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Behavioral and Anatomical Interactions between Dopamine
and Corticotropin-Releasing Factor in the Rat

Edward G. Meloni, Lyle P. Gerety, Allison T. Knoll, Bruce M. Cohen, and William A. Carlezon Jr
Department of Psychiatry, Harvard Medical School and McLean Hospital, Belmont, Massachusetts 02478

The neuropeptide corticotropin-releasing factor (CRF) is believed to play a role in a number of psychiatric conditions, including anxiety
disorders and depression. In the present study, male Sprague Dawley rats were used to examine the behavioral effects of altering
dopamine transmission on CRF-enhanced startle, a behavioral assay believed to reflect stress- or anxiety-like states. Systemic adminis-
tration of the selective dopamine D, receptor antagonist SCH 23390 [R(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-
1H-3-benzazepine hydrochloride] (0, 0.01,0.05,0.1, 0.5 mg/kg) dose dependently blocked the effect of CRF (1 g, i.c.v.) on startle at doses
that had no effect on baseline startle response. Inmunohistochemical studies showed that most CRF-containing cells in the dorsolateral
division of the bed nucleus of the stria terminalis (BSTId), part of the critical brain area mediating CRF-enhanced startle, are surrounded
by a dense plexus of tyrosine hydroxylase (TH)-positive fibers. Intra-BSTld injections of the retrograde tracer Fluorogold (FG) into the TH
field identified neurons in the major dopaminergic areas (A8-A10), but not the major noradrenergic areas [A5, A6 (locus ceruleus), A7],
asasignificant source of TH-positive innervation. The majority of FG-filled cells double-labeled for TH were found in the dorsocaudal A10
cell group (A10dc) located in the periaqueductal gray area. Together, these data suggest that neuronal regulation of the BSTId by specific
dopaminergic pathways and receptors may be an important mechanism for controlling CRF-dependent moods and affective states. These
data also suggest that compounds with D, receptor antagonist properties might have anxiolytic-like effects that could be useful for

treating conditions associated with hyperactive CRF systems.
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Introduction

Stress has been implicated in both the development and manifes-
tation of such psychiatric illnesses as anxiety and depression
(Heim and Nemeroff, 1999), highly comorbid disorders (Kessler
et al,, 2005) that may share common elements of an underlying
pathophysiology (Boyer, 2000). As such, the neural substrates
activated by stress have become the focus of numerous clinical
and preclinical studies (Vermetten and Bremner, 2002a,b). Cen-
tral to many of these studies is the role of the neuropeptide
corticotropin-releasing factor (CRF) in mediating both the neu-
roendocrine and CNS responses to stress. In animals, brain CRF
levels are increased under stress (Chappell et al., 1986), and it is
well established that intracerebroventricular infusion of CRF
elicits many of the same endocrine, physiological, and behavioral
changes evoked by a variety of stressors (Dunn and Berridge,
1990).

As with CRF, catecholamine [i.e., norepinephrine (NE) and
dopamine (DA)] levels are increased in the brain after stress (Fin-
lay et al., 1995). Although many reports have suggested that NE-
CRF interactions might play a role in the adaptive and maladap-
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tive responses to stress (Gold and Chrousos, 2002), less is known
about the interaction between DA and CRF in mediating stress
effects. Potential sites of convergence between these systems may
exist within the central nucleus of the amygdala (CeA) and the
bed nucleus of the stria terminalis (BST), interconnected struc-
tures of the extended amygdala that share similar cytoarchitec-
ture and afferent/efferent connections (Alheid et al., 1995). Both
areas have a high density of CRF-containing neurons (Cassell et
al., 1986; Moga et al., 1989) and receive dopaminergic inputs that
make direct synaptic contact with CRF neurons (Phelix et al.,
1992; Eliava et al., 2003).

In the present study, we used the enhancement of the acoustic
startle reflex by CRF to study DA-CREF interactions in a behav-
ioral assay believed to reflect stress- or anxiety-like states (Davis
etal., 1997). CRF-enhanced startle is blocked by CRF antagonists
(Schulz et al., 1996) and by drugs that modulate GABAergic sys-
tems such as the anxiolytic drug chlordiazepoxide (Swerdlow et
al., 1986) or the neurosteroid tetrahydroprogesterone (Toufexis
et al., 2004). To date, the involvement of other neurotransmitter
systems in CRF-mediated behaviors has not been fully explored.
Hence, one goal of the present study was to examine the behav-
ioral effects of treatment with the selective dopamine D, receptor
antagonist SCH 23390 on CRF-enhanced startle. Although stud-
ies have shown that both the CeA and BST may be part of the
neural circuitry underlying CRF-enhanced startle, only direct in-
fusions of CRF into the BST (Lee and Davis, 1997), and not the
CeA (Liangetal., 1992a), have been shown to mimic the effects of
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intracerebroventricular CRF. Intra-BST
infusion of a CRF antagonist has also been

Meloni et al. » Dopamine and CRF Interactions

Table 1. Mean startle amplitude (cage displacement units = SE) and group size for animals matched into the
different treatment conditions

shown to reduce CRF-enhanced startle

Systemic injections
Dose of SCH 23390 (mg/kg, s.c.)

(Lee and Davis, 1997), providing additional  |yracerebroventricular

evidence that the BST is a critical brain area  infusions Vehicle (saline) 0.01 0.05 0.1 0.5
in\.folved il:l the stress-like effects of CRF on 21 + 27 210 + 21 206 + 32 217 + 24 217 + 24
this behavior. Based on these data, a second  yehigle (aCsF) n=7 n =8 n =8) n=7 n=7
goal of the present study was to determine 214 =19 213 *+ 34 212 +31 212+ 23 210 + 25
the source of dopaminergic innervation to  CRF (1 ug) (n =14 (n =8 (n =8) (n =11 (=7

the BST using retrograde-tracing and im-
munohistochemical techniques.

Materials and Methods

Animals

The animals were male Sprague Dawley rats (Charles River, Raleigh, NC)
weighing ~400 g and housed in group cages of four rats each until
surgery. Animals were maintained on a 12 h light/dark cycle (lights on at
7:00 A.M.) with food and water continuously available. All animal pro-
cedures were approved by the Institutional Animal Care and Use Com-
mittee of McLean Hospital in strict accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals.

Behavioral studies

Apparatus. Matching and testing of animals was conducted in four iden-
tical startle cages consisting of 19 X 9 X 14 cm Plexiglas and wire-mesh
cages attached to a load-cell platform. Both the startle cages and platform
were contained within a 69 X 36 X 42 cm ventilated sound-attenuating
isolation box with the inside temperature monitored and maintained at
~20°C (Med Associates, Georgia, VT). Cage movement resulted in dis-
placement of a transducer in the platform where the resultant voltage was
amplified and digitized on a scale of 0 to 2000 U by an analog-to-digital
converter card interfaced to a personal computer. Startle amplitude was
proportional to the amount of cage movement and defined as the maxi-
mum peak-to-peak voltage that occurred during the first 200 ms after
onset of the startle stimulus. Constant wide-band background noise (60
dB; 10-20 kHz) and 50 ms startle stimuli (1-32 kHz white noise; 5 ms
rise/decay) were generated by an audio stimulator (Med Associates) and
delivered through speakers located 7 cm behind the startle cage. The
calibration, presentation, and sequencing of all stimuli were under the
control of the personal computer using specially designed software (Med
Associates).

Intracerebroventricular cannulation. Rats were anesthetized with Nem-
butal (50 mg/kg, i.p.) and placed in a Kopf stereotaxic instrument (model
900; Kopf Instruments, Tujunga, CA) with blunt ear bars. The skin was
retracted, and a hole was drilled in the skull above the lateral ventricle.
Stainless-steel guide cannulas (23 gauge; Plastics One, Roanoke, VA)
with an internal dummy stylet extending 1.5 mm beyond the guide can-
nula tip were lowered into the brain using the following coordinates:
—0.8 mm caudal to bregma, +1.3 mm lateral to the midline, —3.5 mm
ventral to dura. Three stainless-steel screws (size 0—80; Small Parts, Mi-
ami Lakes, FL) were also placed in the skull to anchor the guide cannula,
and Loctite adhesive (Loctite, Newington, CT) and dental acrylic (Stoelt-
ing, Wood Dale, IL) were used to cement the cannula in place. Animals
were placed under a heating lamp, and after recovery, the rats were singly
housed in plastic cages (45 X 24 X 20 cm) with wood-shaving bedding.

Procedure
All behavioral tests were conducted between 10:00 A.M. and 4:00 P.M.
with counterbalanced treatment groups to control for variations in diur-
nal rhythms that might affect startle (Frankland and Ralph, 1995).
Matching. One week after surgery, rats were given a test session to
familiarize them to handling, the apparatus, and the startle stimuli. An-
imals with excessively high or low startle responses (<50, >350 startle
units) were not used, because this typically reflects abnormal sensorimo-
tor responding or untoward effects of the surgery. In addition, to exam-
ine any effect of R(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-
tetrahydro-1 H-3-benzazepine hydrochloride (SCH 23390) on the startle
reflex itself, it was important to establish experimental groups with
equivalent levels of baseline startle before testing. To do this, rats were

placed in the cages and given a 5 min acclimation period followed by the
presentation of two habituating startle stimuli [ 100 dB, 30 s interstimulus
interval (ISI)]. Rats were then presented with 100 startle stimuli at each of
three different intensities (95, 100, and 105 dB) in a semirandom order
with a 30 s ISI. Rats were then matched into the different treatment
groups having equivalent levels of startle averaged across the three startle
intensities (Table 1).

Testing. Two days later, rats were returned to the startle testing room
and received subcutaneous injections of either vehicle (VEH) (0.9% sa-
line) or SCH 23390 (0.01, 0.05, 0.1, or 0.5 mg/kg, s.c.; Sigma, St Louis,
MO). Rats were then placed in individual plastic cages, and their dummy
stylettes were removed and replaced with infusion cannulas (30 gauge,
1.5 mm projection from the tip of the guide cannula; Plastics One) at-
tached to Hamilton microsyringes (10 ul) by polyethylene tubing. A
Harvard Apparatus (model 22; Harvard Apparatus, Holliston, MA) in-
fusion pump was used to deliver 2 ul of either vehicle [artificial CSF
(aCSF); Harvard Bioscience, Holliston, MA] or CRF (0.5 pg/pl; Ameri-
can Peptide Company, Sunnyvale, CA) directly into the lateral ventricle
atarate of 1 ul/min for 2 min. The infusion cannulas were left in place for
1 min after the infusion and then removed and the dummy stylettes
replaced. Rats were immediately placed in the startle cages and given a 5
min acclimation period followed by presentation of two habituating star-
tle stimuli (100 dB, 30 s ISI). Rats were then presented with 400 startle
stimuli at each of three different intensities (95, 100, and 105 dB) in a
semirandom order with a 30 s ISI for a total test session of 200 min.

Histology. At the end of the experiment, the animals were overdosed
with pentobarbitol (130 mg/kg, i.p.) and perfused intracardially with
0.9% saline (200 ml) followed by 4% paraformaldehyde (500 ml). The
brains were removed and stored for 3—4 d in a 30% sucrose/0.1 m PBS,
pH 7.4, solution and subsequently cut in 40 wm coronal sections. Sec-
tions were mounted on microscope slides, stained with cresyl violet, and
coverslipped with Permount (Fisher Scientific, Pittsburgh, PA). Verifi-
cation of accurate cannula placement in the lateral ventricle was assessed
under a light microscope by an observer blind to the treatment condi-
tions. As a result, three animals with misplaced cannulas (cannula tips
had entered the lateral septum) were excluded from the study. These
omissions are accounted for in the matching data, and group size is
presented in Table 1.

Statistical analysis. Startle amplitude data were expressed as the mean
averaged across the three startle-eliciting intensities across time. The
effect of SCH 23390 on both CRF-enhanced startle (six treatment groups
including a VEH-VEH and VEH-CRF group) and baseline startle (five
treatment groups including a VEH-VEH group) was evaluated using two
separate two-way ANOVA with treatment group as a between-subjects
factor and blocks of time (four 50 min blocks) as a within-subjects factor.
Subsequent multiple comparisons for significant differences between the
VEH-VEH and VEH-CRF groups and every other treatment group at
each block of time were made using Dunn’s test (Bonferroni-adjusted
multiple ¢ test).

Anatomical studies

We used the nomenclature, delineation of structures, and stereotaxic
reference system of Paxinos and Watson (1997). Although we used ty-
rosine hydroxylase (TH)-immunohistochemistry as a general marker for
catecholaminergic neurons, the location of both dopaminergic and nor-
adrenergic neurons has been mapped thoroughly (Armstrong et al.,
1982; Hokfelt et al., 1984). Hence, major dopaminergic [A8-A10, includ-
ing the A10 dorsorostral (A10dr) and A10 dorsocaudal (A10dc) group]
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Figure 1.  Behavioral studies. 4, Effect of pretreatment (subcutaneous) with the dopamine D, receptor antagonist SCH 23390

(SCH; doses in mg/kg) on the enhancement of startle by CRF (1 g, i.c.v.). There was a significant dose-dependent reduction in
CRF-enhanced startle by SCH 23390 (0.05 and 0.1 mg/kg) during peak CRF effects on startle; data are collapsed across blocks of 50
min for statistical comparisons. B, Effect of SCH 23390 on baseline startle responding. Baseline startle was not significantly
different from vehicle controls (VEH-VEH group) at any dose of SCH 23390 (SCH) except for the high dose (0.5 mg/kg) during the
first 50 min block of time. €, D, Full time course data are expressed as the percentage difference from the VEH-VEH group for the
effect of SCH 23390 (SCH) on CRF-enhanced startle (€) and baseline startle (D). *p << 0.05, **p << 0.005, ***p < 0.0005
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Gelfoam (Pharmacia and Upjohn, Kalamazoo,
MI) and the incision was closed with wound
clips (Stoelting). One week later, the rats were
overdosed with pentobarbitol (130 mg/kg, i.p.)
and perfused intracardially with 0.9% saline
(200 ml) followed by 2% paraformaldehyde,
0.05% gluteraldehyde, and 0.2% picric acid in
0.1 M PBS (500 ml). After the perfusion, the
brains were removed and stored for 3-4 din a
30% sucrose/0.1 M PBS solution. Subsequently,
the brains were cut serially in 20 wm coronal
sections and collected in 0.1 M PBS. Alternate
sections through the BST were mounted on mi-
croscope slides, coverslipped with DPX Moun-
tant for fluorescence microscopy, and observed
with a Zeiss Axioscope 2 under appropriate fil-
ters for FG fluorescence (excitation/emission
peaks, 323/408 nm).

Some sections were further processed to de-
termine the location of the FG deposit in rela-
tion to the CRF-containing cells in the BSTId.
Sections were incubated in 0.6% hydrogen per-
oxide in 0.1 M PBS for 30 min to eliminate en-
dogenous peroxidases, followed by washes in
0.1 M PBS. To reduce nonspecific binding, the
sections were preincubated in antibody me-
dium for 2 h followed by incubation for 24 h
with a goat polyclonal antibody against CRF (1:

compared with VEH-VEH group; 'p < 0.05, 'p << 0.005 compared with VEH-CRF group.

and noradrenergic areas (A5-A7) were also referred to by their grouping
after Hokfelt et al. (1984).

Fluorescent  immunohistochemistry. Double-labeling of CREF-
containing cells and TH-positive fibers was performed on 20 wm sections
through the BST. All incubations were done on a rocker at room temper-
ature. The sections were preincubated in antibody medium (2% normal
donkey serum, 1% bovine serum albumin, 0.3% Triton X-100 in 0.1 M
PBS) for 2 h followed by incubation for 24 h with primary antibodies;
goat polyclonal antibody against CRF (1:1000; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) and rabbit polyclonal antibody against TH (1:4000;
Chemicon, Temecula, CA) were diluted in antibody medium. The sec-
tions were washed with 0.1 M PBS and incubated for 2 h with two differ-
ent secondary antibodies (minimum species cross-reactivity; Jackson
ImmunoResearch, West Grove, PA): fluorescein isothiocyanate (FITC)-
conjugated donkey anti-goat and tetramethyl rhodamine isothiocyanate
(TRITC)-conjugated donkey anti-rabbit (1:400 both antibodies in anti-
body medium). Sections were mounted on microscope slides and cover-
slipped with DPX Mountant [distyrene, a plasticizer (tricresyl phos-
phate), and xylene (Fluka, Milwaukee, WI)] for fluorescence microscopy
and observed with a Zeiss Axioscope 2 (Zeiss, Oberkochen, Germany)
under appropriate filters for FITC (excitation/emission peaks, 492/520)
and TRITC fluorescence (excitation/emission peaks, 550/570). Still-
frame images were captured with a digital camera (AxioCam; Zeiss) in-
terfaced with a Macintosh G4 computer and analyzed for double labeling
of CRF-positive cells and TH-positive fibers in the BST using Adobe
Photoshop software (Adobe Systems, San Jose, CA).

Fluorogold injections. Rats were anesthetized with Nembutal (50 mg/
kg, i.p.) and placed in a Kopf stereotaxic instrument with blunt ear bars.
The skin was retracted, and a hole was drilled in the skull for injections of
the retrograde tracer Fluorogold (FG) (0.4% in 0.1 M cacodylic acid;
Fluorochrome, Englewood, CO) aimed at the dorsolateral division of the
bed nucleus of the stria terminalis (BSTId) (unilaterally) using a 20°
mediolateral angled approach (to avoid the lateral ventricle) and the
following coordinates: —0.2 mm posterior to bregma, +3.5 mm lateral
to the midline, —6.0 mm ventral to dura. Iontophoretic injections were
made by passing an alternating current (4 wA; 7 s on, 7 s off for 2 min)
through the solution contained in a glass micropipette (15 um tip diam-
eter). After the injection, the pipette was left in place for 10 min to avoid
leakage after removal of the pipette. The skull hole was filled with sterile

1000; Santa Cruz Biotechnology) diluted in an-
tibody medium. The sections were washed with
PBS and incubated for 1 h with a donkey anti-
goat biotinylated secondary antibody (1:400; minimum species cross-
reactivity; Jackson ImmunoResearch). The sections were washed with
PBS and incubated for 30 min with the avidin-biotin complex (Vector
Laboratories, Burlingame, CA). The sections were then incubated for 5
min in 3,3'-diaminobenzidine/H,0, (Sigma Fast; Sigma) as a chroma-
gen for visualization of CRF-containing cells in the BSTId. Sections were
mounted on microscope slides and coverslipped with Permount.
Sections determined to have discrete FG deposits restricted to the
BSTId were further processed for the detection of retrogradely labeled
FG-filled cells and TH-positive cells in the major dopaminergic and nor-
adrenergic areas. TH fluorescent immunohistochemistry was performed
as described above. Still-frame images of the A8 [retrorubral field
(RRF)], A9 [substantia nigra pars compacta (SNc)], A10 [ventral teg-
mental area (VTA)], and dorsal A10 [located in the periaqueductal gray
(PAG)] dopamine cell-containing areas and the A5, A6 [locus ceruleus
(LC)], and A7 noradrenergic areas were captured and analyzed for quan-
tification of double-labeled FG and TH-positive cells using Adobe Pho-
toshop software.

Results

Behavioral studies

Effect of SCH 23390 on CRF-enhanced startle

Figure 1 A illustrates the effect of different doses of SCH 23390 on
the enhancement of startle by CRF. A two-way ANOVA with
treatment as a between-subjects factor and blocks of time (1-4)
as a within-subjects factor revealed a significant main effect of
treatment (F(s 4y = 4.3; p < 0.005), block (F; 49y = 18.1; p <
0.0001), and a significant treatment by block interaction (F,5 1,7
= 4.6; p < 0.0001). Multiple comparisons showed no significant
differences between groups during the first 50 min block of time,
although the startle-enhancing effect of CRF does have its initial
onset toward the latter half of this block of time (~35-40 min)
(Fig. 1C). Additional comparisons showed that startle was signif-
icantly elevated in the VEH-CRF group compared with the VEH-
VEH group across the next three blocks of time (p = 0.05),
having its biggest effect during the first half of block 3 (between
100 and 125 min) (Fig. 1C). Startle was also significantly elevated
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by CRF in animals treated with either the
0.01 or 0.5 mg/kg dose of SCH 23390 dur-
ing the second and third blocks of time,
indicating a lack of effect of the lowest and
highest doses of the D, antagonist on CRF-
enhanced startle during this peak-effect
time. In contrast, animals treated with the
0.1 mg/kg dose of SCH 23390 showed a
dramatic reduction in CRF-enhanced
startle; startle levels were not significantly
different from the VEH-VEH group but
were significantly different from the VEH-
CRF group across the second and third
blocks of time and attenuated during the
fourth block of time. Animals treated with
the 0.05 mg/kg dose of SCH 23390 showed
a similar statistically significant reduction
in CRF-enhanced startle over the third
block of time, but CRF-enhanced startle
was only attenuated by this dose of SCH
23390 at the second and fourth blocks of
time.

Effect of SCH 23390 on startle alone

Figure 1 B illustrates the effect of different
doses of SCH 23390 on startle in rats given
intracerebroventricular infusions of vehi-
cle (aCSF) instead of CRF. A two-way
ANOVA with treatment as a between-
subjects factor and blocks of time as a
within-subjects factor revealed only a sig-
nificant main effect of block (Fg;,) =
3.79; p < 0.05). Multiple comparisons af-
ter significant main effect revealed that
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baseline startle was significantly reduced
by the 0.5 mg/kg dose of SCH 23390 dur-
ing the first block of time. The suppression
of startle by this dose of SCH 23390 wears
off over the course of the test session (Fig.
1 D) and has no significant effect on startle
across the next three blocks of time. The
important result to note here is that both
the 0.05 and 0.1 mg/kg doses of SCH
23390, doses that clearly reduce the CRF
effect on startle, have no effect on startle by
themselves.

Figure 2.  Anatomical studies. A, Coronal section (200X) of FITC-labeled CRF neurons in the BSTId. B, Same section showing
TRITC-labeled TH-positive fibers in the BSTId. ¢, Merged image of A and B shows strong colocalization of CRF neurons with
TH-positive fibers in the BSTId. To determine the source of the TH-positive innervation to the BSTId, discrete deposits of the
retrograde tracer FG were made. D, Coronal section (100<) of an FG deposit in the BSTId; the deposit center is marked with an
arrow. E, Light-microscope image of the adjacent brain section to that shown in D; the section was processed to determine the
location of the FG deposit in relation to CRF neurons (brown-labeled cells) in the BSTId. F, Merged image of D and E shows the FG
deposit to be restricted to the CRF-dense part of the BSTId with little spread into the adjacent caudate—putamen (CPu). The lateral
ventricle (LV), AC, and prominent blood vessels (marked with asterisks) were used to align the two images for merging. G, Coronal
section (200X) of retrogradely labeled FG-filled cells in the A10dc PAG area. H, Same section showing that most FG-filled cellsin
the PAG were also TH positive (indicated by arrows in G and H). I, Fewer FG-filled cells were seen in sections through the VTA, of
which most were also TH positive (J). K, Coronal section (200 X ) showing retrogradely labeled cells at the level of the LC. FG-filled
cells were not found in the LC but were seen in the adjacent medial parabrachial nucleus (MPB). L, Same section from K showing
the location of the FG-filled cells (marked by arrows) in relation to TH-positive neurons (known to be noradrenergic) in the LC. Aq,
Aqueduct of Sylvius; IPN, interpeduncular nucleus; 4V, fourth ventricle; Me5, mesencephalic 5 nucleus. Scale bars: A-C, 6-L, 50

. . ; D-F, 100 wm.
Anatomical studies pm pm

CRF-TH immunohistochemistry in the BST

Brain sections through the BST were double immunolabeled with
antibodies against human/rat CRF plus the 20 kDa rat TH en-
zyme and visualized with antigen-specific fluorescent probes.
CRF neurons (Fig. 2 A) were found exclusively in the dorsolateral
division of the BST [also referred to as the oval nucleus by some
investigators (Ju and Han, 1989)] in the noncolchicine-treated
rats used in this study. Moderate staining of CRFergic fibers and
puncta below the anterior commissure (AC) in the ventral BST
was also seen, but CRF neurons were not observed in this subdi-
vision of the BST. In the same sections, TH-positive fibers con-
stituted a dense plexus of innervation in the BSTId clearly outlin-
ing neurons in this area (Fig. 2 B). These TH fibers are most likely
dopaminergic given that previous studies have shown a lack of
labeling for dopamine -hydroxylase (DBH; a marker of norad-
renergic neurons) in the BSTId (Hornby and Piekut, 1989; Freed-

man and Cassell, 1994; Phelix et al., 1994). As shown in the
merged image of Figure 2C, most of the cells embedded in the TH
fiber field were CRF-containing neurons, thus demonstrating a
close relationship between these two neurotransmitter/neu-
ropeptide systems in the BSTId.

FG deposits in the BSTId

Two rats had discrete FG deposits restricted to the BSTId; a rep-
resentative image from one of these cases is shown in Figure 2 D.
The centers of the deposits were in the BSTId at or just rostral to
the crossing of the AC (Fig. 3). In both cases, the spread of the FG
deposits was approximately equivalent in size (~200 um?) and
was confined to the BSTId with complete sparing of the lateral
caudate—putamen, the medial subnucleus of the BST, or the AC
itself. To confirm that the FG deposit was located in and around
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Figure 3.

CRF neurons of the BSTld and would presumably be taken up by
afferents that contact CRF neurons, adjacent brain sections were
processed for CRF immunoreactivity. As shown in Figure 2 E, the
small core of necrosis indicates that the center of the FG ionto-
phoretic deposit was indeed located within the CRF neuron-
dense part of the BSTId, the area of heaviest TH-positive inner-
vation (Fig. 2C). Although the deposit appears to be located
ventral to the CRF neuronal field, this may be an artifact caused
by the deposit itself. This notion is supported by comparing the
extent of CRF labeling from the contralateral side where no FG
deposit was made. Here, CRF labeling extends more ventrally,
almost to the AC (data not shown), suggesting that there is re-
duced CRF expression on the deposit side caused by necrosis
associated with the FG deposit itself (Dado et al., 1990). Although
iontophoretic delivery of FG through a glass micropipette with a
small tip diameter helps to reduce gross lesion/mechanical dis-
ruption effects, it has been reported that the principle mechanism
of FG take-up is through damaged fibers (Schmued and Fallon,
1986), although diffusion of FG into nerve terminals or undam-

Representative illustration of the location of an FG deposit (black area marked by an arrow) in the BSTId. FG-filled
cells (open circles) and FG-filled cells double-labeled for TH (filled circles) were found throughout the major dopaminergic areas
(A8-A10) but not the major noradrenergic areas (A5-A7). Neurons in the A10dc area were the greatest source of TH-positive
innervation to the BSTId. A significant number of FG-filled and double-labeled neurons was also seen in the PV (Fig. 2G,H)
surrounding the aqueduct of Sylvius (Aq). For dlarity of the llustration, mapping of the PV efferents to the BSTId has been omitted.
Coronal sections were taken from the atlas of Paxinos and Watson (1997) and are in millimeters caudal to bregma. BSTlv,
Ventrolateral bed nucleus of the stria terminalis; CPu, caudate—putamen; MFB, medial forebrain bundle; LPB, lateral parabrachial
nucleus; MPB, medial parabrachial nucleus; Me5, mesencephalic 5 nucleus; 3V, third ventricle; LV, lateral ventricle.
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aged axons of passage may also be possible
(Dado et al., 1990; Wessendorf, 1991). Ac-
cordingly, a small lesion such as that indi-
cated in Figure 2 E may actually facilitate
retrograde labeling of BSTId afferents. The
caveat to such a process, however, is that
fibers of passage through the BSTId may
also take-up FG leading to false-positive
results. As such, anterograde tracing stud-
ies from brain nuclei identified as BSTId
afferent sources (see below) would be war-
ranted to complement these FG retrograde
tracing studies.

Retrograde labeling of TH-positive
afferents to the BSTId

FG deposits restricted to the BSTId retro-
gradely labeled cells in the major dopami-
nergic, but not noradrenergic, areas under
investigation. The majority of FG-filled
cells were found within the PAG area,
where dopamine neurons of the A10dr
and A10dc group are located (Hokfelt et
al., 1984). A high number of large, multi-
polar neurons with thick apical dendrites
and extensive processes were found to be
double labeled for FG and TH (Fig. 2G,H ).
In addition, a high number of small,
round/oval-shaped neurons located on or
near the ventral surface of the aqueduct of
Sylvius (as described by Flores et al., 2004)
were also double labeled for FG and TH.
Given their different morphology and rel-
ative confinement to the periventricular
(PV) surface of the aqueduct, we did not
include them in A10dr/A10dc cell counts
(Table 2) but counted them as a separate
group. A moderate number of double-
labeled cells was found in the A10/VTA,
and only a few double-labeled cells were
found in the A9/SNc. Very few FG-filled or
double-labeled cells were found in the A8/
RRF, and almost no FG-filled cells were
found in the A7, A6/LC, or A5 noradren-
ergic areas. The distribution of FG-filled
cells and those that were double labeled for TH, from a represen-
tative animal, is presented in Figure 3. Cell counts in each of these
areas (average of two animals) are presented in Table 2 and show
that neurons in the A10dc/PAG are the greatest source of TH-
positive innervation to the BSTId. Because A10dc neurons do not
contain DBH (Flores et al., 2004), it is presumed that these TH-
positive neurons are dopaminergic.

Other afferent connections to the BSTId

For the purposes of this study, we were interested in identifying
the sources of TH-positive innervation of the BSTld and confined
our search to major dopaminergic and noradrenergic brain areas.
We did observe, however, several other areas that had heavy ret-
rograde labeling, including the paraventricular thalamic nucleus,
the central nucleus of the amygdala, the posterior basolateral and
basomedial nuclei of the amygdala, the amygdalopiriform tran-
sition area, the ventral and lateral hypothalamic areas, and the
parabrachial nucleus. The identification of FG-filled cells in these
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areas is consistent with other reports de-
scribing afferent input to the BSTId
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Table 2. Quantification of Fluorogold-filled cells (FG+) and those double labeled for TH (TH+ and FG+) in
catecholaminergic cell groups after FG deposits in the BSTId

(Weller and Smith, 1982). #sections Atlas sections (mm #cells #cells
Brain area examined caudal to bregma) Fa+ TH+ & FG+ %TH
Discussion -
. . . Dopaminergic

In rats, an increase in startle amplitude by MFB 5 —4310 —45 o 0 0%
intracerebroventricular CRF has been PV 47 —48t0 —6.72 118 70 59%
demonstrated reliably in many laborato- A10dr 20 — 4810 —56 ) 33 79%
ries (Weber and Richardson, 2001; Conti A10dc 23 —58t0 —6.72 143 140 98%
et al., 2002; Servatius et al., 2005), is pre- A10 (VTA) 36 —48t0 —63 74 60 81%
dominantly mediated by CRFI1 receptors A9 (SNo) 37 —48t —63 13 12 92%
(Jones et al., 1998), and has been shown to A8 (RRF) . 3 —63t0 —7.04 4 2 50%
be mostly independent of hypothalamic—  Noradrenergic
pituitary—adrenal axis activity (Lee et al., A7 2 ~87210-88 0 0 0%
1994) and autonomic (sympathetic) ner- A6(L) 10 ~916t0—103 2 0 0%

o . A5 10 —9.16to —10.3 0 0 0%
vous system activation (Liang et al, - -
1992b). Here, we report for the first time WP Medalforebrain bundle.
that dopaminergic neurotransmission
plays an important role in CRF-enhanced startle. Animals treated
with the selective dopamine D, receptor antagonist SCH 23390 BST PAG
showed a significant dose-dependent reduction of the startle-
enhancing effects of CRF. Importantly, the doses that reduced D1 A/ DA
CRF-enhanced startle (0.05 and 0.1 mg/kg) did not affect baseline 4 (,R r10de DA
startle response. Thus, the effect of SCH 23390 on CRF-enhanced L neurons CRF1/2\ neurons
startle appears to reflect a true interaction between dopamine and Y \ —£ D
CRE systems rather than a potential artifact of the effects of SCH ~ (icv CRF) iC) Crr CRF /v@C)
23390 on sensorimotor processes per se (e.g., catalepsy, auditory \\ _/ ~—" _
impairments). It is also clear that SCH 23390 significantly re-
duced, but did not fully block, CRF-enhanced startle, suggesting N crrt
a D;-independent component to CRF-enhanced startle. Other (ic) Spinal L
neurotransmitter systems activated by intracerebroventricular Ear —p- i’ pmna €2
CREF, but not affected by D, receptor-mediated neurotransmis- cord muscles
sion, might intersect (directly or indirectly) with the startle reflex CRN PnC
arc to facilitate the behavior. In addition, intracerebroventricular Acoustic startle pathwa
CRF could have direct, D,-independent effects on the brainstem p Y
circuitry mediating startle. This seems likely based on a previous Figure 4. A model of DA-CRF interactions underlying CRF effects on startle. Based on the

study showing a startle-enhancing effect of direct infusions of
CRF into the nucleus reticularis pontis caudalis (PnC) (Birn-
baum and Davis, 1998), an obligatory nucleus mediating the
startle reflex (Lee et al., 1996). A hypothetical framework for
understanding D,-dependent and -independent effects on CRF-
enhanced startle is illustrated in Figure 4 and described in detail
below.

It is presently unclear to us why the SCH 23390 blockade is
absent at the highest dose (0.5 mg/kg). Although SCH 23390 is a
potent and selective blocker of dopamine D, receptors (Iorio et
al., 1983), at higher doses (>1.5 mg/kg) it has been shown to
interact with serotonin 5-HT, receptors in some brain areas
(Bischoff et al., 1986). It is possible that the 0.5 mg/kg dose of
SCH 23390 used in the present study had nonspecific effects at
other receptors or other DA receptor subtypes that might ac-
count for the inverted-U profile seen in the present study. It is
interesting to note that this putative nonspecific effect of SCH
23390 (0.5 mg/kg) appears to wear off at ~150 min, thereby
unmasking a reduction of CRF-enhanced startle that lasts for the
remainder of the test session.

The results from our anatomical studies extend the findings
from a recent study examining the origin of dopaminergic inner-
vation to nuclei of the extended amygdala in female Wistar albino
rats (Hasue and Shammah-Lagnado, 2002). Both the present
study and the study by Hasue and Shammah-Lagnado (2002)
show a heavy projection from neurons in the A10dc/PAG area to
the BSTIld. However, Hasue and Shammah-Lagnado (2002) re-

results of the present study, together with other anatomical, electrophysiological, and behav-
foral studies (see Discussion for details), we proposed a BST-PAG feedforward circuit (adapted
from Koob, 1999) that could mediate CRF effects on startle and account for the blockade of
CRF-enhanced startle by SCH 23390. Activation of this circuit may be initiated by intracerebro-
ventricular (icv) CRF (iC) effects on CRF neurons in the BSTId or A10dc DA neurons in the PAG. D,
receptor-dependent, CRF-mediated effects could exit this feedforward loop and be transmitted
to the primary acoustic startle pathway in the brainstem via a direct projection from the lateral
BST to the PnC. Accordingly, blockade of D, receptors in the BST by SCH 23390 may sufficiently
interrupt this feedforward activation leading to a reduction in CRF-enhanced startle. As re-
flected in our behavioral data, the small D,-independent effect of intracerebroventricular CRF
on startle may be mediated by a direct effect of CRF on neurons in the PnC. CRN, Cochlear root
neurons.

ported that only 43% of A10d¢/PAG neurons were double labeled
for FG and TH, whereas we found that 98% of A10dc/PAG neu-
rons were double labeled. Although animal gender and strain
may account for the differences, inconsistencies between studies
may have to do with the size of the FG deposit in the BSTId.
Because we had a much more discrete FG deposit in the BSTId
(~200 wm spread in our study versus ~600 wm spread in theirs),
primarily restricted to the part of the BSTId innervated by TH-
positive fibers, our overall number of retrogradely labeled cells
was much lower. The larger FG deposit in the study by Hasue and
Shammah-Lagnado (2002) may have been taken up by BST af-
ferents outside the TH-positive innervation field, thus leading to
a larger number of retrogradely labeled neurons and an overall
lower proportion of neurons double labeled for FG and TH, as
reported for the A10dc.
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Despite discrepancies between the present study and that of
Hasue and Shammah-Lagnado (2002), both studies are impor-
tant in that they identify a novel A10dc-BST projection that may
be involved in the neurobiology of stress. Along these lines, sev-
eral reports have shown that the BST and, more generally, the
extended amygdala, is involved in a number of stress- and
anxiety-like behaviors (Walker et al., 2003), including those di-
rectly mediated by CRF (Erb and Stewart, 1999; Jasnow et al.,
2004) and DA (Lamont and Kokkinidis, 1998; de la Mora et al.,
2005). Together, these data suggest that DA-CRF interactions in
the extended amygdala could be an important mechanism in the
control of mood states. If true, an imbalance or breakdown in the
allostatic state between these two systems within the extended
amygdala [putatively linked to chronic stress exposure (Schulkin
et al., 1994; McEwen, 2000)] could play a role in mood and/or
anxiety disorders or represent a potential target for treatment of
these psychiatric illnesses (Spedding et al., 2003).

A major aim of the research in our laboratory has been to
identify the neural circuits and mechanisms underlying CREF-
mediated stress- and anxiety-like behaviors. The BST is rich in
CRF-containing neurons (Ju et al., 1989) and CRF, receptors
(Wynn et al., 1984), and chemical lesions of the BST (comprising
both the dorsal and ventral BST) completely block CRF-
enhanced startle (Lee and Davis, 1997). Although intra-BST CRF
only partially mimics the intracerebroventricular CRF effects on
startle, and intra-BST infusion of a CRF antagonist does not com-
pletely block CRF-enhanced startle, the results from Lee and
Davis (1997) strongly suggest that the BST is a critical site medi-
ating CRF-enhanced startle.

Putative activation of CRF neurons in the BSTld by exogenous
CRF would increase CREF release in BSTId efferent targets such as
the PAG (Gray and Magnuson, 1992). The PAG has low to mod-
erate levels of CRF, receptors (DeSouza et al., 1985; Smagin et al.,
2001) but high expression levels of CRF, and CRF, mRNA, par-
ticularly in the area of the dorsal raphe (Chalmers etal., 1995; Van
Pettetal., 2000), where many A10dc neurons are found (Herbert,
1992), including those that project to the BSTId (present study).
CRF release in the PAG, or exogenous CRF itself, could drive
A10dc neurons, consistent with the observation that CRF has an
excitatory effect on PAG neurons (Bowers et al., 2003). This
would facilitate DA release from A10dc neurons via ascending
projections to the BSTId to sustain or enhance the activity of CRF
neurons through D -mediated DA neurotransmission. The ob-
servation that the BST has moderate to high levels of dopamine
D, receptors (Savasta et al., 1986; Scibilia et al., 1992) and receives
heavy dopaminergic inputs (present study) that make direct syn-
aptic contact with CRF neurons (Phelix et al., 1992) supports the
idea that DA plays a major role in controlling the activity of CRF
neurons in the BSTId.

We hypothesize that the reduction of CRF-enhanced startle by
SCH 23390 seen in the present study may result from a blockade
of D, receptors in the BSTld. An obvious strategy to complement
the present studies would be to examine whether intra-BST mi-
croinjections of SCH 23390 are sufficient to block CRF-enhanced
startle. Although such studies are planned for the future, they are
complicated by the fact that the specific subnucleus of the BST
that must be targeted (BSTId) is located directly below the lateral
ventricles. Alternative methods (such as an angled approach for
the infusion cannulas) must be developed to ensure that micro-
injections into the BSTId can affect a significant proportion of
this subnucleus without diffusing into the adjacent ventricles. An
additional complication of such studies is that the intracerebro-
ventricular cannula must now be implanted intracisternally (be-
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cause it would occupy the same space on the skull as the intra-
BST cannulas), such as that done in the study by Lee and Davis
(1997). Although these future studies are technically challenging,
they are an important step to determine the brain substrates in-
volved in these systemic drug effects.

According to our model, D, receptor-dependent, CREF-
mediated effects could exit this feedforward circuit and be trans-
mitted to the primary acoustic startle pathway in the brainstem
via a direct projection from the lateral BST to the PnC (Rosen et
al., 1991). CRF-immunoreactive fibers (Merchenthaler, 1984; Sa-
kanaka et al., 1987) and CRF, receptors (moderate levels) (Sma-
gin et al., 2001) are both found in the PnC, and the observation
that infusions of CRF into the PnC can itself enhance startle
(Birnbaum and Davis, 1998) suggests that this area is sensitive to
the effects of CRF. An excitatory drive from the BST to the PnC
alone is likely not sufficient to account for the entire CRF-
enhanced startle effect, however, because intra-PnC CRF pro-
duces a much smaller enhancement of startle (~50% increase
from baseline) than that seen with intracerebroventricular CRF
(~200% increase from baseline). Along these lines, it is possible
that the small SCH 23390-insenstive component of CRF-
enhanced startle seen in the present study (~50% increase from
controls) may reflect excitatory effects of exogenous CRF directly
on PnC neurons (and would thus be independent of D,-
mediated effects occurring within our proposed BST-PAG
circuit).

The results of the present report add to a substantial literature
studying the link between stress, CRF, and psychiatric disorders.
In general, these studies have shown that increases in CRF-
neurotransmission have anxiety- and depressive-like effects,
whereas decreases in CRF-neurotransmission have anxiolytic-
and antidepressive-like effects (Steckler and Holsboer, 1999).
Together, these preclinical findings complement reports from
clinical studies where an association between hyperactive CRF
systems and some types of anxiety (e.g., posttraumatic stress dis-
order) and depression (e.g., major depression) have been found
(Mitchell, 1998; Arborelius et al., 1999). Although we are un-
aware of any studies that have used SCH 23390 in clinical trials,
the results of our study suggest that compounds with D, receptor
antagonist properties might have anxiolytic-like effects that
could be useful in treating conditions associated with hyperactive
CRE systems.
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