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Selective Activation of Corticotropin-Releasing Factor-2
Receptors on Neurochemically Identified Neurons in the Rat
Dorsal Raphe Nucleus Reveals Dual Actions
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The dorsal raphe (DR)–serotonin (5-HT) system has been implicated in stress-related psychiatric disorders. Stress may impact on this
system through corticotropin-releasing factor (CRF), which densely innervates the DR. CRF binds to CRF-R1 and CRF-R2 receptors in the
DR and has complex and opposing effects depending on the dose used and the endpoint examined. To clarify the impact of CRF on the
DR–5-HT system, the effects of selectively activating CRF-R2 receptors (the predominant subtype) on extracellular DR neuronal activity
were examined in halothane-anesthetized rats. Because the DR is neurochemically heterogeneous, when possible, neurons were labeled
with neurobiotin for subsequent neurochemical classification as 5-HT or non-5-HT. Relatively low doses of urocortin II (UII) (0.1–10 ng)
injected into the DR inhibited most (79%; n � 34) neurons, whereas a higher dose (30 ng) inhibited 28% and activated 41% (n � 29). An
analysis of effects on neurochemically identified neurons revealed that 5-HT neurons were inhibited by 0.1–10 ng of UII and activated by
30 ng of UII. Activation of 5-HT neurons by 30 ng of UII likely resulted from disinhibition because the majority of non-5-HT neurons were
inhibited by this dose. Antisauvagine-30, but not antalarmin, antagonized UII, implicating CRF-R2 receptors in the effects. The results
suggest that activation of CRF-R2 on DR–5-HT neurons inhibits neuronal activity, whereas activation of CRF-R2 receptors on non-5-HT
neurons may indirectly excite DR–5-HT neurons through disinhibition. Importantly, the tone of the DR–5-HT system can be regulated in
a dynamic manner through CRF-R2 activation, being either decreased or increased depending on the level of endogenous or exogenous
ligand.
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Introduction
The dorsal raphe nucleus (DR), a major source of forebrain-
projecting serotonin (5-HT) neurons, has been implicated in
stress-related psychiatric disorders (Mann, 1999; Nutt, 2002).
Stress has robust effects on the DR–5-HT system, increasing or
decreasing 5-HT release in forebrain targets, depending on the
stressor and region analyzed (Kirby et al., 1995; Adell et al., 1997;
Kirby et al., 1997; Rueter et al., 1997). Stress-induced activation
of DR neurons (indicated by c-fos expression) has been linked to
behaviors that model affective disorders, such as learned helpless-
ness and activity elicited by swim stress (Grahn et al., 1999; Roche
et al., 2003). Cellular mechanisms involved in stress-induced reg-
ulation of the DR–5-HT system may underlie its role in stress-
related affective disorders.

Corticotropin-releasing factor (CRF) and related peptides

mediate stress-induced regulation of the DR–5-HT system. CRF
fibers innervate the DR (Valentino et al., 2001), and CRF recep-
tors are highly expressed here (Chalmers et al., 1995). CRF alters
DR neuronal activity in vivo (Kirby et al., 2000) and in vitro
(Lowry et al., 2000) and 5-HT extracellular levels in DR targets
(Linthorst et al., 1997; Kirby et al., 2000; Lowry et al., 2000; Price
and Lucki, 2001; Price et al., 2002). Different effects of CRF on
DR neuronal activity and 5-HT release have been reported, de-
pending on the preparation (in vivo vs in vitro), site of adminis-
tration, and region in which 5-HT release is measured. CRF acti-
vated a population of neurons in the caudal DR in vitro (Lowry et
al., 2000). Consistent with this, evidence suggests that shock-
elicited CRF release in this region mediates 5-HT activation and
the development of learned helplessness (Hammack et al., 2002).
In contrast, bimodal effects of CRF on DR neuronal activity (in
vivo) and forebrain 5-HT release have been reported, with low
doses being inhibitory (Price et al., 1998; Kirby et al., 2000; Price
and Lucki, 2001). Convergent findings suggest that inhibitory
regulation of the DR–5-HT system by endogenous CRF is en-
gaged during swim stress (Price et al., 2002; Roche et al., 2003).
Several factors can account for the heterogeneous effects of CRF.
The DR is composed of morphologically and neurochemically
distinct neurons that differ in their neural connectivity (Molliver,
1987; Jacobs and Azmitia, 1992). CRF innervation of the DR is
topographically organized, and CRF axon terminals in different
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DR subregions form different types of interactions (Valentino et
al., 2001). Thus, CRF may affect different populations of neurons
within the DR.

Two subtypes of CRF receptors (CRF-R1 and CRF-R2) are
expressed in the DR. Ovine CRF (oCRF) and rat CRF (rCRF), the
two CRF-like peptides that have been most examined, interact
with both receptors. Because the CRF-R2 receptor is the most
prevalent in the DR (Chalmers et al., 1995), this study character-
ized the effects of urocortin II (UII), a selective CRF-R2 agonist
(Reyes et al., 2001), on extracellular DR neuronal activity in
halothane-anesthetized rats. To address the possibility that CRF
may have multiple effects that involve different neuronal pheno-
types, neurons were labeled with neurobiotin and processed for
immunohistochemical detection of 5-HT.

Materials and Methods
Subjects. Adult male Sprague Dawley rats (250 –300 gm; Taconic Farms,
Germantown, NY) were housed three per cage on a 12 hr light/dark
schedule in a temperature-controlled (22°C) colony room. Rats were
given ad libitum access to standard rat chow and water. Care and use of
animals were approved by the Stokes Institute of the Children’s Hospital
of Philadelphia Institutional Animal Care and Use Committee and per-
formed in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. All efforts were made to minimize
animal suffering, and only the minimum number of animals necessary to
produce reliable scientific data were used.

Surgery and recording. Rats were anesthetized with a 1–2% halothane-
in-air mixture administered through a nose cone. Body temperature was
monitored and maintained at 37°C with a homeothermic blanket control
unit (Harvard Instruments, Cambridge, MA). The rats were positioned
in a stereotaxic instrument with blunt ear bars with the head oriented at
a 10° angle to the horizontal plane (nose down). The skull was exposed,
and a hole was drilled on the midline extending from 5 mm posterior to
bregma to 5 mm posterior to lambda. The dura and sagittal sinus were
ligated, transected, and reflected to allow for a midline approach to the
DR with minimal blood loss.

Double- or triple-barrel glass micropipettes were used for extracellular
single-unit recording of DR discharge and simultaneous peptide micro-
infusion (Akaoka et al., 1992). These consisted of one or two infusion
pipettes (Fisher Scientific, Pittsburgh, PA) glued adjacent to a recording
pipette (Friedrich and Dimmock, Millville, NJ). The recording pipette
was filled with either 2% Pontamine Sky Blue (PSB) dye in 0.5 M sodium
acetate or with 1.5% neurobiotin (Vector Laboratories, Burlingame, CA)
in 0.5 M sodium acetate. PSB-filled recording pipettes had a 2– to 4-�m-
diameter tip (4 –7 M�), whereas neurobiotin-filled recording pipettes
had a �1-�m-diameter tip (16 –20 M�). The infusion pipettes (50- to
100-�m-diameter tip) were angled at �30 – 45° with tips adjacent to the
tip of the recording pipette but 100 –125 �m dorsal. These pipettes were
calibrated such that a known volume could be administered (1 mm dis-
placement � 60 nl). The infusion pipette was filled with a solution of UII
(0.0033–1 mg/ml). Triple-barrel micropipettes were used in antagonist
studies. In these cases, the second infusion barrel was filled with a solu-
tion of the selective CRF-R2 antagonist antisauvagine-30 (AS-30; 1
mg/ml).

The micropipette was positioned between 8.7 and 9.3 mm posterior to
bregma on midline and advanced using a hydraulic microdrive (Trent
Wells Inc., Coulterville, CA); cells were typically isolated at depths be-
tween 5.0 and 6.2 mm from dura. Recordings were made with an intra-
cellular amplifier in bridge mode (Axoclamp, Axon Instruments, Foster
City, CA) such that current could be injected through the electrode.
Signals were filtered, and a window discriminator was used to convert the
occurrence of each potential into digital pulses, which were led into a
computer via a CED interface (Cambridge Electronic Design, Cam-
bridge, UK) using Spike 2 software for on-line visualization, storage, and
off-line analysis.

Single-unit extracellular activity was also recorded from locus coer-
uleus (LC) neurons to verify that doses of the CRF-R1 antagonist anta-

larmin used in this study were sufficient to block central CRF-R1 recep-
tors. The surgical and recording techniques for single-unit LC recording
and intracerebroventricular injection of oCRF were identical to those
described previously (Curtis et al., 1994).

Experimental protocol. Once a single neuron was isolated, basal dis-
charge rate was recorded until the rate was stable for at least 2 min. UII
was then microinfused by applying small pulses of pressure to the cali-
brated infusion pipette using a picospritzer (Parker Hannifin Corp., Fair-
field, NJ) to deliver a volume of 30 nl. This required a mean of 14 � 1 sec.
The movement of the solution through the calibrated pipette was ob-
served as pulses were administered. The discharge rate was recorded for
at least 5 min after administration of the peptide was complete. In some
instances, the CRF-R2 antagonist antisauvagine-30 was administered in
the same manner after a 5 min recovery period, or the CRF-R1 antagonist
antalarmin (20 mg/kg, i.p.) was administered. UII administration was
repeated 10 min after AS-30 administration or 30 min after antalarmin
administration. In experiments involving LC recordings, antalarmin (20
mg/kg, i.p.) was administered 30 min before intracerebroventricular in-
jection of oCRF (3 �g in 3 �l), and neuronal activity was recorded for at
least 12 min after CRF injection.

After the experiment, the recording site was marked by iontophoresis
of PSB from the recording pipette (�15 �A, 15 min), or the neuron was
juxtacellularly labeled with neurobiotin, as described previously
(Pinault, 1996; Schreihofer and Guyenet, 1997). For juxtacellular label-
ing, pulses of anodal current (200 msec, 50% duty cycle) were delivered.
The current amplitude was increased incrementally (in 0.1 nA steps)
from 0.4 nA to a maximum of 10 nA until cell firing became entrained.
The intensity of current was adjusted to maintain entrainment without
damaging the cell. No more than two cells per rat were labeled in this way.
The coordinates of labeled cells were recorded to allow for accurate cor-
respondence between histological identification and electrophysiological
response. Rats remained halothane anesthetized for 1 hr before transcar-
dial perfusion with ice-cold 4% paraformaldehyde in 0.1 M phosphate
buffer (PB). In cases in which PSB was iontophoresed, the brains were
removed and quick-frozen in 2-methylbutane.

Histology. When PSB iontophoresis was used for histological identifi-
cation, coronal 30-�m-thick sections were cut on a cryostat and
mounted directly on Superfrost Plus slides (Fisher Scientific). These were
stained with neutral red, dehydrated in a series of alcohols, cleared with
xylene, and coverslipped for visualization of the PSB spot. For experi-
ments in which oCRF was administered intracerebroventricularly to as-
sess the effects of antalarmin on CRF-elicited LC activation, 5 �l of
neutral red was injected through the intracerebroventricular cannula,
and the presence of dye throughout the ventricular system was used to
verify the injection site.

Immunohistochemistry. When juxtacellular labeling was used to iden-
tify recorded neurons, brains were removed after perfusion, postfixed for
at least 1 hr at 4°C, and stored in 20% sucrose solution in PB containing
0.1% sodium azide at 4°C for at least 24 hr. Coronal 30-�m-thick sec-
tions were cut on a cryostat and collected in PB. Sections were first
incubated in 0.75% H2O2 for 20 min and rinsed three times in PBS, pH
7.4. Sections were incubated in Cy3-conjugated streptavidin (1:1000;
Jackson Laboratories, West Grove, PA) for 90 min at room temperature,
rinsed, and mounted on regular glass slides so that they could be easily
removed at a later time. The sections were visualized using a Leica mi-
croscope equipped with a rhodamine filter. Sections that contained
neurobiotin-labeled cell bodies were removed from the slide, rinsed, and
incubated in rabbit anti-5-HT antiserum (1:5000; Immunostar, Hudson,
WI) in PBS containing 0.3% Triton, 0.04% bovine serum albumin
(PBST-BSA), and 0.1% sodium azide for 48 hr at 4°C. These were rinsed
with PBST-BSA and incubated in fluorescein-conjugated donkey anti-
rabbit antiserum (1:200; Jackson Laboratories) for 90 min at room tem-
perature. Sections were rinsed in PB, mounted, and coverslipped using
Vectashield (Vector Laboratories). Neurobiotin and 5-HT labeling were
visualized with rhodamine and fluorescein filters, respectively. Images
were captured with a Hamamatsu ORCA-ER digital camera (Bridgewa-
ter, NJ) using Open Lab software (Improvision, Coventry, UK). Frames
were obtained sequentially, pseudocolored, and superimposed using
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Open Lab software. Figures were assembled and adjusted for brightness
and contrast in Adobe Photoshop.

Data analysis. For DR recordings, discharge rate was determined in 30
sec intervals after peptide injection and expressed as a percentage of the
mean basal discharge rate determined over the 90 sec before peptide
injection. For LC recordings, discharge rate was determined for up to 9
min before oCRF injection and the following 12 min in 3 min intervals. A
one-way repeated measures ANOVA was used to determine statistically
significant effects of individual doses of UII. Additionally, the area under
the curve described by effect as a function of time after peptide injection
was calculated and compared between doses or between antagonist-
pretreated groups. Because it appeared that the responses of DR neurons
to UII were heterogeneous, neurons were defined as being inhibited or
activated on the basis of a change of at least 25% from baseline within the
first 3 min after peptide injection. The number of neurons that were
inhibited, activated, and not altered by different conditions was deter-
mined and compared by � 2 analysis. Data were used only if recording
sites were localized within the nucleus of interest (either DR or LC).

Drugs. UII was used as a selective agonist at CRF-R2 receptors. This
was on the basis of reported Ki values in cells transfected with CRF-R2 (Ki

� 0.66 nM) or CRF-R1 (Ki �100 nM) receptors (Reyes et al., 2001). By
comparison, Ki values for rCRF at CRF-R2 (Ki � 42 nM) and CRF-R1 (Ki

� 3.3 nM) indicate a lower degree of selectivity (Chen et al., 1993; Daut-
zenberg et al., 2001). CRF–UII and oCRF were diluted in water (1 mg/
ml). Aliquots (10 �l) were concentrated using a Savant Speed Vac con-
centrator, stored at �70°C, and dissolved in the appropriate volume of
artificial CSF (ACSF) on the day of the experiment. Antalarmin (pro-
vided by Dr. Kenner Rice, Laboratory of Medicinal Chemistry, National
Institutes of Health/National Institute of Diabetes and Digestive and
Kidney Diseases, Bethesda, MD) was dissolved in a solution containing
5% ethanol and 5% cremaphor and administered intraperitoneally (20
mg/kg). This dose was previously demonstrated to prevent behavioral
and autonomic effects of CRF that are mediated by CRF-R1 receptors,
but not CRF-R2 receptor-mediated effects (Briscoe et al., 2000; Zorrilla
et al., 2002). Antisauvagine-30 (Phoenix Pharmaceuticals, Belmont, CA)
was diluted in water (1 mg/ml). Aliquots (10 �l) were concentrated and
stored as described for urocortin II and reconstituted in ACSF (1 mg/ml)
on the day of the experiment. The dose that was administered (30 ng in 30
nl) was determined on the basis of previous studies using intracerebral
administration in mice (Radulovic et al., 1999).

Results
Dose-dependent effects of UII on DR neuronal activity
The DR discharge rate recorded from 63 cells (n � 39 rats) ranged
from 0.5 to 7.3 Hz with a mean of 1.8 � 0.1 Hz. Most of the
recorded neurons (55%) were within the middle of the anterior–
posterior boundaries of the DR (Paxinos and Watson, 1998, Plate
52). A small percentage (4%) of the neurons were just caudal to
this (Paxinos and Watson, 1998, Plate 53). The remainder of the
neurons (41%) were somewhat rostral to this (Paxinos and
Watson, 1998, Plates 49 –51). UII had a bimodal effect on DR
neuronal activity, similar to that reported previously for oCRF
(Kirby et al., 2000). Microinfusion of the lower doses of UII (0.1–
10.0 ng) produced a short onset inhibition of the majority of
neurons (Fig. 1). Figure 2A shows the mean time course of this
response, which was statistically significant for the 0.1 and 1.0 ng
doses: F(5,65) � 3.8, p � 0.001, and F(12,122) � 4.3, p � 0.001,
respectively. Most neurons were inhibited by 0.1 and 1.0 ng, and
no neurons were activated by either dose (Fig. 2B). Microinfu-
sion of 10 ng of urocortin II also inhibited the majority of DR
neurons (11 of 15), although the mean effect over time was not
statistically significant (F(14,153) � 1.7; p � 0.09). Three neurons
were activated by this dose of urocortin II, and one neuron was
unaffected.

UII (30 ng) produced a different profile of effects, such that
most of the neurons were robustly activated and the percentage of
neurons that were inhibited decreased (Fig. 2B). Figure 1 shows

examples of excitatory and inhibitory effects of 30 ng of UII on
two different DR neurons. Of 29 DR neurons, 12 were activated,
8 were inhibited, and 9 were unaffected by 30 ng of urocortin II.
The one-way ANOVA did not reveal statistically significant ef-
fects over time (F(28,279) � 1.3) (Fig. 2A). The data obtained with
this dose were consistent with a population that was not normally
distributed [Kolmogorov–Smirnov (K-S) probability �0.001].

Figure 2B shows the pattern of responses that was observed
with each dose of urocortin II. � 2 analysis revealed a dose-
dependent effect on the proportion of neurons exhibiting specific
responses, confirming that low doses of UII were predominantly
inhibitory, whereas the highest dose was more frequently excita-
tory (Fig. 2B) (�2(6) � 21; p � 0.002). Likewise, there was a
dose-dependent effect of the area under the curve describing ef-
fect as a function of time (H(3) � 10.5; p � 0.02; Kruskal-Wallis
ANOVA).

Neurochemical content as a determinant of the response
to UII
Because the DR contains both 5-HT and non-5-HT cells, the
finding that responses to 30 ng of UII were substantially different

Figure 1. Representative traces of DR neuronal discharge before and after local administra-
tion of UII (0.1–30 ng). The ordinate indicates the discharge rate (in Hertz). Each trace repre-
sents a neuron recorded from different rats. UII was administered as indicated by the arrowhead
above the trace. Note that relatively low doses of UII (0.1–10 ng) were inhibitory. In contrast, UII
(30 ng) produced a large excitatory response in some neurons and inhibited others.
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suggested that different neuronal populations may be targeted by
this dose. Therefore, recorded neurons were juxtacellularly la-
beled with neurobiotin and immunohistochemically processed
to determine whether they were 5-HT immunoreactive. A total of
29 neurons were successfully labeled with neurobiotin, and 16 of
these neurons were 5-HT immunoreactive. Discharge rates of
5-HT and non-5-HT neurons were 1.5 � 0.1 and 2.0 � 0.3 Hz,
respectively. Because the discharge rates of non-5-HT neurons
were not normally distributed (K-S distance � 0.33; p � 0.001),
means were compared using the Mann–Whitney rank sum test
and did not differ ( p � 0.25). Figure 3A–D shows examples of
juxtacellularly labeled neurons that were either 5-HT immuno-
reactive or not and their response to a low (0.1 ng) or high (30 ng)
dose of UII. Here a neuron that was inhibited by UII (0.1 ng) was
5-HT immunoreactive (Fig. 3A), and a neuron that was unaf-
fected by this dose was not 5-HT immunoreactive (Fig. 3B). In

contrast, a neuron that was activated by UII (30 ng) was 5-HT
immunoreactive (Fig. 3C), whereas a neuron that was inhibited
by UII (30 ng) was non-5-HT immunoreactive (Fig. 3D). The
effects of UII administration on 5-HT versus non-5-HT DR neu-
rons are summarized in Figure 4. In general, low doses of UII
(0.1–10 ng), which inhibited the majority of neurons (Fig. 2B),
inhibited 5-HT neurons and had mixed effects on non-5-HT
neurons. Notably, 5-HT neurons were never activated by these
doses of UII. An opposite profile of effects was observed with 30
ng of UII. Most of the 5-HT neurons were activated by 30 ng of
UII, and inhibition of 5-HT neurons was never observed. In con-
trast, most non-5-HT neurons were inhibited by 30 ng of UII. � 2

analysis revealed dose-dependent effects for 5-HT neurons (� 2

(2) � 12.9; p � 0.002).

Sensitivity to CRF-R1 and CRF-R2 antagonists
Administration of the selective CRF-R2 antagonist
antisauvagine-30 10 min before UII (10 ng) attenuated the inhi-
bition produced by this dose and was sufficient to reverse the
inhibition when administered after this dose (Fig. 5A1). Figure
5B shows that most of the neurons were not affected by UII (10
ng) in seven rats pretreated with antisauvagine-30, in contrast to
cases in which the antagonist was not administered (� 2 (2) �
10.5; p � 0.005). Unlike antisauvagine-30, the selective CRF-R1
antagonist antalarmin did not alter the inhibitory response to UII
(10 ng) in any neuron tested (n � 4) (Fig. 5A2). This dose of
antalarmin antagonized a maximally effective dose of CRF on LC
activity. LC discharge after CRF (3 �g, i.c.v.) was increased by
74 � 8% in control rats (n � 9) and by 29 � 8% in rats pretreated
with antalarmin (n � 7; p � 0.002; Student’s unpaired t test).

When UII (30 ng) was administered after antisauvagine-30,
the percentage of neurons that were excited was substantially
reduced (Fig. 5B). Only 1 neuron of 10 was activated (by a mag-
nitude of 70% above baseline); however, the percentage of neu-
rons inhibited by this dose of UII was not altered (Fig. 5B). The
difference in response to UII (30 ng) is reflected in the area under
the curve defined by effect over time (Fig. 5C), which was statis-
tically significant ( p � 0.05; Mann–Whitney rank sum test).

Discussion
The present study is the first to describe the effects of selective
CRF-R2 receptor activation on DR neuronal activity. Direct in-
jection of UII into the DR had a dose-dependent bimodal effect
on DR neuronal activity. Low doses of UII inhibited most neu-
rons and increasing the dose of UII activated a population of DR
neurons. Neurochemical identification revealed that 5-HT neu-
rons were inhibited by low doses of UII and activated by the
highest dose. The finding that this higher dose of UII was also
primarily inhibitory to non-5-HT neurons suggests that activa-
tion of 5-HT neurons by this dose could result from disinhibi-
tion. Thus, selective CRF-R2 activation in the DR can regulate the
tone of the DR–5-HT system, and therefore its functional conse-
quences, in opposing directions depending on the level of endog-
enous ligand. This has important implications for how the system
functions during specific challenges and for pharmacological ma-
nipulation of this system in clinical disorders.

Technical considerations
Juxtacellular labeling combined with unit recording has been
used to correlate response characteristics with cellular morphol-
ogy and neurochemical identity in several brain regions (Pinault,
1996; Schreihofer and Guyenet, 1997). The interpretations of
these studies rely on the assumption that the recorded neuron is

Figure 2. Quantification of the dose-dependent bimodal effects of UII. A, Mean time course
of the response to different doses of UII. Each point is the mean of 6 –29 neurons, and vertical
lines represent � SEM. One-way ANOVA revealed significant effects of time for the 0.1 and 1.0
ng doses: F(5,65) � 3.8, p � 0.001 for 0.1 ng, and F(12,122) � 4.3, p � 0.001 for 1.0 ng. A
comparison of the area under the curve described by the effect as a function of time between
different doses of UII revealed statistical significance; H(3) � 10.5; p � 0.02; Kruskal–Wallis
one-way ANOVA on ranks. B, Histogram indicates the percentage of neurons that were nonre-
sponsive, inhibited, or excited by different doses of UII. The number of neurons tested is indi-
cated in parentheses. �2 analysis revealed a significant effect of dose: �2(6) � 21; p � 0.002.
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that which exhibits labeling. This is supported by studies showing
that extracellular current ejection does not result in cellular label-
ing (Pinault, 1996; Schreihofer and Guyenet, 1997). In the
present study, current ejection labeled one neuron, and careful
recording of dorsal–ventral positions revealed that labeled neu-
rons were localized in the corresponding site and not distal sites,

as would be predicted if labeling had been
caused by retrograde transport.

The interpretations of the present re-
sults rely on the selectivity of UII at the
CRF-R2 receptor subtype. This is sup-
ported by previous binding and functional
data (Hsu and Hsueh, 2001; Reyes et al.,
2001). Consistent with this, in the present
study, inhibition produced by UII (10 ng)
was attenuated by the CRF-R2 antagonist
antisauvagine-30 but not by the CRF-R1
antagonist antalarmin at doses that were
sufficient to attenuate LC activation medi-
ated by oCRF. Antisauvagine-30 also de-
creased the percentage of neurons that
were activated by UII (30 ng) and the area
under the curve of the response. Although
the percentage of neurons that were inhib-
ited by this higher dose of UII was not al-
tered by antisauvagine-30, this would be
predicted if the curve were shifted to the
right; i.e., the effects of a high dose of UII
would be comparable with those of a lower
dose.

Relationship to previous studies
The prominent localization of CRF fibers
(Valentino et al., 2001), binding sites
(Rominger et al., 1998), and receptor
mRNA (Chalmers et al., 1995) within the
DR provide evidence that this nucleus is
targeted by endogenous CRF. Evidence
from DR neuronal recordings and micro-
dialysis studies measuring 5-HT extracel-

lular levels in DR forebrain targets indicate that CRF impacts on
this system; however, these studies have yielded conflicting re-
sults regarding the effects of CRF. For example, in slice prepara-
tions in vitro, DR neurons were activated by rCRF and oCRF
(Lowry et al., 2000). In contrast, low doses of oCRF inhibited DR
discharge in vivo and 5-HT extracellular levels in forebrain targets
of the DR (Price et al., 1998; Kirby et al., 2000; Price and Lucki,
2001). Several characteristics of CRF–DR interactions can ac-
count for these discordant responses. CRF innervation of the DR
is not uniform but rather topographically organized. Moreover,
the types of interactions formed by CRF-containing axon termi-
nals with other cellular processes in the DR vary between differ-
ent subregions of the DR (Valentino et al., 2001). Thus, CRF axon
terminals form synapses with dendrites more frequently in the
dorsolateral DR than in the ventromedial DR, where appositions
with other axons are more prominent. Because of these topo-
graphical differences, CRF may have distinct effects depending
on the DR subregion or forebrain target that is examined. In this
regard, excitatory effects of CRF in vitro were observed in the
caudal DR (Lowry et al., 2000). Inhibition of the DR–5-HT sys-
tem by swim stress has been linked to CRF actions on GABA
neurons in the dorsolateral DR (Roche et al., 2003). The existence
of multiple CRF receptors in the DR further adds to the potential
for complex effects. Although it is recognized that CRF-R2 recep-
tors are more prevalent than CRF-R1 in the DR (Chalmers et al.,
1995), the precise distribution of different receptor subtypes
throughout the DR or the neuronal types that express CRF-R1
versus CRF-R2 is unknown. An individual neuron expressing
both receptor subtypes may have opposing responses to a CRF

Figure 3. Neurochemical identification of neurons that were differentially affected by a low and high dose of UII. A–D, Shown
are four neurons (arrowheads) that were labeled with neurobiotin ( i) and the responses of the neurons to 0.1 (Aiv, Biv) or 30 ng
(Civ, Div) UII. Aii–Dii show 5-HT immunoreactivity in the same section as Ai–Di, respectively. Aiii–Diii show the merged images. In
A and C, the neurobiotin-labeled neurons were also 5-HT immunoreactive as indicated by the yellow– orange color in the merged
image. In B and D, the neurons were not 5-HT immunoreactive. Scale bar, 20 �m.

Figure 4. Histogram indicating the percentage of non-5-HT and 5-HT neurons that were
nonresponsive, inhibited, or activated by relatively low doses of UII (0.1–10 ng) or a high dose
of UII (30 ng). Numbers in parentheses indicate the number of neurons tested. �2 analyses
revealed a statistically significant effect of dose for 5-HT neurons (�2 (2) � 12.9; p � 0.002).
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analog depending on its relative selectivity
and available concentration. Finally, the
same receptor may be present on different
but interacting DR neurons. To better
clarify CRF actions on DR neurons, the
present study characterized the effects of
selective activation of the more prevalent
CRF receptor subtype, CRF-R2.

The effects of UII resembled those re-
ported for oCRF (Kirby et al., 2000),
which can interact with both CRF receptor
subtypes but is more selective at CRF-R1
receptors. Both peptides decreased DR
discharge at low doses, and this effect di-
minished with higher doses (Kirby et al.,
2000); however, the inhibition produced
by the two peptides was distinct. In the
present study, inhibition produced by UII
was more robust and of a shorter latency
than the previously reported effects of
oCRF. Importantly, oCRF and UII were
differentially sensitive to CRF-R1 versus
CRF-R2 antagonists, respectively. Al-
though DR neurons that were responsive
to oCRF were not neurochemically char-
acterized, anatomic evidence suggests that
activation of CRF-R1 on GABA neurons
in the dorsolateral DR contributes to
stress-induced inhibition of this system
(Roche et al., 2003).

The use of juxtacellular labeling com-
bined with immunohistochemistry in the
present study was critical for distinguish-
ing dual mechanisms of action of UII. The
results provide physiological evidence for the existence of
CRF-R2 receptors on 5-HT and non-5-HT DR neurons and that
interaction with these has opposing consequences on 5-HT ac-
tivity. The finding that excitation of 5-HT neurons was apparent
only with the highest doses of UII may be explained if this effect
requires a greater degree of receptor occupancy compared with
the direct inhibition of 5-HT neurons. For example, if 5-HT neu-
rons have a higher density of receptors and a smaller percentage
of the receptors needs to be occupied to produce inhibition (i.e.,
there are spare receptors), then low doses of UII would only
inhibit 5-HT neurons. Receptors mediating the excitatory re-
sponse (presumably inhibition of non-5-HT neurons that syn-
apse with 5-HT neurons) may become sufficiently occupied only
at higher doses of UII. An alternative explanation for the present
results is that the two actions of UII are mediated by distinct
receptors on 5-HT neurons. Although this possibility cannot be
ruled out, it is considered less likely given the pharmacological
evidence that UII is selective for CRF-R2 receptors and that both
inhibition by the low dose of UII and excitation by the high dose
of UII are sensitive to a CRF-R2 antagonist.

It is of interest to determine the neurochemical phenotype of
non-5-HT neurons that are inhibited by UII (30 ng) because
these neurons may provide an additional pharmacological target
for manipulating the system. Although there are multiple inhib-
itory neuromodulators in the DR, GABA is a likely candidate
because GABA-containing neurons are present and are contacted
by CRF axon terminals in the DR (Waselus et al., 2003). This
would be of interest given previous studies suggesting that DR–
5-HT neurons are inhibited by activation of CRF-R1 receptors on

GABA neurons (Roche et al., 2003). If the UII-elicited activation
of DR–5-HT neurons occurs through inhibition of GABA neu-
rons, it would suggest that GABA neurons express both CRF-R1
and CRF-R2 receptors, which have opposing effects, i.e., activa-
tion of GABA neurons via CRF-R1 and inhibition via CRF-R2.

Functional implications
The dual effects of UII on DR–5-HT neuronal activity imply that
activation of CRF-R2 receptors in the DR can regulate this system
in a dynamic manner, having opposing effects depending on the
concentration of agonist available to receptors. Stimuli that re-
lease relatively low levels of the endogenous agonist or submaxi-
mal doses of exogenously administered agonist would be pre-
dicted to inhibit the DR–5-HT system. Inhibition of this system
has been implicated in promoting active responses to challenges
such as swim stress (Roche et al., 2003). In contrast, stimuli that
release high levels of endogenous agonist or doses of exogenous
agonist that are sufficient to saturate receptors would be pre-
dicted to activate this system. Recently, excitation of DR–5-HT
neurons (as evidenced by c-fos immunoreactivity) has been pro-
posed to occur during uncontrollable shock as a result of CRF-R2
activation. This effect has been implicated in deficits in active
escape behavior (Hammack et al., 2003). Thus, the wide range
regulation of the DR–5-HT system by CRF-R2 activation may
allow for the facilitation of multiple behavioral strategies to a
challenge, with active responses being promoted by inhibition
and passive responses being promoted by excitation. Likewise,
the findings suggest mechanisms for modulating behavior by ti-

Figure 5. Antagonism of UII by a CRF-R2 but not a CRF-R1 antagonist. A, Representative traces of DR neuronal activity before
and after administration of UII (10 ng) in rats pretreated with (1) the selective CRF-R2 antagonist AS-30 or (2) the selective CRF-R1
antagonist antalarmin. In A1, UII (10 ng) inhibited neuronal activity, and this was reversed by local microinfusion of AS-30.
Subsequent administration of UII was without effect. In A2, UII (10 ng) produced a reproducible inhibition of DR neuronal activity
before antalarmin administration. This effect was still apparent after antalarmin administration. Asterisks indicate artifacts. B,
Histogram indicating the percentage of neurons that were nonresponsive, inhibited, or activated by 10 ng UII, 10 ng UII after
antisauvagine-30, 30 ng UII, or 30 ng UII after antisauvagine-30. The number of neurons tested is indicated in parentheses. �2

analyses revealed a significant effect of antagonist for the 10 ng dose (�2 (2) � 10.5; p � 0.005). C, Time course of effects of UII
(10 or 30 ng) in the absence or presence of antisauvagine-30. A comparison of the area under the curve described by effect as a
function of time revealed differences between UII (30 ng) and UII (30 ng) plus antisauvagine-30 ( p � 0.05; Mann–Whitney rank
sum test).
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trating the dose of specific CRF analogs. This has important im-
plications for pharmacotherapy of affective disorders.
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