
14 (7%) were shafts, 93 (49%) were axons or axon vari-
cosities, and 38 (20%) were unidentified. For either
receptor, the unidentified structures were typically small in
diameter and therefore most likely intervaricose segments
of axons or the necks of dendritic spines.

DIR and D2R spatial relationship to PFC synapses

Within the ICMs, DIR immunolabeled structures were
often in the same field as PFC axons (Fig. 7), and PFC
terminals occasionally synapsed onto DIR labeled spines
(Fig. 7a—c). Out of 168 PFC terminals in this tissue,
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Fig. 7 Electron micrographs
showing spatial relationships
between prefrontal cortical
terminals labeled by
degeneration (dPFC-t) and D1-
labeled structures in the ICMs.
In panels a—c, dPFC-ts form
asymmetric synapses (black
arrows) onto D1-labeled spines
(D1-s). In panel ¢, a dPFC-t
synapses simultaneously onto a
DI-s and two unlabeled spines
(us). In panel d, a dPFC-t
synapses onto an unlabeled
spine, while a nearby D1-s
receives synaptic input from an
unlabeled terminal (ut) that also
synapses onto an unlabeled
spine. Scale bar represents

0.5 pm

approximately half were observed to form synapses, and of
these, roughly 10% synapsed onto D1R labeled spines or
dendrites (Table 2). Other PFC terminals synapsed onto
spines unlabeled for the DIR (Fig. 7d), and many DIR
immunoreactive spines received synaptic input from un-
labeled terminals (Fig. 7d). Finally, PFC axons labeled
by anterograde tracers were never observed to express
immunoreactivity for the D1R.

In tissue labeled for the D2R, PFC and D2R-immuno-
labeled structures were also commonly observed in the
same field, although they typically were in contact with
different structures (Fig. 8a). PFC terminals were never
seen to synapse onto D2R-labeled dendrites (Table 2).
Nevertheless, approximately 7% of PFC axons and termi-
nals expressed immunoreactivity for the D2R (Table 2,
Fig. 8). PFC terminals within the BLA and ICMs expressed
presynaptic D2R to an equivalent degree.

A
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Discussion

The results of this study provide potential anatomical
substrates through which PFC and DA afferents to the
AMG might interact. The PFC input targets primarily the
ICMs and the BLA and makes predominantly asymmetric
synapses onto spines. Dopamine fibers often occupy the
neuropil surrounding PFC axons, but in most instances
these two afferents have separate synaptic targets. Never-
theless, PFC and DA terminals are sometimes apposed to
the same dendritic structures, and in rarer instances, these
dendrites receive synapses from both sources. Close
appositions between PFC and DA axons are also observed.
These findings confirm that the PFC provides a direct
excitatory influence to neurons within both the ICMs and
BLA and suggest that DA modulates PFC drive via pre-
dominantly extrasynaptic mechanisms. Consistent with this

@ Springer



170

Brain Struct Funct (2008) 213:159-175

Table 2 Spatial relationships between PFC axons and D1/D2
receptor immunoreactivity in the ICMs and BLA

D1 D2 D2
ICMs ICMs BLA
Total number of PFC 168 168 88

axons observed

Number (%) of PFC
axons forming

90/168 (54%) 65/168 (39%) 33/88 (38%)

synapses

Synapses onto D1/D2+ 9/90 (10%) O 0
spines/dendrites

PFC axons 0 10/168 (6%)  7/88 (8%)
immunoreactive

for D1/D2 receptors

PFC prefrontal cortex, ICMs intercalated cell masses, BLA basolateral
amygdala

Fig. 8 Electron micrographs
showing the spatial relationship
between prefrontal cortical
terminals (PFC-t) and D2-
labeled structures in the ICMs.
In panel a, a PFC-t that contains
light immunoreactivity for the
D2 receptor (D2 + PFC-t;
compare to the two unlabeled
terminals in this image) forms
an asymmetric synapse (black
arrow) onto an unlabeled
dendrite (ud), while a nearby
D2-labeled spine (D2s) is
innervated by an unlabeled
terminal (ut). In panels b and c,
D2 + PFC-ts synapse onto
unlabeled spines (us). Scale bar
represents 0.5 pm
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suggestion, DIR staining is present within some of the
spines receiving synaptic input from the PFC, and D2R
labeling is expressed within a population of PFC axons
themselves. Hence, the modulation of PFC transmission in
the AMG by D1 receptors is likely to occur primarily via a
postsynaptic mechanism, whereas modulation by D2
receptors probably proceeds mainly through a presynaptic
influence.

Methodological considerations

In tissue prepared for electron microscopy, immunorea-
gents do not fully penetrate the tissue, which raises the
likelihood of false-negative results. This concern was
minimized in the present study by examination of immu-
nolabeled tissue at the superficial region of the sections




Brain Struct Funct (2008) 213:159-175

171

where immunodetection is most probable. Moreover, as
discussed earlier, the use of three different tracing methods
with distinct advantages and similar outcomes strengthened
the veracity of the findings. Hence, although some instan-
ces of close convergence of PFC and TH-ir axons onto
common targets may have been overlooked, it is likely that
such synaptic convergence is infrequent. Moreover, the
observation of positive relationships between PFC termi-
nals and DIR and D2R in tissue processed by similar
methods substantiates the combined results. Nevertheless, a
certain degree of false negative outcomes attends any study
of this type, and it is possible that PFC axons have more
frequent associations with DA varicosities and/or DA
receptors than reported here.

PFC and DA innervation to the AMG

The present light microscopic observations of a dense PFC
fiber plexus within the ICMs and dorsomedial BLA agree
well with previous descriptions of the PFC projection to the
AMG (Berretta et al. 2005; Cassell and Wright 1986;
McDonald 1998; McDonald et al. 1996; Sesack et al. 1989;
Vertes 2004). Moreover, the ultrastructural findings that
PFC terminals target spines (93%) and distal dendritic
shafts at asymmetric synapses in both the ICMs and the
BLA verifies and extends a prior electron microscopic
analysis within the BLA (Brinley-Reed et al. 1995).

PFC afferents to the AMG appear to preferentially target
excitatory pyramidal cells within the BLA and inhibitory
GABA neurons within the ICMs, although this hypothesis
requires direct testing with cell-type specific markers.
Pyramidal neurons within the BLA are densely spinous and
correspond to 85% of the neuronal population, whereas
sparsely-spiny GABA interneurons comprise a smaller
group of cells within this complex (McDonald 1992;
McDonald et al. 2002; Muller et al. 2006). Hence, the
predominance of axo-spinous synapses formed by PFC
inputs to the BLA suggests that pyramidal neurons are the
principal target (Brinley-Reed et al. 1995). However,
electrophysiological data (Rosenkranz and Grace 2002b)
indicates that PFC stimulation inhibits pyramidal neuron
excitability within the basolateral complex via activation
of inhibitory cells. The reason for this discrepancy is
not known but may reflect differences in the location of
sampling (La in physiology studies versus BLA in the
anatomical investigations) as well as differences in the
electrotonic strength of PFC synapses onto pyramidal
versus local circuit neurons. Within the ICMs, virtually all
neurons contain GABA, and most are densely spiny
(Millhouse 1986; Nitecka and Ben-Ari 1987) indicating
that PFC afferents preferentially innervate spiny projection
neurons in the ICMs as they do in the BLA. A recent
electrophysiological study indicates that intercalated

paracapsular neurons in medial (between the BLA and Ce)
and lateral (near the external capsule) sites provide pow-
erful feedforward inhibition to both the BLA and the Ce
(Marowsky et al. 2005) [see also commentary by (Pape
2005)]. As the medial paracapsular area is heavily inner-
vated by the PFC, it is possible that the dominant inhibitory
action of PFC stimulation on BLA neurons occurs via this
mechanism.

The observation that DA processes were most dense
within the ICMs, Ce, and basolateral complex agrees with
previous descriptions of the DA input to the AMG (Asan
1993; Brinley-Reed and McDonald 1999; Fallon and Ciofi
1992; Marowsky et al. 2005). Moreover, the present ultra-
structural findings also match previous reports indicating
that DA axons have a relatively low synaptic incidence and
target dendrites, spines, and occasionally cell bodies at
primarily symmetric synapses (Asan 1997).

Spatial relationships between PFC and DA terminals

No previous studies have described the ultrastructural
relationships between PFC and DA afferents to the AMG.
Reports that DA receptor activation within the basolateral
complex selectively modulates neuronal responses to PFC
inputs (Rosenkranz and Grace 1999, 2001) suggest that
these afferents operate in close proximity. Moreover,
descriptions of DA axons in other brain regions that
synapse onto spines receiving convergent inputs from
presumed glutamate axons (Freund et al. 1984; Goldman-
Rakic et al. 1989; Johnson et al. 1994; Séguéla et al. 1988;
Sesack and Pickel 1990, 1992) suggest a potential substrate
for DA modulation of PFC transmission in the AMG as
well.

The present observation of PFC and DA profiles in close
proximity within the AMG suggests that these axons have
opportunities to contact common targets or each other. The
more frequent detection of such spatial relationships within
the ICMs versus the BLA probably reflects a higher PFC
and DA innervation density to the former structure.
Occasional presynaptic appositions observed between these
afferents are consistent with evidence for presynaptic
interactions between DA and glutamate in other brain
regions (Gracy and Pickel 1996; Morari et al. 1998; Sesack
et al. 1994; Sesack and Pickel 1992). Although appositions
are not proof of functional interactions, at the least, such
close appositions minimize the distance over which trans-
mitters must diffuse in order to exert presynaptic influence.
However, the low incidence of synaptic convergence of
PFC and DA profiles onto the same small dendrites in the
AMG may reflect the fact that DA afferents target mostly
dendritic shafts (Asan 1997) and possibly soma (Brinley-
Reed and McDonald 1999), whereas PFC terminals syn-
apse mainly onto spines (Brinley-Reed et al. 1995). Hence,
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it is important to consider that PFC terminals might
innervate spines whose parent dendrites receive synaptic
input from DA axons at some distance away. However, this
arrangement is more likely to result in DA modulation of
general neuronal excitability (Bandyopadhyay et al. 2004;
Kroner et al. 2005; Pickel et al. 2006) than specific regu-
lation of PFC synapses (Rosenkranz and Grace 2002b).
Moreover, the observation that PFC axons synapse onto
spines that rarely receive additional synaptic inputs sug-
gests that DA modulation of PFC inputs to the AMG may
involve alternative mechanisms such as 1) indirect actions
via either BLA interneurons (Brinley-Reed and McDonald
1999; Rosenkranz and Grace 2001, 2002b) or paracapsular
ICM GABA cells (Marowsky et al. 2005), and/or 2) ex-
trasynaptic DI1R and D2R localized to PFC profiles or their
targets and accessed by DA diffusing from a distant site.

DIR and D2R localization within the AMG

Our light microscopic findings of DA receptor localization
within the AMG agree with previous anatomical reports
that the D1R is mostly present within the ICMs whereas the
D2R is densest within the Ce (Asan 1998; Boyson et al.
1986; Ciliax et al. 1994; Fuxe et al. 2003; Huang et al.
1992; Maltais et al. 2000; Scibilia et al. 1992). Both DIR
and D2R are reportedly expressed within the BLA,
although in contrast to one prior ultrastructural study
(Pickel et al. 2006), examination of the present material
revealed that DIR immunoreactivity was notably sparse in
the dorsomedial portions of the BLA where PFC afferents
are most dense. The reason for this discrepancy with the
findings of Pickel and colleagues is not clear, as the same
antibody was used in both cases, but it may reflect differ-
ences in the immuncytochemical protocol, in particular the
higher concentration of antibody used by them.

The presence of mRNA for DIR and D2R within the
AMG (Asan 1998; Fremeau et al. 1991; Meador-Woodruff
et al. 1991; Weiner et al. 1991) supports our finding that
both receptors are present within spines and dendrites of
AMG neurons. The observation of immunoreactivity for
either receptor within spiny dendrites is consistent with
their expression by pyramidal neurons in the BLA and/or
spiny cells in the ICMs (McDonald et al. 2002; Millhouse
1986; Nitecka and Ben-Ari 1987). In at least one case,
dendritic D2R labeling also appeared in a putative local
circuit neuron. These observations agree with physiological
reports of postsynaptic DA receptor actions on pyramidal
and local circuit neurons in the BLA and GABA cells in the
ICMs (Kroner et al. 2005; Lorétan et al. 2004; Marowsky
et al. 2005; Pickel et al. 2006; Rosenkranz and Grace 1999,
2001).

Our observation of occasional presynaptic DIR is con-
sistent with a prior electron microscopic study of this
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receptor in the AMG (Pickel et al. 2006). The localization
of D2R on axons and terminals has not been investigated
previously in the AMG but is supported by reports of
presynaptic D2R in other brain regions (Negyessy and
Goldman-Rakic 2005; Sesack et al. 1994; Wang and Pickel
2002) and by possible presynaptic actions of the D2R on
GABA neurotransmission in the AMG (Lorétan et al.
2004). For either DIR or D2R, the axons expressing
immunoreactivity may be of intrinsic origin or arise from
extrinsic sources.

DA receptor relationship to PFC terminals

The finding that D1R labeling was present within spines that
received PFC synaptic inputs agrees with electrophysio-
logical data indicating that DA modulates AMG neuronal
responses to PFC inputs via postsynaptic activation of D1Rs
(Rosenkranz and Grace 2002b) [see also (Pickel et al.
2006)]. However, the latter studies were carried out mainly
in the La and BLA, whereas our data regarding DIR
localization was collected mainly from the ICMs. Hence,
the present findings are most compatible with the proposed
model of Marowsky et al., whereby DA acting via DI1Rs
expressed by paracapsular intercalated neurons facilitates
(i.e. disinhibits) neuronal activity in the BLA and Ce
evoked by excitatory afferents (Marowsky et al. 2005).

The observation that D2R are localized to PFC axon
terminals in the AMG is supported by the presence of D2R
mRNA within PFC projection neurons (Gaspar et al. 1995)
and is consistent with a similar localization of D2R to PFC
axons innervating the striatum (Wang and Pickel 2002).
The PFC input to the AMG is topographically organized,
with the PL providing a greater input to the BLA than does
the IL, whereas both structures project to the ICMs (Cassell
and Wright 1986; McDonald 1998; Vertes 2004). The
finding of a relatively equivalent proportion of PFC axons
dually labeled for the D2R in the BLA and ICMs suggests
that the PL and IL innervations to the AMG are under
comparable presynaptic D2R modulation.

The spatial relationships between the D2R and PFC
terminals in the AMG seem to be exclusively presynaptic,
although a possible low level of D2R in the targets of PFC
inputs to the AMG cannot be ruled out. Nevertheless, such
associations were not observed even in tissue from animals
that received the most sensitive tracing method (i.e.
anterograde degeneration) combined with the most sensi-
tive immunocytochemical approach for detecting D2R (i.e.
ABC immunoperoxidase).

Functional significance

Various studies suggest that an important role of the PFC
is the inhibition of maladaptive behaviors (Morgan and
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LeDoux 1995; Morgan et al. 1993; Roberts and Wallis
2000). In the AMG, one possible mechanism for this
function is the reported influence of the PFC on GABA
interneurons within the basolateral complex (Rosenkranz
and Grace 2002b), despite the predominant synaptic input
of PFC axons to pyramidal cells in this region (Brinley-
Reed et al. 1995). Another perhaps more likely mechanism
for PFC inhibition of AMG output may be the innervation
of the ICMs, which provide a powerful feedforward
inhibitory influence (Marowsky et al. 2005) on the two
main AMG output stations, the basolateral complex and the
Ce (Collins and Pare 1999; Royer et al. 1999). Indeed, the
PFC has been reported to mediate a net inhibitory effect on
Ce neurons (Quirk et al. 2003), which probably arises via
excitation of medial ICM neurons that in turn inhibit Ce
cells.

By innervating the structures that receive PFC input, DA
has the potential to gate the degree of inhibitory influence
mediated from the PFC within the AMG (Marowsky et al.
2005; Rosenkranz and Grace 2002b). Moreover, our
demonstration of DIR within PFC synaptic targets and
D2R within PFC terminals suggests multiple anatomical
substrates for pre- and postsynaptic DA modulation of PFC
inputs. Hence, DA receptors appear to be strategically
localized to PFC terminals or their targets in a way that
facilitates extrasynaptic actions of DA following diffusion
from nearby synapses. It is likely that both synaptic and
extrasynaptic DA mechanisms are at work within the
AMG, such that convergent synaptic inputs, albeit infre-
quent, provide an immediate, fast and highly localized
modulation of PFC responses, and extrasynaptic receptors
provide a more tonic influence on overall PFC transmis-
sion. In this way, altered DA levels can robustly regulate
the excitability of AMG neurons, the degree to which they
respond to afferent drive, and the overall strength of syn-
aptic plasticity during emotional learning.
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