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Abstract
Serotonin plays an important role in the regulation of anxiety states and physiological responses to
aversive stimuli. Intracerebroventricular (i.c.v.) injection of the stress- and anxiety-related
neuropeptide urocortin 2 (Ucn 2) increases c-Fos expression in serotonergic neurons in the dorsal
(DRD) and caudal (DRC) parts of the dorsal raphe nucleus. These regions contain a subset of
serotonergic neurons that projects via the dorsal raphe periventricular tract to periventricular
structures, including the subfornical organ and ependymal layer, and to the ventricular system. To
determine if Ucn 2 activates ventricle/periventricular-projecting serotonergic neurons in the midbrain
raphe complex we made i.c.v. injections of the retrograde tracer Fluoro-Gold into the lateral ventricle,
followed 7 days later by i.c.v. injection of Ucn 2. The DRD at −8.18 mm and the DRC at −8.54 mm
and −9.16 mm bregma were analyzed using a combined brightfield and immunofluorescence
technique. Approximately 40% of the ventricle/periventricular-projecting neurons in the
subdivisions sampled were serotonergic. Urocortin 2 increased c-Fos expression in ventricle/
periventricular-projecting serotonergic neurons in the DRC and in non-ventricle/periventricular-
projecting serotonergic neurons in the DRD and DRC. Of the total population of ventricle/
periventricular-projecting serotonergic neurons in the DRC at −8.54 and −9.16 mm bregma, 35%
expressed c-Fos following Ucn 2 injections. These data are consistent with previous studies showing
that i.c.v. injection of Ucn 2 activates subpopulations of serotonergic neurons restricted to the mid-
rostrocaudal DRD and DRC, and further demonstrate that these include both subsets of serotonergic
neurons that do and do not project to the ventricle/periventricular system.
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Urocortin 2 (Ucn 2) is a 38-amino acid neuropeptide and a member of the corticotropin-
releasing factor (CRF) family of neuropeptides, a group of stress and anxiety-related
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neuropeptides, that also includes CRF, urocortin 1 (Ucn 1), and urocortin 3 (Ucn 3) (Reyes et
al, 2001). Urocortin 2 binds selectively and with high affinity to the type 2 CRF receptor (Reul
and Holsboer, 2002) and has been implicated in a variety of behaviors including feeding (Hsu
and Hsueh, 2001;Ohata and Shibasaki, 2004;Reyes et al, 2001;Zorrilla et al, 2004), motor
behavior (Valdez et al, 2002) and anxiety-related behaviors (Pelleymounter et al, 2004). In
Ucn 2 knockout mice, females, but not males, show increased basal corticosterone and
adrenocorticotropic hormone concentrations at the transition from the light to the dark phase
and an antidepressant-like phenotype in the forced swim test and tail suspension test (Chen et
al, 2006). Urocortin 2 may exert some of its behavioral and physiological effects through
interactions with midbrain and brainstem neuromodulatory systems such as the serotonergic
system.

Corticotropin-releasing factor and the urocortins alter the neuronal activity of midbrain and
pontine serotonergic systems. Microinfusions of low doses of CRF-related peptides directly
into the dorsal raphe nucleus, a region with high numbers of serotonergic neurons projecting
to limbic forebrain sites, decrease neuronal firing rates of serotonergic neurons while
microinfusion of high doses increase them (Kirby et al, 2000;Pernar et al, 2004;Price et al,
1998). Consistent with these findings, direct microinjection of low doses of CRF or CRF-
related neuropeptides into the dorsal raphe nucleus decreases extracellular concentrations of
serotonin, while high doses increase them, in forebrain sites, including the lateral striatum
(Price et al, 1998;Price and Lucki, 2001), lateral septum (Price and Lucki, 2001), basolateral
nucleus of the amygdala (BLA; Amat et al, 2004), central nucleus of the amygdala (CE; Forster
et al, 2006), hippocampus (de Groote et al, 2005), and nucleus accumbens (Lukkes et al,
2008). Consistent with these electrophysiological and neurochemical studies, we have
previously shown that intracerebroventricular (i.c.v.) injection of Ucn 2 activates
subpopulations of serotonergic neurons in the dorsal part of the caudal dorsal raphe nucleus,
including the dorsal raphe nucleus, dorsal part (DRD) and caudal part (DRC; Staub et al,
2005;Staub et al, 2006).

Although the DRD and DRC regions are both sensitive to Ucn 2, these regions are anatomically
and functionally different subdivisions of the dorsal raphe complex each with distinct patterns
of afferent and efferent projections. The DRD region preferentially receives afferents from
regions involved in the regulation of emotional behavior, including the lateral and ventral
orbitofrontal and infralimbic cortices, the CE, the bed nucleus of the stria terminalis (BNST),
and the dorsal, dorsomedial, lateral and posterior hypothalamic nuclei (Peyron et al, 1998);
meanwhile, it sends efferent projections to the dorsolateral periaqueductal gray (DLPAG;
Stezhka and Lovick, 1997)), BLA and CE (Abrams et al, 2005;Hale et al, 2008;Ottersen,
1981), BNST (Petit et al, 1995), nucleus accumbens and medial prefrontal cortex (mPFC; Van
Bockstaele et al, 1993) and ventral hippocampus (Imai et al, 1986). The DRC is distinct from
the DRD and preferentially receives afferents from the mPFC, hypothalamic regions including
the preoptic area, arcuate nucleus, and perifornical and lateral hypothalamic areas, and
midbrain and brainstem regions including the interpeduncular nucleus, laterodorsal tegmental
area and area postrema (Lee et al, 2003); meanwhile, it sends efferents to the hippocampus and
midline thalamic nuclei. The DRC is also the major source of serotonergic projections to the
subfornical organ (a circumventricular organ with a reduced blood-brain barrier) as well as the
ependymal lining and the cerebral ventricles including the lateral, third and fourth ventricles
(Mikkelsen et al, 1997;Simpson et al, 1998). Although i.c.v. administration of Ucn 2 increases
c-Fos expression within the DRD and DRC (Staub et al, 2005;Staub et al, 2006), it is unclear
whether it activates the subpopulation of ventricle/periventricular-projecting serotonergic
neurons there.

In this experiment we tested the hypothesis that the midbrain raphe complex contains a
functional subset of ventricle/periventricular-projecting serotonergic neurons that are activated
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by stress and anxiety-related stimuli. In order to identify ventricle/periventricular-projecting
serotonergic neurons in the dorsal raphe nucleus, the retrograde tracer Fluoro-Gold (FG) was
injected into the lateral ventricle, followed 7 days later by i.c.v. injection of vehicle or Ucn 2.
Immunohistochemistry was used to detect c-Fos (the protein product of the immediate-early
gene, c-fos; as a marker of cellular responses to afferent stimulation) while
immunofluorescence was used to detect tryptophan hydroxylase (TPH; as a marker of
serotonergic neurons) and autofluorescence was used to detect FG. The combined
immunohistochemistry/immunofluoresence/autofluorescence procedure was used to detect
colocalization.

Materials and Methods
Animals

Adult male Wistar rats (B&K Universal, Hull, UK; N = 20) weighing 250–275 g, were housed
in groups of 4 for one week prior to the surgery (cage dimensions (L×W×H): 56×38×15 cm).
Rats were handled for 2 min per day for 5 days prior to surgery and were handled and weighed
each day for seven days following the surgery to monitor health status. Following surgery rats
were individually housed and remained single housed for the duration of the experiment (cage
dimensions (L×W×H): 40×24×20 cm). Rats were kept under a 14/10 h light/dark cycle (lights
on at 0500 h) in an experimental room with standard temperature (22°C) and humidity (50%).
Experimental procedures were performed during the light cycle. Food and water were available
ad libitum. All procedures were approved by the Ethical Review Group at the University of
Bristol and were conducted in accordance with the UK Home Office Guidelines and the
Scientific (Animal Procedures) Act, 1986.

Cannula Implantation
The procedures for implantation of i.c.v. cannulae have been described previously (Staub et
al, 2005;Staub et al, 2006). Briefly, rats were anesthetized with sodium pentobarbital i.p. (65
mg/kg at 65 mg/mL dissolved in sterile saline; Sigma-Aldrich, P3761, St Louis, MO, USA).
Following induction of anesthesia, rats were placed in a stereotaxic frame (SAS-4100, ASI
Instruments, Warren, MI, USA) and i.c.v. guide cannulae (C315G, Plastics One, Roanoke, VA,
USA) were implanted using coordinates AP, −1.0 mm; DV, −2.5 mm; ML, +1.5 mm (right)
with reference to bregma (the tip of the guide cannula was placed 1 mm dorsal to the lateral
ventricle) using coordinates from a standard rat brain stereotaxic atlas (Paxinos and Watson,
1998). The cannula assembly was secured to the skull using two stainless steel screws and
fixed with dental acrylic. A dummy cannula (C315DC, Plastics One) of the same length as the
guide cannula was placed inside the guide cannula.

FG injection
Twenty-four hours following surgery each rat received an i.c.v. injection of FG (Fluorochrome
LLC, Denver, CO, USA). For the FG injection rats received injections while they remained in
their home cages. An injection cannula (C315I, Plastics One) was connected to a 10 μl Hamilton
syringe with PE20 tubing (PE-20, Braintree Scientific Inc, Braintree, MA, USA) and backfilled
with FG. The injection cannula was inserted into the guide cannula and 0.5 μl of 0.9% sterile
saline, followed by 2 μl of a 1% solution of FG in 0.9% sterile saline and then a further 0.5
μl of saline (total volume 3 μl) was injected (i.c.v.) using a Harvard Apparatus PHD 2000
Infusion pump (Cat. No. 70-2000, Harvard Apparatus, Holliston, MA, USA) at a rate of 1 μl/
min. The injection cannula remained in place for 10 min following the injection. The guide
cannula was then replaced.
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Drug administration
Seven days following the FG injection, each rat received an i.c.v. injection of either Ucn 2 (n
= 10) or vehicle (n = 10). The procedure for injection of Ucn 2 has been described previously
(Staub et al, 2005;Staub et al, 2006) and is the same as that described for FG injection except
that rats received injection of either 2 μl of 0.5 μg/μl mouse Ucn 2 in 0.9% sterile saline (1
μg/rat; Cat. No. 2019-24, Lot No. 417539, Phoenix Pharmaceutical, Karlsruhe, Germany) or
2 μl of 0.9% sterile saline. The injection cannula remained in place for 30 sec. The guide cannula
was then replaced.

Tissue processing
Two hours following i.c.v. injection of either Ucn 2 or vehicle, rats were anesthetized with 0.5
ml of 200 mg/kg sodium pentobarbital (Euthatal, Merial, Harlow, UK) and transcardially
perfused with 0.05 M phosphate buffered saline (PBS; pH 7.4) followed by 4%
paraformaldehyde solution (prepared using 160 g paraformaldehyde, 60 g sucrose, 1616 ml
0.2 M Na2HPO4·7H2O, 384 ml 0.2 M NaH2PO4·H2O, and 2 L distilled H2O (dH2O), brought
to pH 7.4 using sodium hydroxide pellets). Following fixation, the brains were removed and
post-fixed in the 4% paraformaldehyde solution for 24 h at 4 °C and were then rinsed in 0.1
M sodium phosphate buffer (PB; 80.8% 0.1 M Na2HPO4·7H2O and 19.2% 0.1 M
NaH2PO4·H2O) twice for 12 h. The brains were then placed in 30% sucrose in 0.1 M PB for
2–3 days (until brains had sunk). Brains were then blocked into two pieces with a cut in the
coronal plane at the caudal border of the mammillary bodies (approximately −5.30 mm bregma)
using a rat brain matrix (RBM-4000C, ASI Instruments) and rapidly frozen in isopentane
chilled on dry ice. The brains were then stored at −80 °C. Brain sections (30 μm) were then
made using a cryostat and stored as 6 alternate sets of sections. The tissue was stored at −20 °
C in cryoprotectant (prepared using 270 ml ethylene glycol, 160 ml glycerol, 202 ml 0.2 M
Na2HPO4·7H2O, 48 ml 0.2 M NaH2PO4·H2O, and 320 ml dH2O) until immunohistochemical
procedures were conducted.

Immunohistochemistry
Fluoro-Gold immunohistochemistry—To examine the injection site, one set of forebrain
sections was used for immunohistochemistry using an antibody directed against FG (rabbit
anti-FG, Cat. No. AB153, Lot No. 25060005, Chemicon (Millipore), Billerica, MA, USA).
Immunohistochemistry was conducted on free-floating brain sections in 12-well plates
(Corning Life Sciences, Lowell, MA, USA) and sections were gently shaken on an orbital
shaker throughout the procedure. The length of all washes, rinses and pre-incubations was 15
min. Tissue was first washed twice in 0.05 M phosphate buffered saline (PBS), then rinsed in
1% H2O2 in 0.05 M PBS, followed by washing in 0.05 M PBS and pre-incubation in 0.05 M
PBS containing 0.3% Triton X-100 (0.3% PBST); sections were then incubated overnight at
room temperature (RT) with the rabbit anti-FG antibody (1:10000) in 0.05 M PBS containing
0.1% Triton X-100 (0.1% PBST). After a 16 h incubation, the tissue was washed twice in 0.05
M PBS followed by incubation with a biotinylated donkey anti-rabbit secondary antibody
(1:500, Cat. No. 711-065-152, Lot No. 84855, Jackson ImmunoResearch, West Grove, PA,
USA) in 0.05 M PBS for 90 min. Tissue was washed twice in 0.05 M PBS followed by
incubation with an avidin–biotin–peroxidase complex (Elite ABC reagent, Cat. No. PK-6100,
1:200; Vector Laboratories, Burlingame, CA, USA) in 0.05 M PBS for 90 min. Last, tissue
was washed twice in 0.05 M PBS, and incubated in a peroxidase chromogen substrate solution
consisting of 0.01% 3,3′-diaminobenzidine tetrahydrochloride (DAB; Cat. No. D9015, Lot No.
85897LJ, Sigma-Aldrich, St. Louis, MO, USA) and 0.0015% H2O2 in 0.05 M PBS for 20 min.
Finally, sections were washed twice in 0.05 M PBS to stop the reaction. Brain sections were
rinsed briefly in 0.15% gelatin in distilled water then mounted on microscope slides
(VistaVision, Cat No. 16004-382, VWR, West Chester, PA, USA), dehydrated through an
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alcohol series and cleared with xylene. The slides were then mounted with cover slips using
Entellan mounting medium (Electron Microscopy Science, Hatfield, PA, USA). The color
reaction of the FG immunostaining was orange–brown and localized in fibers and cell bodies.

c-Fos/TPH immunohistochemistry—A second set of sections, including the midbrain
raphe complex, was used for double immunostaining using primary antibodies directed against
the protein product of the immediate-early gene c-fos (rabbit anti-c-Fos polyclonal antibody,
Cat. No. PC38, Lot No. D00015268, 1:3000; Calbiochem (EMD Chemicals) Gibbstown, NJ,
USA), and against tryptophan hydroxylase (TPH; sheep anti-TPH antibody, Cat. No. T8575,
Lot No. 096K1026, 1:10000; Sigma-Aldrich). The procedure for double immunostaining for
c-Fos and TPH was essentially the same as described for immunostaining for FG. Tissue was
washed twice in 0.05 M PBS, then rinsed in 1% H2O2 in 0.05 M PBS, followed by washing
in 0.05 M PBS and pre-incubation in 0.3% PBST; sections were then incubated overnight at
RT with rabbit anti-c-Fos antibody (1:3000) in 0.1% PBST. After a 16 h incubation, the tissue
was washed twice in 0.05 M PBS followed by incubation with a biotinylated donkey anti-rabbit
secondary antibody (1:200, Cat. No. E0353, Lot No. E035301028501-0802, DAKO,
Carpinteria, CA, USA) in 0.05 M PBS for 90 min. Tissue was washed twice in 0.05 M PBS
followed by incubation with an avidin–biotin–peroxidase complex (Elite ABC reagent, Cat.
No. PK-6100, 1:200; Vector Laboratories) in 0.05 M PBS for 90 min. Tissue was then washed
twice in 0.05 M PBS, and incubated in a peroxidase chromogen substrate (Cat. No. SK4700;
Vector SG; Vector Laboratories; diluted as recommended by the vendor) in 0.05 M PBS for
20 min. After the chromogen reaction, tissue was immediately washed in 0.05 M PBS, then in
1% H2O2 in 0.05 M PBS, and twice in 0.05 M PBS. Then, slices were incubated with sheep
anti-TPH antibody (1:10000) in 0.1% PBST overnight at room temperature. All subsequent
steps were identical to those described above for the immuno-peroxidase localization of c-Fos
immunoreactivity, except for the secondary antibody and chromogen reaction steps; these used
a rabbit anti-sheep secondary antibody (Cat. No. PK- 6106, 1:200, Vector Laboratories), and
a peroxidase chromogen substrate solution consisting of 0.01% 3,3′-diaminobenzidine
tetrahydrochloride (DAB) and 0.0015% H2O2 in 0.05 M PBS (20 min). Finally, sections were
washed twice in 0.05 M PBS to stop the reaction. Brain sections were then mounted on
microscope slides and mounted with cover slips in the same manner as described for sections
immunostained for FG. The color reaction of the c-Fos immunostaining was blue–black and
localized to the nucleus while TPH immunostaining was orange–brown and localized to the
cytoplasm.

c-Fos/TPH/FG combined immunohistochemistry/immunofluorescence/
autofluorescence—A third set of sections was used for the combined detection of c-Fos,
TPH and FG in the dorsal raphe nucleus. Fluoro-Gold was visualized as autofluorescence using
a wide band ultraviolet excitation filter (Excitation, 356 nm, Emission, 458 nm; DAPI). The
procedure for the brightfield immunohistochemical detection of c-Fos was essentially the same
as that described above, except that a different lot of rabbit anti-c-Fos primary antibody was
used (Cat. No. PC38, Lot No. D00058535, 1:3000; Calbiochem (EMD Chemicals)) and the
peroxidase chromogen substrate solution was 0.01% DAB and 0.0015% H2O2 in 0.05 M PBS
(20 min), which resulted in a brown/orange nuclear stain. The immunofluorescence procedure
for TPH was then conducted as follows. Immediately following the DAB reaction, tissue was
washed twice in 0.05 M PBS for 15 min each time and then incubated with sheep anti-TPH
antibody (1:1000) in 0.1% PBST overnight at RT (TPH; sheep anti-TPH antibody, Cat. No.
T8575, Lot No. 047K1223, 1:1000; Sigma-Aldrich). After 16 h, tissue was rinsed twice in 0.05
M PBS and then incubated with a secondary antibody conjugated to Cy5 (donkey anti-sheep
Cy5, 1:200, Cat No. 713-176-147, Lot No. 80271, Jackson ImmunoResearch). Tissue was then
washed twice in 0.05 M PBS and mounted on glass microscope slides using Vectashield
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Mounting Medium for fluorescence (H-1000, Vector Laboratories). Nail polish was used to
seal the outer edges of the cover slips.

Cell counting
Brightfield analysis of c-Fos/TPH immunohistochemistry—Cell counting for the c-
Fos/TPH immunohistochemistry analysis using brightfield microscopy was conducted as
previously described (Staub et al, 2005;Staub et al, 2006). The numbers of c-Fos-
immunoreactive (c-Fos-ir) serotonergic neurons (i.e. c-Fos-ir/TPH-ir neurons), the numbers
of c-Fos-ir, non-serotonergic cells (i.e. c-Fos-ir/TPH-immunonegative cells), and the total
numbers of TPH-ir neurons sampled (i.e., both c-Fos-ir/TPH-ir and c-Fos-immunonegative/
TPH-ir neurons) were counted in different regions of the DR and MnR at five rostrocaudal
levels (−7.46, −8.00, −8.18, −8.54, and −9.16 mm bregma) using brightfield microscopy. The
subdivisions of the DR studied included the dorsal raphe nucleus, dorsal part (DRD) and dorsal
raphe nucleus, ventral part (DRV) at −7.46 mm bregma, the DRD, DRV and dorsal raphe
nucleus, ventrolateral part/ventrolateral periaqueductal gray (DRVL/VLPAG) at −8.00 mm
bregma, the DRD, DRV, DRVL/VLPAG, dorsal raphe nucleus, interfascicular part (DRI) and
the median raphe nucleus (MnR) at −8.18 mm bregma, the DRI, MnR, and dorsal raphe nucleus,
caudal part (DRC) at −8.54 mm bregma, and the DRC at −9.16 mm bregma. The DRVL and
adjacent VLPAG contain a distinct cluster of multipolar serotonergic neurons (Johnson et al,
2004), together defined as the “lateral wings” of the DR (Steinbusch, 1981;Steinbusch,
1984). As serotonergic neurons in the DRVL and VLPAG appear to be functionally related
(Johnson et al, 2004), cells in these structures were counted as a single population, using the
abbreviation DRVL/VLPAG. Cells were counted in both the left and the right DRVL/VLPAG
and the cell counts were summed to give a total number of cells in the DRVL/VLPAG. For the
remaining subdivisions, which are all located on the midline, cells were counted on both the
left and right sides of the midline and the cell counts were summed to give a total number of
cells in each subdivision. One section from each rat at each anatomical level was sampled. Cell
counts were conducted using brightfield microscopy using a 40x objective lens (400× total
magnification) by an investigator blind to the assignment of treatment groups.

Brightfield/fluorescence analysis of combined c-Fos/TPH
immunohistochemistry/immunofluorescence and FG autofluorescence—Cell
counting for the combined brightfield/fluorescence imaging was conducted in a manner similar
to that previously described (Hale et al, 2008). Photomicrographs (200× total magnification)
were generated for the DRD at −8.18 mm bregma and the DRC at −8.54 mm and −9.16 mm
bregma using a Nikon 90i microscope and a Photometrics CoolSNAP ES digital camera linked
to a computer with NIS Elements 3.00 imaging software (A.G. Heinze Inc., Lake Forest, CA,
USA). For each rat, photographs were taken using DAPI (to visualize FG autofluorescence),
FITC (to visualize c-Fos, as nuclear c-Fos immunoreactivity occludes background
autofluorescence) and Cy5 (to visualize TPH immunofluorescence) filters. Two sets of images
were required, either side of the midline, to capture the entire subdivision. Additional
photographs using brightfield microscopy were taken to confirm c-Fos-ir cells. Separate layers
for c-Fos-ir, FG autofluorescent (FG+) and TPH-ir photomicrographs were created using
Adobe Photoshop 6.0.1 (Adobe Systems Incorporated, San Jose, CA, USA) and the numbers
of c-Fos-ir, FG+ and TPH-ir cells were quantified by placing dots over each c-Fos-ir, FG+ or
TPH-ir profile in additional cell counting layers. The cell counting layers were superimposed
and the numbers of single-labeled c-Fos-ir, single-labeled FG+, single-labeled TPH-ir, double-
labeled (c-Fos-ir/TPH-ir; c-Fos-ir/FG+ and FG+/TPH-ir), and triple-labeled (c-Fos-ir/FG+/
TPH-ir) neurons were counted. Only full cell body profiles were counted. Double-labeled and
triple-labeled neurons were confirmed with the slides themselves using a 40x objective lens
(400× total magnification).
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Image capture
Photomicrographs were taken using a Nikon 90i microscope and a Photometrics CoolSNAP
ES digital camera (for fluorescence) or a Nikon DS-Fi1 digital camera, both of which were
linked to a computer with NIS Elements 3.00 imaging software (A.G. Heinze Inc., Lake Forest,
CA, USA). Confocal images were generated using a Leica TCS SP2 AOBS laser scanning
confocal microscope using DAPI and Cy5 filter cubes and Leica Confocal Software (v. 2.00,
Leica Microsystems, Heidelberg, Germany), and presented as 21 μm-thick z-stack projections.
Photographic plates were prepared in CorelDraw for Windows 12.0 (Viglen Ltd., Wembley,
UK).

Statistical analysis
Data were analyzed using analysis of variance (ANOVA) with repeated measures followed,
when appropriate, by planned pairwise comparisons using Fisher’s Protected Least Significant
Difference (LSD) tests using PASW Statistics (17.0.2 for Windows, SPSS Inc., Chicago, IL,
USA). A Greenhouse-Geisser correction epsilon (ε) was used for repeated measures analysis
to correct for potential violation of the sphericity assumption.

The brightfield cell counts for the numbers of c-Fos-ir/TPH-ir (serotonergic) neurons, the
numbers of c-Fos-ir/TPH-immunonegative (non-serotonergic) neurons, and the total numbers
of TPH-ir neurons sampled were analyzed separately using treatment group (two levels: i.c.v.
saline and i.c.v. Ucn 2) as a between-subjects factor and brain region (14 levels) as a within-
subjects factor.

For the combined brightfield/fluorescence cell counts several populations of labeled cells were
analyzed, 1) the numbers of single-labeled c-Fos-ir cells, 2) the total numbers of FG+ neurons,
3) the total numbers of TPH-ir neurons, 4) the numbers of c-Fos-ir/TPH-ir/FG− (non-ventricle/
periventricular-projecting, c-Fos-expressing, serotonergic) neurons, 5) the numbers of c-Fos-
ir/TPH-immunonegative/FG+ (ventricle/periventricular-projecting, c-Fos-expressing, non-
serotonergic) neurons, 6) the prevalence of FG+/TPH+ neurons (the proportion of ventricle/
periventricular-projecting neurons that were serotonergic), and 7) the numbers of c-Fos-ir/
TPH-ir/FG+ (triple-labeled) neurons. These populations of cells were analyzed separately
using treatment group (two levels: i.c.v. saline and i.c.v. Ucn 2) as a between-subjects factor
and brain region (3 levels) as a within-subjects factor. Significance was accepted for the
ANOVAs and post hoc Fisher’s Protected LSD tests when P < 0.05.

Outliers (2.6% (brightfield); 2.8% (combined brightfield/fluorescence)) were identified by
Grubbs test (Grubbs, 1969) and excluded. Replacement data used for the repeated measures
ANOVAs were calculated using the Petersen method (Petersen, 1985). Replacement data were
not included in post hoc analyses and are not represented in the table or in graphical
representation of the data.

Results
FG injection site and uptake

To examine the localization of the i.c.v. injection site and uptake of FG, immunohistochemistry
for FG was conducted on forebrain sections (Fig. 1). The criteria for inclusion of individual
rats in the analysis of retrogradely labeled cells in the midbrain raphe nuclei were based on
Mikkelsen et al (1997). Rats were included in the analysis if FG was taken up by the ependyma
of the lateral (Fig. 1A, B) and third ventricles (Fig. 1B, C, D, F) and if there was staining in
fibers (presumed tanycytes) close to the 3V (Fig 1F, G). Six rats (3 from each treatment group)
were excluded from the analysis based on these criteria.
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Fluoro-Gold immunoreactivity was also observed in circumventricular organs including the
vascular organ of the lamina terminalis (VOLT; Fig. 1A, D) and subfornical organ (SFO; Fig.
1B, E). Both of which are known to contain serotonin-immunoreactive fibers (Takeuchi and
Sano, 1983) and therefore may contribute to the pattern of retrograde labeling in the midbrain
raphe nuclei following i.c.v. injection of FG.

c-Fos/TPH immunohistochemistry
c-Fos expression in serotonergic neurons in subdivisions of the midbrain raphe
complex—Consistent with our previous reports (Staub et al, 2005;Staub et al, 2006), i.c.v.
injection of Ucn 2 increased c-Fos expression in serotonergic neurons within subdivisions of
the midbrain raphe complex (repeated measures ANOVA, treatment × region interaction effect,
F(13,156) = 7.61, p < 0.001, ε = 0.23; treatment main effect, F(1,12) = 8.70, p = 0.012; region
main effect, F(13,156) = 16.24, p < 0.001, ε = 0.23; Fig. 2, closed bars; Fig. 3). Post hoc Fisher’s
Protected LSD tests showed increased c-Fos expression in serotonergic neurons of the DRD
at −8.18 mm bregma, the DRC at −8.54 mm bregma, and the DRC at −9.16 mm bregma. Unlike
our previous report (Staub et al, 2005), post hoc tests failed to detect an increase in the DRD
at −7.46 mm, the DRV at −8.18 mm and the DRI at −8.54 mm bregma. These results are
however consistent with our more recent findings, suggesting a more regionally specific effect
of Ucn 2 (Staub et al, 2006). It is possible that the differences between the findings may be due
to differences in the experimental procedures (for discussion, see Staub et al, 2006).

c-Fos expression in non-serotonergic cells in subdivisions of the midbrain
raphe complex—Intracerebroventricular injection of Ucn 2 increased c-Fos expression in
non-serotonergic cells within subdivisions of the midbrain raphe complex (treatment × region
interaction effect, F(13,156) = 3.04, p = 0.015, ε = 0.40; region main effect, F(13,156) = 17.44,
p < 0.001, ε = 0.40; the treatment main effect did not reach statistical significance; Table 1).
Post hoc Fisher’s Protected LSD tests showed increased c-Fos expression in non-serotonergic
cells in Ucn 2-injected rats compared with saline-injected controls in the DRD at −8.18 mm
bregma, the DRC at −8.54 mm bregma, and the DRC at −9.16 mm bregma.

Total TPH-ir neurons in subdivisions of the midbrain raphe complex sampled—
The numbers of TPH-ir neurons varied across the subdivisions of the midbrain raphe complex
(region main effect, F(13,156) = 59.38, p < 0.001, ε = 0.25; Fig 2, open bars). However there
was no difference in the numbers of TPH-ir neurons across treatments.

c-Fos/FG/TPH combined brightfield/fluorescence analysis—
Intracerebroventricular injection of Ucn 2 increased c-Fos expression in ventricle/
periventricular-projecting serotonergic neurons (c-Fos-ir/FG+/TPH-ir; triple-labeled) in the
dorsal raphe nucleus (region × treatment interaction, F(2,24) = 4.07, p = 0.037, ε = 0.87;
treatment main effect, F(1,12) = 13.57, p = 0.003; region main effect, F(2,24) = 5.58, p = 0.014,
ε = 0.87; Fig. 4A, Fig. 5, Fig. 6). Post hoc Fisher’s Protected LSD tests showed an increase in
triple-labeled neurons in the Ucn 2-injected group compared with the saline-injected control
group in the DRC at −8.54 mm bregma (Fig 4A, Fig. 6) and the DRC at −9.16 mm bregma
(Fig. 4A, Fig. 5, Fig. 6). Of the population of ventricle/periventricular-projecting serotonergic
neurons, 12.9 ± 4.9% in the DRD at −8.18 mm bregma, 31.5 ± 9.7% in the DRC at −8.54 mm
bregma and 38.7 ± 13.0% in the DRC at −9.16 mm bregma were activated (c-Fos-ir) following
i.c.v. Ucn 2 injection. Of the total population of ventricle/periventricular-projecting
serotonergic neurons in the regions that showed statistically significant increases, the DRC at
−8.54 mm bregma and DRC at −9.16 mm bregma, 35.4 ± 8.0% expressed c-Fos following Ucn
2 injection.
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Intracerebroventricular injection of Ucn 2 also increased c-Fos expression in non-ventricle/
periventricular-projecting (FG-negative) serotonergic neurons (region × treatment interaction,
F(2,24) = 4.41, p = 0.046, ε = 0.62; treatment main effect, F(1,12) = 30.59 p < 0.001; region
main effect, F(2,21) = 12.81, p = 0.002, ε = 0.62, Fig. 4B, closed bars). Post hoc Fisher’s
Protected LSD tests showed increased c-Fos expression in non-ventricle/periventricular-
projecting serotonergic neurons in the Ucn 2 group compared with saline controls in each of
the 3 subdivisions of the dorsal raphe nucleus sampled (Fig. 4B, closed bars).

The total numbers of FG+/TPH-ir (i.e. ventricle/periventricular-projecting serotonergic
neurons) varied among the 3 subdivisions sampled (region main effect, F(2,24) = 9.13, p <
0.009, ε = 0.53; Fig. 4A, open bars and Fig. 4C, closed bars). There was no treatment main
effect or region × treatment interaction. Of the total numbers of FG+ neurons in both saline-
and Ucn 2-treated rats, 35.7 ± 7.4% were TPH-ir in the DRD at −8.18 mm bregma; 46.4 ±
7.3% were TPH-ir in the DRC at −8.54 mm bregma, and 36.4 ± 6.5% were TPH-ir in the DRD
at −9.16 mm bregma (Fig. 4C). Of the total population of ventricle/periventricular-projecting
neurons in the sampled subdivisions, 39.5 ± 4.1% were serotonergic.

There were no differences between treatment groups in the numbers of c-Fos-ir/FG+/TPH-
immunonegative (ventricle/periventricular-projecting, non-serotonergic neurons) in the dorsal
raphe nucleus (data not shown). This represented a very small population of neurons in the
dorsal raphe nucleus. In the DRC at −8.54 mm bregma, the mean numbers of c-Fos-ir/FG+/
TPH− neurons for Ucn 2-treated rats was 0.42 ± 0.30 compared with saline controls 0 ± 0,
while in the DRD at −9.16 mm bregma, the mean numbers of c-Fos-ir/FG+/TPH− neurons for
Ucn 2-treated rats was 0.5 ± 0.22 compared with saline controls 0 ± 0. c-Fos-ir/FG+/TPH−
neurons were never observed in the DRD at −8.18 mm bregma.

The numbers of single-labeled c-Fos-ir cells (i.e. non-ventricle/periventricular-projecting, non-
serotonergic cells) varied among the 3 subdivisions of the caudal dorsal raphe nucleus sampled
(F(2,24) = 21.06, p < 0.001, ε = 0.94; data not shown). However, although the treatment main
effect approached statistical significance (p < 0.065) there was no difference across treatments
or interaction between the region and treatment. Similarly there were region main effects but
no treatment main effects or region × treatment interactions for the total numbers of TPH-ir
neurons (region main effect, F(2,24) = 90.61, p < 0.001, ε = 0.89; Fig 4B, open bars), the total
numbers of FG+ neurons (region main effect, F(2,24) = 20.96, p < 0.001, ε = 0.68; Fig 4C,
open bars), and the total numbers of FG−/TPH-ir (i.e. non-ventricle/periventricular-projecting
serotonergic neurons; region main effect, F(1,12) = 0.06, p = 0.798; data not shown).

Discussion
Intracerebroventricular injection of Ucn 2 increased c-Fos expression in a population of
serotonergic neurons that gives rise to the dorsal raphe periventricular tract (Lowry et al,
2008) (hereafter referred to as ventricle/periventricular-projecting serotonergic neurons).
Injection of the retrograde tracer FG into the lateral ventricle resulted in FG-like
immunoreactivity in the ependymal lining of the lateral and third ventricles, in fibers (presumed
tanycytes) close to the 3V and in circumventricular organs such as the VOLT and the SFO. A
subregional analysis of the midbrain raphe complex suggested that i.c.v. injection of Ucn 2
increased c-Fos expression in subsets of serotonergic neurons and non-serotonergic cells in the
mid-rostrocaudal DRD and in the DRC, but not in the rostral, ventral, ventrolateral or
interfascicular regions of the dorsal raphe nucleus or in the median raphe nucleus. The dorsal
part of the mid-rostrocaudal dorsal raphe nucleus (the DRD at −8.18 mm bregma) and the
caudal dorsal raphe nucleus (the DRC at −8.54 and −9.16 mm bregma) were analyzed using
combined brightfield, autofluorescence, and immunofluorescence imaging. Approximately
40% of the ventricle/periventricular-projecting neurons in the subdivisions of the dorsal raphe

Hale et al. Page 9

Exp Neurol. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nucleus sampled were serotonergic. Intracerebroventricular injections of Ucn 2 increased c-
Fos expression in non-ventricle/periventricular-projecting serotonergic neurons in all of the
subdivisions sampled (total population: saline, 6.0 ± 1.2%; Ucn 2, 33.0 ± 4.4%) and in ventricle/
periventricular-projecting serotonergic neurons in the DRC at −8.54 mm and −9.16 mm bregma
(total population: saline, 6.5 ± 4.1%; Ucn 2, 35.4 ± 8.0%). These data suggest that i.c.v.
injection of the stress- and anxiety-related neuropeptide, Ucn 2, activates a significant
proportion (~35%) of a subpopulation of serotonergic neurons in the caudal part of the dorsal
raphe nucleus that gives rise to the dorsal raphe periventricular tract, in addition to other
populations of non-ventricle projecting serotonergic neurons in the same region.

Injection of the retrograde tracer FG into the lateral ventricle resulted in a distinct pattern of
FG-like immunoreactivity in the rat ventricular system. FG-like immunoreactivity was seen in
the ependymal lining of the lateral and third ventricles and FG-like-ir fibers (presumed
tanycytes) were observed close to the 3V. Circumventricular organs such as the VOLT and the
SFO contained FG-ir fibers and cell bodies. These regions, like the ependyma and the cerebral
ventricles, are known to contain serotonin-ir fibers (Moore, 1977;Takeuchi and Sano, 1983)
and receive projections from the midbrain raphe complex (Mikkelsen et al, 1997;Simpson et
al, 1998) and therefore may contribute to the pattern of retrograde labeling in the midbrain
raphe nuclei following i.c.v. injection of FG. It is possible that injection of FG into the
ventricular system labeled serotonergic neurons forming the dorsal raphe periventricular tract
(DRPT), one of at least six different ascending serotonergic tracts innervating the forebrain,
based on autoradiographic tracing studies (Azmitia and Segal, 1978). Autoradiographic
evidence suggests that serotonergic neurons forming the DRPT originate in the caudal part of
the dorsal raphe nucleus, ventral to the fourth ventricle. Fibers of the DRPT run ventral to the
midbrain aqueduct in the ventromedial gray and project rostrally to periventricular regions of
the thalamus, hypothalamus and the subfornical organ (Azmitia and Segal, 1978). Subsequent
studies have confirmed that cells innervating the cerebral ventricles arise from the same region
of the dorsal raphe nucleus (Mikkelsen et al, 1997;Simpson et al, 1998) and therefore it is
possible that individual serotonergic neurons give rise to collateral projections to both
periventricular and ventricular structures.

Intracerebroventricular injection of Ucn 2 increased c-Fos expression in a subset of
serotonergic neurons in the midbrain raphe complex. Urocortin 2 injections increased c-Fos
expression in serotonergic neurons in the DRD at −8.18 mm bregma and the DRC at −8.54
and −9.16 mm bregma. Most of the subdivisions of the midbrain raphe complex sampled
showed no differences in c-Fos expression in serotonergic neurons between rats treated with
Ucn 2 and rats treated with saline, including the DRD and DRV at −7.46 mm bregma, the DRD,
DRV and DRVL/VLPAG at −8.00 mm bregma, the DRV, DRVL/VLPAG, DRI and MnR at
−8.18 mm bregma, and the DRI and MnR at −8.54 mm bregma. The results from the present
study are consistent with our previous report (Staub et al, 2006) and suggest that the stress-
and anxiety-related neuropeptide Ucn 2 has selective actions on an anatomically distinct
population of neurons in the caudal part of the midbrain raphe complex. We have previously
reported that i.c.v injection of Ucn 2 has no effect on home cage behavior measured up to 2 h
following injection (Staub et al, 2005), however, microinjection of Ucn 2 into the caudal dorsal
raphe nucleus has been associated with poor escape learning and potentiation of fear
conditioning measured 24 h following injection in a model of learned helplessness, an effect
similar to the behavioral consequences of inescapable stress (Hammack et al, 2003). The role
of Ucn 2 and CRF type 2 (CRF2) receptors in the regulation of anxiety-states and anxiety-
related behavior is unclear, with both anxiolytic effects (Ohata and Shibasaki, 2004;Valdez et
al, 2002) and anxiogenic effects (Pelleymounter et al, 2002;Pelleymounter et al, 2004) reported
after i.c.v. injection of Ucn 2 (for discussion, see Staub et al, 2005).
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Urocortin 2 injection increased c-Fos expression in a subset of the serotonergic neurons that
give rise to the dorsal raphe periventricular tract. The proportion of ventricle/periventricular-
projecting serotonergic neurons that expressed c-Fos varied across the subdivisions of the
dorsal raphe nucleus sampled; 31.5 ± 9.7% in the DRC at −8.54 mm bregma and 38.7 ± 13.0%
in the DRC at −9.16 mm bregma were activated (c-Fos-ir) following i.c.v. Ucn 2 injection. Of
the total population of ventricle/periventricular-projecting serotonergic neurons in the DRC at
−8.54 mm bregma and DRC at −9.16 mm bregma, 35.4 ± 8.0% expressed c-Fos following Ucn
2 injection. Consideration of an identified anatomical subset of serotonergic neurons increased
our ability to detect treatment effects; whereas Ucn 2 increased c-Fos expression in 35.4% of
FG+ serotonergic neurons, it increased c-Fos expression in only 6.5 ± 1.3% of all serotonergic
neurons sampled throughout the dorsal raphe nucleus. Most of the activated ventricle/
periventricular-projecting serotonergic neurons were located in the dorsal part of the dorsal
raphe nucleus close to the cerebral aqueduct. Although the functional role for a Ucn 2-sensitive,
ventricle/periventricular-projecting population of serotonergic neurons is not clear, this system
may have important implications for stress-coping mechanisms. Serotonergic fibers project
directly into the cerebrospinal fluid (Moore, 1977;Takeuchi and Sano, 1983) and serotonin acts
within the cerebrospinal fluid to increase ciliary beat frequency (Nguyen et al, 2001). Ciliated
ependymal cells are widely distributed throughout the ventricular system (Mathew and Singh,
1989;Mathew, 1999;Mathew, 2008). This may serve to increase clearance of bioactive
molecules and metabolites following stress-related stimuli, and therefore may contribute to the
stress coping functions that have been attributed to Ucn 2, Ucn 3 and CRF2 receptor activation
(Bale et al, 2000;Coste et al, 2000;Hsu and Hsueh, 2001).

The Ucn 2-sensitive ventricle/periventricular-projecting serotonergic system also may have
important implications in stress-related neuropsychiatric conditions. Some studies have found
low cerebrospinal fluid (CSF) concentrations of the serotonin metabolites 5-
hydroxyindoleacetic acid (5-HIAA) in depressed patients (Reddy et al, 1992) and low CSF
concentrations of 5-HIAA are predictors of anti-social personality disorder (Constantino et al,
1997) and violent behavior (Virkkunen et al, 1995). Although the low CSF 5-HIAA
concentrations in depressed patients have not been a consistent finding (Cowen, 2008), this
may represent a subset of depressed patients that attempt suicide (Asberg, 1997;Lester,
1995;Placidi et al, 2001). The Ucn 2-sensitive serotonergic system identified here, particularly
if it includes those serotonergic fibers that project directly into the CSF (Mikkelsen et al,
1997;Simpson et al, 1998), may play a particularly important role in the reduced 5-HIAA
concentrations in depressed suicide patients. This is an intriguing possibility because total brain
turnover of serotonin is elevated in depressed patients based on measurements of internal
jugular venoarterial 5-HIAA plasma concentration gradients (Barton et al, 2008), suggesting
that 5-HIAA concentrations in CSF and internal jugular blood compartments are differentially
regulated. Ependymal cells lining the ventricles contain monoamine oxidase A (Verleysdonk
et al, 2004) and may contribute to the conversion of serotonin to 5-HIAA prior to release into
the cerebrospinal fluid.

The Ucn 2-sensitive serotonergic neurons may include those projecting to the subventricular
zone (SVZ), a germinal layer of cells, located in the lateral walls of the lateral ventricles, that
has been implicated in neurogenesis (Doetsch et al, 1999). Inhibition of serotonin synthesis or
selective lesion of serotonergic neurons is associated with decreases in the numbers of newly
generated cells in the SVZ (Brezun and Daszuta, 1999) while activation of 5-HT1A and 5-
HT2C receptors stimulate cell proliferation in the SVZ and neurogenesis in the olfactory bulb
(OB; Banasr et al, 2004). Indeed, the antidepressant-like effects of some drugs, including
selective serotonin re-uptake inhibitors (SSRIs) are thought to be dependent on increased rates
of hippocampal neurogenesis (Duman et al, 1999;Santarelli et al, 2003). Recent evidence
suggests that the SVZ is a source of GABAergic interneurons for the OB as well as other
cortical and subcortical structures (Inta et al, 2008). The question of whether the Ucn 2-sensitive
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serotonergic system highlighted in this study plays a role in regulation of adult neurogenesis,
or the antidepressant effects of SSRIs or other antidepressant drugs requires further
investigation.

In addition to its effects on ventricle/periventricular-projecting serotonergic neurons, i.c.v.
injection of Ucn 2 also increased c-Fos expression in non-ventricle/periventricular-projecting
serotonergic neurons in each of the three subdivision of the caudal dorsal raphe nucleus studied.
Across these subdivisions, 33.0 ± 4.4% of non-ventricle/periventricular-projecting
serotonergic neurons expressed c-Fos in the Ucn 2-treated group compared with 6.0 ± 1.2% in
the saline-treated group. It is unclear if the effects of Ucn 2 on ventricle/periventricular-
projecting and non-ventricle/periventricular-projecting serotonergic neurons is through 1)
direct actions on the serotonergic neurons themselves, 2) indirect actions on the serotonergic
neurons, via effects on non-serotonergic neurons in the caudal DR, 3) indirect action on the
serotonergic neurons via effects on afferents to the DRC from outside the dorsal raphe nucleus,
or 4) a combination of direct and indirect mechanisms. Electrophysiologic evidence suggests
that activation of CRF2 receptors on serotonergic neurons in the dorsal raphe nucleus inhibits
neuronal activity of serotonergic neurons, whereas activation of CRF2 receptors on non-
serotonergic, possibly GABAergic, neurons in the dorsal raphe nucleus indirectly activates
serotonergic neurons through the inhibition of tonic inhibitory inputs (Pernar et al, 2004).
Regardless of the mechanisms, microdialysis studies using direct microinfusion of Ucn 2 into
the dorsal raphe nucleus support a role for local CRF2 receptors in activation of mesolimbic
serotonergic systems (Amat et al, 2004).

Intracerebroventricular injection of Ucn 2 increased c-Fos expression in subpopulations of non-
serotonergic cells in the midbrain raphe complex. Ucn 2 injections increased c-Fos expression
in non-serotonergic cells in the DRD at −8.18 mm, and the DRC at −8.54 and −9.16 mm
bregma, the same regions that showed increases in c-Fos expression in serotonergic neurons.
This finding is consistent with our previous study (Staub et al, 2006). These regions of the
dorsal raphe nucleus contain non-serotonergic neurons expressing the CRF2 receptor (Day et
al, 2004), including GABAergic neurons, and it is possible that these populations of cells play
an important role in the physiological and behavioral consequences of i.c.v. injection of Ucn
2. Further studies are required to examine the neurochemical phenotype of the c-Fos-ir non-
serotonergic cells activated by Ucn 2.

The numbers of ventricle/periventricular-projecting neurons and the proportion of ventricle/
periventricular-projecting neurons that are serotonergic varied across the subdivisions of the
dorsal raphe nucleus sampled. Of the total numbers of FG+ neurons, 35.7 ± 7.4% were TPH-
ir in the DRD at −8.18 mm bregma; 46.4 ± 7.3% were TPH-ir in the DRC at −8.54 mm bregma
and 36.4 ± 6.5% were TPH-ir in the DRC at at −9.16 mm bregma. In all of the regions sampled,
39.5 ± 4.1% of the total population of FG+ neurons sampled was serotonergic. Using
epifluorescence and photomicrographs for the quantification of FG+/TPH-ir neurons may have
resulted in an underestimate of the numbers of FG+/TPH-ir neurons, compared with using
confocal microscopy to examine each cell. Previous research using brightfield microscopy has
suggested that approximately 50% of ventricle/periventricular-projecting neurons in the dorsal
and ventral parts of the dorsal raphe nucleus are serotonergic (Mikkelsen et al, 1997), a slightly
higher percentage than that reported here (approximately 40%).

Conclusions
The results from this study indicate that central administration of the stress- and anxiety-related
neuropeptide Ucn 2 activates a subpopulation of serotonergic neurons in the caudal part of the
dorsal raphe nucleus, including a subset of serotonergic neurons that gives rise to the dorsal
raphe periventricular tract. The role for the specific population of serotonergic neurons giving
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rise to the dorsal raphe periventricular tract in the behavioral and physiological response to
stress is unclear, but it may have an important role in the clearance of bioactive molecules and
metabolites following exposure to stress-related stimuli and may contribute to the stress coping
functions that have been attributed to Ucn 2 and related peptides. The results also identify a
subpopulation of Ucn 2-sensitive serotonergic neurons that does not contribute to the dorsal
raphe periventricular tract, suggesting that Ucn 2 activates at least two anatomically distinct
subpopulations of serotonergic neurons. Dysregulation of these subsets of serotonergic neurons
may contribute to the pathophysiology of stress-related neurologic conditions or psychiatric
disorders.
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Figure 1.
Photomicrographs illustrating Fluoro-Gold (FG) immunoreactivity following
intracerebroventricular (i.c.v.) injection of FG into the lateral ventricle in Rat #135 (see also
Figs. 5 and 6). A) Low power photomicrograph of a rat brain section from approximately −0.36
mm bregma showing FG-like immunoreactivity in the lateral ventricle (LV) and the rostral
part of the third ventricle (3V) including the vascular organ of the lamina terminalis (VOLT).
Black box in A indicates region shown at higher magnification in D. B) Low power
photomicrograph of a rat brain section from approximately −1.00 mm bregma, close to the
injection site, including the subfornical organ (SFO). Black box in B indicates the region shown
at higher magnification in E. C) Low power photomicrograph showing FG-like
immunoreactivity in the 3V from approximately −3.30 mm bregma. Boxes in C indicate regions
shown at higher magnification in F and G. Arrowheads in F and G show FG-like
immunoreactivity in fibers (presumed tanycytes) close to the 3V. Abbreviations; 3V, third
ventricle; bv, blood vessel, cc, corpus callosum; LV, lateral ventricle; SFO, subfornical organ;
vhc, ventral hippocampal commissure; VOLT, vascular organ of the lamina terminalis. Scale
bar, 500 μm (A,B), 250 μm (C), 100 μm (D,E), 50 μm (F,G).
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Figure 2.
Intracerebroventricular (i.c.v.) injection of mouse urocortin 2 (Ucn 2) increased c-Fos
expression in specific subpopulations of tryptophan hydroxylase-immunoreactive (TPH-ir)
neurons within the midbrain raphe complex. Closed bars represent the numbers of c-Fos-
immunoreactive (c-Fos-ir)/TPH-ir neurons within each subdivision. Open bars represent the
total numbers of TPH-ir neurons within each subdivision. The subdivisions and their
rostrocaudal levels (mm bregma) are illustrated in line drawings from a standard stereotaxic
atlas of the rat brain (Paxinos and Watson, 1998) above each column of graphs. Grey shaded
areas in the line drawings highlight regions that showed increased c-Fos expression in
serotonergic neurons following Ucn 2 injection. *p < 0.05, **p < 0.01 versus saline-treated
controls, Fisher’s Protected LSD tests, (n = 7 for both groups). Abbreviations: DRC, dorsal
raphe nucleus, caudal part; DRD, dorsal raphe nucleus, dorsal part; DRI, dorsal raphe nucleus,
interfascicular part; DRV, dorsal raphe nucleus, ventral part; DRVL, dorsal raphe nucleus,
ventrolateral part; MnR, median raphe nucleus; Ucn 2, mouse urocortin 2; VLPAG,
ventrolateral part of the periaqueductal gray.
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Figure 3.
Photomicrographs illustrating c-Fos expression in serotonergic neurons in the caudal part of
the dorsal raphe nucleus (DRC; −8.54 mm bregma) following i.c.v. injection of Ucn 2. A)
Representative photomicrograph of a section from an i.c.v. saline-injected control rat. B)
Representative photomicrograph of a section from an i.c.v. Ucn 2-injected rat. Black boxes
indicate regions shown at higher magnification in insets in the lower right corner of each image.
Arrows indicate examples of c-Fos-ir cells (blue/black nuclear staining); white arrowheads
indicate TPH-ir/c-Fos-immunonegative (serotonergic) neurons (brown/orange cytoplasmic
staining); filled arrowheads indicate TPH-ir/c-Fos-ir (double-immunostained) neurons.
Abbreviation: Aq, cerebral aqueduct; DRC, dorsal raphe nucleus, caudal part; DRI, dorsal
raphe nucleus, interfascicular part; mlf, medial longitudinal fasciculus. Scale bar, 100 μm
(A,B), 25 μm (insets).
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Figure 4.
Graphs illustrating the effects of i.c.v. Ucn 2 on c-Fos expression in ventricle/periventricular-
projecting and non-ventricle/periventricular-projecting serotonergic neurons in the dorsal part
of the dorsal raphe nucleus (DRD; −8.18 mm bregma; left column) and the caudal part of the
dorsal raphe nucleus (DRC; −8.54 mm bregma; middle column; −9.16 mm bregma; right
column). A) i.c.v. injection of Ucn 2 increased c-Fos expression in FG+ (ventricle/
periventricular-projecting) neurons that were immunopositive for TPH (serotonergic neurons)
in the DRC (−8.54 mm and −9.16 mm bregma) (closed bars). Open bars show the total numbers
of FG+/TPH-ir neurons, closed bars show the numbers c-Fos-ir/FG+/TPH-ir (triple-labeled)
neurons. B) i.c.v. injection of Ucn 2 increased c-Fos expression in FG− (non-ventricle/
periventricular-projecting) serotonergic neurons in the DRD and DRC (closed bars). Open bars
represent the total numbers of TPH-ir neurons. C) Graphs illustrating the proportion of FG+
(ventricle/periventricular-projecting) neurons that were serotonergic. Open bars show the total
numbers of FG+ neurons, closed bars show the numbers of FG+/TPH-ir neurons. Note
differences in y-axis scales. *p < 0.05, **p < 0.01 versus saline-injected controls, Fisher’s
Protected LSD tests (n = 7 for both groups).
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Figure 5.
Brightfield, epifluorescence and confocal fluorescence photomicrographs illustrating
ventricle/periventricular-projecting serotonergic neurons activated by i.c.v. injections of Ucn
2 (Rat#135, see also Figs. 1 and 6). A) Brightfield image of c-Fos-ir nuclei (brown/orange
nuclear immunostaining) in the DRC (−8.54 mm bregma). Black box in A indicates the region
shown at higher magnification with epifluorescence photomicrograph in B. White box in A
indicates the region shown at higher magnification with a brightfield photomicrograph in C
and in confocal fluorescence photomicrographs in D, E and F. The cerebral aqueduct is located
at the top of the photomicrograph. B) Epifluorescence photomicrograph showing TPH-ir
neurons (red). White box in B indicates the region shown at higher magnification in C-F. C)
Brightfield photomicrograph showing two cells with c-Fos-ir nuclei (white arrowheads). D)
Confocal autofluorescence image of FG+ neurons (DAPI). E) Confocal immunofluorescence
image of TPH-ir neurons (Cy5). F) Combined confocal image of DAPI and Cy5 showing TPH-
ir/FG+ neurons. Note that nuclear c-Fos immunoreactivity occludes the DAPI/Cy5
fluorescence. White arrowheads show examples of c-Fos-ir/FG+/TPH-ir (triple-labeled)
neurons. Abbreviations: BF, brightfield; DRC, dorsal raphe nucleus, caudal part. Scale bar, 72
μm (A), 37 μm (B), 25 μm (C–F).
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Figure 6.
Schematic illustration showing the distribution of c-Fos expression in ventricle/periventricular-
projecting serotonergic and non-serotonergic neurons in the dorsal raphe nucleus (Rat#135,
see also figures 1 and 5). A) DRD (−8.18 mm bregma). B) DRC (−8.54 mm bregma). C) DRC
(−9.16 mm bregma). Black circles represent c-Fos-immunonegative/FG+/TPH-ir neurons,
white circles represent c-Fos-immunonegative/FG+/TPH-immunonegative neurons, grey
square in B shows a c-Fos-ir/FG+/TPH-immunonegative neuron and black triangles show c-
Fos-ir/FG+/TPH-ir (triple-labeled) neurons. Abbreviations; Aq, cerebral aqueduct; DRC,
dorsal raphe nucleus, caudal part; DRD, dorsal raphe nucleus, dorsal part; DTgP, dorsal
tegmental nucleus, pericentral part. Scale bar, 50 μm.
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Table 1

Intracerebroventricular (i.c.v.) injection of Ucn 2 increased c-Fos expression in non-serotonergic neurons within
the midbrain raphe complex.

Rostrocaudal level (mm bregma) Saline Ucn2

DRD − 7.46 mm 16.3 ± 2.8 20.7 ± 3.5

DRV − 7.46 mm 5.7 ± 2.1 4.8 ± 1.1

DRD − 8.00 mm 9.1 ± 2.1 12.0 ± 2.8

DRVL − 8.00 mm 12.4 ± 2.5 17.4 ± 2.9

DRV − 8.00 mm 4.6 ± 0.9 3.2 ± 0.9

DRD − 8.18 mm 2.0 ± 1.7 16.7 ± 3.7*

DRVL − 8.18 mm 16.8 ± 3.8 18.0 ± 3.1

DRV − 8.18 mm 4.2 ± 1.6 3.9 ± 0.9

DRI − 8.18 mm 2.3 ± 1.3 0.6 ± 0.3

MnR − 8.18 mm 3.2 ± 0.9 1.7 ± 0.7

DRC − 8.54 mm 6.7 ± 2.6 19.0 ± 3.1*

DRI − 8.54 mm 4.7 ± 0.8 4.8 ± 2.0

MnR − 8.54 mm 6.0 ± 1.3 3.0 ± 0.7

DRC − 9.16 mm 10.0 ± 2.2 21.6 ± 4.7*

p < 0.05, Fisher's protected LSD test.
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