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Abstract

The dorsal raphe nucleus (DR) has a topographic neuroanatomy consistent with the idea that different
parts of this nucleus subserve different functions. Here we use dual in situ hybridization to describe
the rostral-caudal neurochemical distribution of three major cell groups, serotonin (5-
hydroxytryptamine; 5-HT), y-aminobutyric acid (GABA), and catecholamine, and their relative
colocalization with each other and mRNA encoding four different receptor subtypes that have been
described to influence DR responses, namely, 5SHT-1A, a3y adrenergic (a1, ADR), and corticotropin-
releasing factor type 1 (CRF-R1) and 2 (CRF-R2) receptors. Serotonergic and GABAergic neurons
were distributed throughout the rostral-caudal extent of the DR, whereas catecholaminergic neurons
were generally restricted to the rostral half of the nucleus. These phenotypes essentially represent
distinct cell populations, because the neurochemical markers were rarely colocalized. Both 5SHT-1A
and a;p ADR mRNA were highly expressed throughout the DR, and the vast majority of serotonergic
neurons expressed both receptors. A smaller percentage of GABAergic neurons also expressed
5HT-1A or a1p ADR mRNA. Very few catecholaminergic cells expressed either 5SHT-1A or oy
ADR mRNA. CRF-R1 mRNA was detected only at very low levels within the DR, and quantitative
colocalization studies were not technically feasible. CRF-R2 mRNA was mainly expressed at the
middle and caudal levels of the DR. At midlevels, CRF-R2 mRNA was expressed exclusively in
serotonin neurons, whereas, at caudal levels, approximately half the CRF-R2 mRNA was expressed
in GABAergic neurons. The differential distribution of distinct neurochemical phenotypes lends
support to the idea of functional differentiation of the DR.

Indexing terms
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The dorsal raphe nucleus (DR) contains the highest concentration of serotonin neurons in the
brain and has extensive ascending projections that innervate most forebrain structures
(Steinbusch, 1981). These projection neurons have been shown to regulate a wide variety of
physiological responses and behaviors, including sleep—wake states, feeding, nociception,
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neuroendocrine responses, and motor activities (Jacobs and Azmitia, 1992). In addition,
increasing evidence has implicated serotonin in affective conditions, such as depression and
anxiety (Kahn et al., 1988; Graeff et al., 1996).

However, the DR is not a homogeneous structure, and serotonin neurons have been classified
into subpopulations according to their electrophysiological properties in behaving animals. For
example, the activity of type | neurons that make up the majority of serotonergic neurons is
correlated with the degree of behavioral arousal and motor activity (Jacobs and Fornal,
1999). In contrast, the firing rate of the small group of type Il serotonergic neurons, found at
the caudal interface of the DR and median raphe nucleus, does not correlate with changes in
arousal or activity (Rasmussen et al., 1984). Although substantial numbers of DR neurons
contain serotonin, many other neurotransmitters are also present, including y-aminobutyric
acid (GABA), dopamine, glutamate, and corticotropin-releasing factor (CRF), and the
distribution of cellular neurochemical phenotypes varies across the rostral-caudal extent of the
nucleus (Gamrani et al., 1979; Stratford and Wirtshafter, 1990; Jacobs and Azmitia, 1992;
Commons et al., 2003). In addition, both afferent and efferent projections exhibit a distinct
topographic arrangement (Kohler and Steinbusch, 1982; Van Bockstaele et al., 1993; Peyron
etal., 1996, 1998). Together these observations are consistent with the idea that distinct regions
of the DR may subserve different functions.

Experimental support for this idea has recently been obtained with the animal model of learned
helplessness. In this model, animals that experience uncontrollable shock exhibit a behavioral
profile different from that of animals that have control over and can escape an equivalent shock,
including an interference with subsequent escape behavior (Overmier and Seligman, 1967;
Irwin et al., 1980), increased conditioned fear responses (Osborne et al., 1975), and increased
anxiety (Short and Maier, 1993). Converging evidence suggests that the expression of learned
helplessness following an uncontrollable stressor requires activation of the serotonergic
neurons of the DR, specifically, in the caudal half of the nucleus, and interventions that reduce
that activation prevent the development and/or expression of learned helplessness behaviors
(Maier et al., 1993, 1994, 1995; Maswood et al., 1998; Grahn et al., 1999; Greenwood et al.,
2003). Administration of CRF into the caudal, but not rostral, DR impeded escape behavior
and increased conditioned fear in a manner similar to uncontrollable stress (Hammack et al.,
2002). Furthermore, the behavioral consequences of exposure to uncontrollable shock were
prevented by administration of a CRF receptor antagonist into the DR before exposure to the
shock (Hammack et al., 2002). Use of more selective agonists and antagonists revealed that
these effects were due to activation of the CRF-R2 receptor (Hammack et al., 2003). Consistent
with these effects is the observation that CRF increases serotonergic activity in a subpopulation
of cells in the caudal DR (Lowry et al., 2000). In contrast, the activity of serotonergic cells in
the rostral to mid-DR is reportedly inhibited by CRF (Kirby et al., 2000).

Despite the growing evidence for rostral-caudal and dorsal-ventral variations in DR responses,
relatively little is known about the relative distribution and colocalization patterns of
neurotransmitters and receptors in the DR. The present dual in situ hybridization study was
therefore carried out to assess whether there was a rostral-caudal difference in the distribution
of mMRNA encoding the CRF receptors (types 1 and 2) in the DR and to determine whether they
are expressed in serotonergic, GABAergic, or catecholaminergic neurons. In addition, the
distribution and colocalization pattern of the a4y, adrenergic receptor (o1, ADR) mMRNA was
determined, because noradrenergic afferents to the DR exert a tonic excitatory effect on
serotonergic neurons of the DR through an a; ADR mechanism (Baraban and Aghajanian,
1980a,b, 1981; Yoshimura et al., 1985), intra-DR administration of a selective oy ADR
antagonist prevents the behavioral consequences of uncontrollable stress exposure (Grahn et
al., 2002), and mRNA for the a4y, subtype is highly expressed in the rat DR (Day et al.,
1997). Finally, the colocalization pattern of serotonin 1A (5HT-1A) receptor mRNA was
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determined, because this autoreceptor plays a vital role in the direct inhibition of serotonergic
activity (Sprouse and Aghajanian, 1987), because its activation can prevent and reverse the
enhancement of fear conditioning and interference with escape produced by exposure to
inescapable shock (Maier et al., 1995), and because its expression on nonserotonergic neurons
has been reported recently (Kirby et al., 2003). The distribution of MRNA encoding these
receptors in serotonergic, GABAergic, and catecholaminergic neurons at four rostral-caudal
levels, and dorsal, ventral, and lateral divisions of the DR is described. The differential
distribution patterns observed provide additional evidence that the DR has a functional
topographic organization.

Materials and Methods

Animals

Adult male Sprague Dawley rats (Harlan, Indianapolis, IN), weighing approximately 300 g
were used (N = 15). Rats were housed in groups of three or four under standard laboratory
conditions, with free access to food and water. Rats were maintained on a 12-hour:12-hour
light: dark cycle, with lights on at 08:00. Animals were allowed to acclimate to these conditions
for at least 1 week before they were killed by rapid decapitation, between 1 and 3 hours after
lights on, as approved by The University of Colorado at Boulder Institutional Animal Care and
Use Committee, in conformation with NIH guidelines.

Dual in situ hybridization

The brains were removed and frozen in isopentane at —30°C to —40°C and stored at —80°C.
Sections of 10 um were cut on a cryostat (Leica model 1850) through the rostral-caudal extent
of the DR. Tissue was thaw mounted onto polylysine-coated slides, air dried, and stored at
—80°C until processing for in situ hybridization. The method for dual in situ hybridization has
been described previously (Day et al., 1999).

cRNA probes complementary to the following rat mMRNAs were used: serotonin transporter
(5HT-T), was used as a marker for serotonin neurons (courtesy of Dr. Stanley J. Watson,
University of Michigan; 490 mer: 828-1,318); glutamic acid decarboxylase isoforms 65 and
67 (GAD 65/67) were used concurrently as a marker for GABAergic neurons [courtesy of Dr.
N.J. Killataratne, University of California, Los Angeles; GAD-65 (230 mer): 1,736-1,966;
GAD-67 (210 mer): 1,836-2,046]; tyrosine hydroxylase (TH) was used as a marker for
catecholaminergic neurons (courtesy of Dr. Stanley J. Watson, University of Michigan; 300
mer); CRF-R1 (the first probe used was courtesy of Dr. A. Seasholtz, University of Michigan;
367 mer: 1-367; a second, full-length probe (1.3 kb) was subsequently used, courtesy of Dr.
P.E. Sawchenko, Salk Institute); CRF-R2 (courtesy of Dr. Robert Thompson, University of
Michigan; 461 mer); a1p ADR (courtesy of Dr. Stanley J. Watson, University of Michigan;
766 mer: 144-910); and 5HT-1A receptor (courtesy of Dr. Stanley J. Watson, University of
Michigan; 910 mer: 333-1,243). Control experiments using “sense” probes or pretreatment of
tissue with 200 pg/ml RNase A, 37°C for 1 hour, prior to hybridization indicated that the
labeling observed with the “antisense” probes was specific (data not shown). For the full-length
CRF-R1 probe, an additional in situ hybridization experiment was performed as follows.
Sections were treated under standard conditions or adjacent sections were deproteinated with
proteinase K (PK), 1 ug/ml, for 10 minutes at 37°C, to aid in probe penetration. In this
experiment, additional sections (with or without PK pretreatment) were run for dual in situ
hybridization with digoxigenin 5HT-T (see below).

The distribution of each mMRNA was determined by using a radioactive probe, labeled with
[35SJUTP (Amersham Biosciences Corp., Piscataway, NJ) or [3S]JUTP and -CTP for CRF-R1
and -R2, which were less abundant. For dual in situ hybridization, digoxigenin (DIG)-UTP-
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labeled probes (Roche Diagnostics Corp, Indianapolis, IN; 5SHT-T, GAD65/67, or TH) were
used in combination with 3°S-labeled probes (SHT-T, GAD65/67, TH, 5HT-1A, ayp ADR,
CRF-R1, or CRF-R2). To visualize labeled cells, after exposure to X-ray film, sections were
dipped in liquid emulsion (lIford KD-5; Polysciences Inc., Warrington, PA) and stored in light-
tight boxes for 1 week (5HT-T), 3 weeks (GADG65/67; TH), 6 weeks (5HT-1A; a1y ADR), or
3 months (CRF-R1, CRF-R2). The relatively lengthy exposure times were used because
sections were developed on ice (D-19; Kodak, Rochester, NY’; diluted 1:1 with distilled water)
to prevent an increase in nonradioactive background, and this results in a lower silver grain
signal. Sections were then dehydrated and coverslipped in a xylene-based mounting medium
(Permount; Fisher Scientific, Pittsburgh, PA). To increase the chances of observing CRF-R1
mMRNA, the sections that were processed in the additional in situ hybridization experiment
(singly labeled or dually labeled with DIG-5HT-T, with or without PK pretreatment) were
developed at room temperature after a 2-month exposure.

Data analysis

The cellular distribution was determined with a Nikon Eclipse 800 microscope. Nonradioactive
probes (5HT-T, GAD65/67, or TH) were visualized under brightfield as a blue/purple
precipitate, whereas the radioactive probes (SHT-T, GAD65/67, TH, 5HT-1A, a3, ADR, CRF-
R1, or CRF-R2) were visualized under darkfield by silver grain distribution. Sections through
the DR (100-pm intervals) were analyzed to determine the extent of colocalization. Schematic
diagrams of the DR are shown in Figure 1. The DR was divided into four separate levels: rostral
(approximately —7.2 to —7.4 mm bregma), midrostral (approximately —7.6 to —7.8 mm
bregma), midcaudal (approximately —8.0 to —8.2 mm bregma), and caudal (approximately —8.4
to —8.6 mm bregma). These levels were largely determined by the distribution of the SHT-T
mRNA, which was determined for each animal studied, and the white matter distribution. Nissl-
stained sections were of limited used, probably because the tissue was fresh frozen rather than
perfused. For the rostral and caudal levels, sections were further divided into dorsal and ventral
parts; for the midrostral and midcaudal levels, sections were divided into dorsal, ventral, and
lateral wings (Fig. 2). At least two sections per animal per level were analyzed. For each
combination of probes, sections from three to five animals were analyzed. Cell profile counts
were determined at x20, with the aid of an eyepiece grid centered over each area. It should be
noted that cell counts do not represent the absolute number of cells within a particular DR area.
Rather, cells were counted to obtain an approximation of the relative degree of colocalization
of two mRNAs. Although the relative abundance of each probe across areas was not quantified
absolutely, a qualitative account is given in Results, and the cell counts given in Table 1 provide
an approximation of the relative abundance.

Digital photography

Images in black-and-white mode were captured from the Nikon Eclipse 800 microscope with
a Spot RT digital camera (Diagnostic Instruments, Sterling Heights, MI). Separate images of
darkfield and brightfield were captured for dual in situ hybridization studies. Photographic
montages were created using Adobe Photoshop 5.5 for PC. For all figures, brightness and
contrast were adjusted to best represent the data. For Figures 3 and 4 (low magnification
darkfield), the individual figures were adjusted for “input levels” that adjusted the brightness
of the midtone gray levels without altering shadows and highlights. This helped to compensate
for a somewhat uneven darkfield illumination at this low magnification. For dual in situ
hybridization (see Figs. 5-9), darkfield images were layered over brightfield images with a
50% opacity to allow both images to be seen concurrently. In addition, the darkfield image
underwent a single “sharpen” filtering to try to provide more contrast between the silver grains
and the underlying DIG-labeled cells.
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Results

Technical note

It should be noted that the nonradioactive in situ hybridization technique is generally less
sensitive than the radioactive technique, so the digoxigenin-labeled cell population tends to be
underrepresented. Ideally, both combinations of radioactive and nonradioactive probes would
be analyzed, but the abundance of several of the receptor probes was not sufficient to obtain
reliable labeling with the nonradioactive in situ hybridization technique. However, dual in situ
hybridization of the following probe combinations in the DR revealed that, for the phenotype
markers for serotonin (5HT-T), GABA (GAD65/67), and catecholamine (TH) neurons, the
DIG-labeled probes detected the vast majority of the cells detected by the more sensitive
radioactive method. Specifically, for [3°S]SHT-T with DIG-5HT-T, 100% of cells labeled with
[35S]5HT-T were also positive for DIG-5HT-T. For [3°S]GAD65/67 with DIG-GAD65/67,
98.7% of cells labeled with [3°S]JGAD65/67 also were labeled with DIG-GAD65/67. For
[3°S]TH with DIG-TH, 95.5% of cells labeled with [3*S]TH were also labeled with DIG-TH.
Hence we are confident that the data reported reflect the majority of the cell population that
can be detected with an in situ hybridization method.

General distribution patterns

5HT-T mRNA was abundant throughout the rostral-caudal extent of the DR, in all subdivisions
of the nucleus (Fig. 3A-D). In the dorsal and ventral aspects of the nucleus, the labeling was
centered along the midline, and there was relatively less dense expression in the lateral wings.
In contrast, GAD65/67 mRNA expression, which was also abundant throughout the DR, tended
to flank the dorsal and ventral SHT-T mRNA expression, with few cells in the vicinity of the
midline, so that the distribution was mainly just lateral to the midline (Figs. 3E-H, 5A). Even
in the ventral DR, which has a high density of closely packed serotonergic cells, it is clear that
significant numbers of GABAergic cells are present in the immediate lateral region. In
particular, a high density of GABAergic cells was present in the lateral wings. Overall, fewer
cells expressed TH (Fig. 3I1-L), and these cells were most abundant at the rostral level, with
expression tapering off over the midrostral and midcaudal levels, so that virtually no TH-
positive cells were observed at the caudal level.

Both 5HT-1A (Fig. 4A-D) and o4, ADR (Fig. 4E—H) receptor mRNAs were relatively highly
expressed at all levels and in all subdivisions of the DR. In contrast, the CRF receptors showed
a relatively discrete profile. Expression of CRF-R2 mRNA (Fig. 41-L) was lower than that of
5HT-1A or oy, ADR mRNA. Very few cells expressing CRF-R2 mRNA were observed at the
rostral level. The density increased over the midrostral level, was maximal at the midcaudal
level, and was still relatively high at the caudal level. At the midrostral level of the DR, a
significant number of cells expressing CRF-R2 mRNA in the ventral subdivision were
observed in the interfascicular part of the nucleus. At the midcaudal and caudal levels,
expression became more diffuse, with scattered cells also observed in the immediate
surrounding region, for example, along the edge of the aqueduct (Aq). These additional cells
were not included in the cell counts. Although it has been reported that CRF-R1 is present in
the DR, under these experimental conditions, the 367 mer probe detected very few cells in the
DR, except for those interspersed in the lateral wings, mostly at the midcaudal level (data not
shown). Although these cells were clearly within the confines of the DR, as defined by the
distribution of the 5SHT-T, we believe that they are most likely part of the rostral extension of
the lateral dorsal tegmental nucleus (LDTg). This is because 1) they appeared to be a part of a
continuous collection of cells that clearly were part of the LDTg at more caudal levels and 2)
they were not colocalized with 5SHT-T, GAD65/67, or TH mRNA (data not shown). Because
of the discrepancy between these data and immunohistochemical data [which has shown
abundant CRF-R1 protein in cell bodies of the DR (Chen et al., 2000; Lowry et al., 2002;
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Roche et al., 2003)], we subsequently used a probe directed against the full length of the CRF-
R1 receptor that has been reported to detect low levels of CRF-R1 mRNA in the DR (Van Pett
etal., 2000). This probe was used under standard hybridization conditions or with an additional
pretreatment with PK (see Materials and Methods). This latter probe was more sensitive than
the 367 mer probe in that some additional cells were detected scattered throughout the DR;
however, expression levels of CRF-R1 mRNA remained low in the DR (Fig. 5A-E).
Pretreatment with PK did not increase the signal-to-noise ratio; in fact, the signal was slightly
poorer in these sections compared with the standard conditions (data not shown).

Colocalization studies

By using reciprocal combinations of DIG- and 3°S-labeled 5HT-T, GAD65/67, and TH cRNA
probes, it was determined that serotonin, GABA, and catecholamines are very rarely
colocalized at any rostral-caudal level or subdivision of the DR. Overall, colocalization was
less than 0.5% for each combination of probes (Fig. 6). Thus, markers for each cell phenotype
essentially define a distinct cell population of the DR.

As expected, 5SHT-1A receptor mRNA was expressed on virtually all identified serotonin
neurons in the DR, regardless of rostrocaudal level or subdivision (Table 1, Fig. 7A). In
addition, a small percentage (3.8-17.8%) of GABAergic neurons expressed the SHT-1A
receptor (Table 1, Fig. 7B). A clear difference in subdivision colocalization was not apparent,
although the rostral level and the lateral wings tended to exhibit slightly higher levels of
colocalization of SHT-1A receptor with GAD65/67 mRNA (Table 1). 5SHT-1A receptor mRNA
was rarely colocalized with TH mRNA (Table 1).

Virtually all serotonin neurons of the DR also expressed o, ADR mRNA, regardless of
rostrocaudal level or subdivision (Table 1, Fig. 8A). A moderate number (~40%; Table 1, Fig.
8B) of GABA neurons also expressed o1, ADR mRNA, with the rate of colocalization tending
to decline at caudal levels (~20%; Table 1). A very small percentage of TH-positive cells also
expressed a1 ADR mRNA, and these were localized mainly ventrally in the rostral half of the
nucleus (Table 1).

Dual in situ hybridization with a probe directed against the full-length CRF-R1 receptor with
5HT-T mRNA suggested that both a few 5SHT-T mRNA-containing cells and a few non-5HT-
T mRNA-containing cells expressed CRF-R1 mRNA (Fig. 5F). However, expression levels
of CRF-R1 mRNA were so low that we were unable to perform a quantitative analysis with
any confidence. No further attempts were made to colocalize CRF-R1 mRNA with GAD65/67
or TH mRNAs. CRF-R2 mRNA, however, showed a distinct rostral-caudal pattern of
colocalization. At rostral and midrostral levels, expression of CRF-R2 mRNA was exclusively
confined to the serotonin cells of the DR (Table 1, Fig. 9A,B). However, at increasingly more
caudal levels, the CRF-R2 receptor was increasingly expressed in GABAergic cells, with
approximately 50% of CRF-R2 mRNA expressed in GABAergic cells at the caudal level (Table
1, Fig. 9C). In addition, there was substantial colocalization of CRF-R2 and GAD65/67
mRNAS ventral to the DR at midcaudal to caudal levels. The double-labeled cells formed a
bilateral strip on either side of the midline and are probably part of the paramedian raphe
nucleus, also known as the lateral part of the superior central nucleus (Swanson, 1992). Finally,
clusters of cells doubly labeled for CRF-R2 and GAD65/67 mRNAS were observed
immediately lateral to the ventral DR at caudal levels, which appeared to be part of the dorsal
tegmental nucleus, pericentral region (DTgP). No colocalization of CRF-R2 mRNA and TH
MRNA was observed (Table 1).

J Comp Neurol. Author manuscript; available in PMC 2008 June 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Day et al. Page 7

Discussion

General distribution patterns: serotonin, GABA, catecholamines

The general distribution patterns reported here are largely in agreement with previous studies.
The widespread distribution of serotonergic neurons, throughout all subdivisions and at all
levels, has been widely reported (Steinbusch, 1981; Steinbusch et al., 1981; Kirifides et al.,
2001; Serrats et al., 2003). In contrast to that found in primates, in which most serotonergic
neurons are found in the ventrolateral part (Hornung and Fritschy, 1988; McLaughlin et al.,
1996; Charara and Parent, 1998), the distribution of serotonergic neurons in rats is centered
along the midline of the DR. Early immunohistochemical studies had suggested that
GABAergic and serotonergic neurons were intermingled throughout the DR (Nanopoulos et
al., 1982; Belin et al., 1983). However, more recent immunohistochemical studies have
suggested that GABA is expressed in the periphery of the nucleus (Ford et al., 1995; Stamp
and Semba, 1995). These latter studies are in better agreement with the present data
demonstrating that GABAergic neurons mostly flank the midline serotonergic distribution in
dorsal and ventral regions, whereas these two subtypes of neurons are more evenly distributed
within the lateral wings. Several studies have shown both TH mRNA and TH-like
immunoreactivity in the rat DR (Descarries et al., 1986; Seroogy et al., 1989; Stratford and
Wirtshafter, 1990; Kirifides et al., 2001). The pattern of TH mRNA is similar to that seen
previously for protein (Kirifides et al., 2001), with a largely medial and rostral distribution.
However, we were able to detect some cells that expressed TH mRNA in the lateral wings,
albeit relatively few, in contrast to that reported for the protein (Kirifides et al., 2001).

General distribution patterns: 5HT-1A, a;,, CRF-R1, and CRF-R2 receptors

As expected, 5SHT-1A and a1, ADR mRNAs were relatively abundant throughout the rostral-
caudal extent and in all subdivisions of the DR (Wright et al., 1995; Day et al., 1997). In
contrast, by using a 367 mer probe, we were unable to detect CRF-R1 mRNA reliably within
the boundaries of the DR. The use of a probe against the full-length CRF-R1 mRNA was more
sensitive and did detect some CRF-R1-positive cells scattered throughout the DR. The relative
lack of CRF-R1 mRNA in the DR is somewhat surprising. For example, intra-DR
administration of CRF in anesthetized rats has been reported to have inhibitory effects on DR
neurons, at least at lower doses, and a selective CRF-R1 antagonist blocked these effects
(Kirby et al., 2000). Immunohistochemical studies have demonstrated a substantial level of
CRF-R1-like immunoreactivity in the DR of both the mouse (Chen et al., 2000) and the rat
(Lowry et al., 2002; Roche et al., 2003). In contrast, in situ hybridization studies have been
unable to detect CRF-R1 mRNA in mouse (Van Pett et al., 2000) and at best demonstrated low
CRF-R1mRNA levelsinrat, even with a full-length cRNA probe (this study; Bonaz and Rivest,
1998; Van Pett et al., 2000). It is not clear at the present time why there is such a large
discrepancy between mRNA and protein levels, but it does not appear to be due solely to a
difference in cell body vs. terminal distribution, because immunohistochemical studies have
detected numerous CRF-R1-positive cell bodies within the DR. Although appropriate controls
were performed in the immunohistochemical studies, it is possible that the antibodies used in
the immunohistochemical studies are cross-reacting to some extent with CRF-R2. There is the
possibility that the mRNA pool is very stable with a very high translation rate that may result
in the apparent mismatch between mRNA and protein levels. Finally, the possibility of a third
CRF receptor that isalso recognized by the antibodies used in the immunohistochemical studies
cannot be ruled out. The possibility of a third CRF receptor has been raised previously with
respect to other brain areas that are highly responsive to CRF but do not express significant
levels of either CRF-R1 or CRF-R2 mRNA, such as the central nucleus of the amygdala
(Chalmers et al., 1995; Bittencourt and Sawchenko, 2000; Van Pett et al., 2000).
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CRF-R2 mRNA showed the greatest rostral-caudal differential in distribution, and the data are
consistent with a topographic functional organization of the CRF system. The effect of CRF
on DR activity has been the subject of increased attention recently. Aside from the inhibitory
effect of CRF on serotonergic neurons described above, in vitro electrophysiological evidence
has shown that CRF has a mainly excitatory effect on a subpopulation of serotonergic neurons,
situated predominantly in the ventral and interfascicular regions of the caudal half of the DR
(Lowry et al., 2000). Prior isolation housing and 5 days of repeated restraint stress enhanced
the effects of CRF on serotonergic neurons in this region, suggesting that these neurons may
be important in the modulation of stress responses (Lowry et al., 2000). The facts that 1) only
a subset of DR neurons was responsive to CRF, 2) these neurons predominated in a relatively
discrete region within the DR, and 3) the responsiveness of these neurons changed after
exposure to stress suggested that the DR may have a more topographic functional organization
than was previously thought (Rueter et al., 1997; Jacobs and Fornal, 1999). From the pattern
of mRNA distribution, it seems likely that the excitatory effect on the caudal serotonergic
neurons observed by Lowry and colleagues (2000) was mediated by CRF type 2 receptors.
These data are consistent with behavioral studies that have also suggested a topographic
functional organization for CRF responsiveness, with CRF mimicking the effect of inescapable
shock on escape behavior and fear conditioning when injected into the caudal half of the DR,
but not the rostral half (Hammack et al., 2002). This effect appears to be mediated by CRF
type 2 receptors, and intra-DR administration of a specific CRF-R2 antagonist blocks the
behavioral consequences of inescapable shock (Hammack et al., 2003).

Colocalization studies: serotonin, GABA, and catecholamines

The data presented in the current study demonstrate that serotonin and GABA are rarely
coexpressed in the same neuron in any subdivision of the rat DR. Although early studies had
suggested significant colocalization of GABA and serotonin in the DR (Nanopoulos et al.,
1982; Belin et al., 1983; Harandi et al., 1987), our data are in good agreement with a more
recent immunohistochemical study that showed virtually no colocalization of these
neurotransmitters in the rat DR (Stamp and Semba, 1995). This is consistent with the idea that
intrinsic GABAergic neurons form local circuits to inhibit serotonergic neuron activity (Liu et
al., 2000). The lack of colocalization of TH mRNA with serotonin transporter mRNA is also
in good agreement with immunohistochemical data (Kirifides et al., 2001). The present data
further demonstrate that GABA and catecholamines rarely coexist in the rat DR. To our
knowledge, this has not been shown directly before, although similar results have been obtained
in medullary catecholaminergic regions (Stornetta and Guyenet, 1999). Hence, it appears that,
for the most part, serotonergic, GABAergic, and catecholaminergic neurons form discrete
neuronal populations in the rat DR.

Colocalization studies: 5HT-1A, a;,, CRF-R1, and CRF-R2 receptors in identified neurons

The widespread expression of 5SHT-1A receptor mRNA on virtually every serotonergic neuron
is consistent with its role as an inhibitory autoreceptor (Sprouse and Aghajanian, 1987;
Stamford et al., 2000). Recent electrophysiological and immunohistochemical evidence has
indicated that the SHT-1A receptor is expressed on nonserotonergic neurons also (Kirby et al.,
2003). Data presented here are consistent with this idea and demonstrate that one population
of nonserotonergic neurons that expresses 5HT-1A receptor mRNA is GABAergic.
Approximately 100% of 5SHT-1A receptor mRNA was colocalized in either serotonin- or
GABAergic cells, so it is likely that the GABAergic expression represents most, if not all, the
nonserotonergic 5HT-1A receptor colocalization. The general pattern of nonserotonergic
5HT-1A receptor distribution was somewhat similar between the studies, with the highest
number of cells observed in the lateral wings. However, the extent to which the 5SHT-1A
receptor is colocalized in serotonin vs. nonserotonin cells is different between the studies.
Specifically, we found that SHT-1A receptor mRNA was expressed in virtually every
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serotonergic neuron, irrespective of subdivision, whereas Kirby and colleagues (2003) found
a significant number of serotonergic neurons that did not express the 5HT-1A receptor,
particularly in the lateral wings and caudal dorsal subdivision. Similarly, greater numbers (up
to 40-50%, depending on the subdivision) of 5HT-1A receptors were expressed on
nonserotonergic neurons (Kirby et al., 2003) than were found in the current study (up to 10—
15%, depending on the subdivision). The reasons for these differences are not clear at present
but they may simply reflect a difference in sensitivity between immunohistochemical and in
situ hybridization techniques. Despite the relatively low colocalization rate, the presence of
5HT-1A receptors on GABAergic as well as serotonergic neurons of the DR should be
considered when defining a role for this receptor as purely an autoreceptor for DR serotonergic
neurons.

Noradrenergic afferents to the DR exert a tonic excitatory effect on serotonergic neurons of
the DR through an a; ADR mechanism (Baraban and Aghajanian, 1980a,b, 1981; Yoshimura
et al., 1985). The presence of a;p ADR mRNA on virtually every serotonergic neuron
throughout the DR makes this receptor subtype a good candidate for this response. However,
the presence of a1, ADR mMRNA on a significant proportion of GABAergic DR cells suggests
that GABAergic neurons may also be activated by noradrenergic input. It is not clear at present
whether this input results in tonic excitation, as has recently been suggested (Kirby et al.,
2003), but it raises the possibility that, under some circumstances, activation of the a1, ADR
subtype in the DR could actually result in inhibition of serotonergic neurons through local
GABAergic circuits.

Dual in situ hybridization with a full-length probe for CRF-R1 mRNA and a DIG-labeled probe
for SHT-T mRNA suggested that both a few SHT-T mRNA-containing cells and a few
non-5HT-T mMRNA-containing cells expressed CRF-R1 mRNA. However, because of the low
levels of this receptor mRNA within individual cells, a quantitative analysis could not be
performed with any confidence, and no further attempts were made to colocalize CRF-R1
MRNA with GAD65/67 or TH mRNASs. As was discussed above, previous
immunohistochemical studies have detected much higher levels of CRF-R1 protein in the DR,
which has been shown to be colocalized with serotonin (Lowry et al., 2002) or with GABA
(Roche et al., 2003).

The colocalization pattern of CRF-R2 mRNA showed the highest topographic variation, being
expressed exclusively in serotonergic cells at rostral to midrostral levels but becoming
increasingly expressed in GABAergic cells at increasingly caudal levels of the DR. In addition,
clusters of cells doubly labeled for CRF-R2 and GAD65/67 mRNA were observed in the
immediate vicinity of the caudal DR in the DTgP and also widely in the paramedian raphe in
the caudal half of the nucleus. To our knowledge, CRF-R2 mRNA expression has not been
observed in the DTgP previously (Van Pett et al., 2000), and colocalization of CRF-R2 with
amarker for cholinergic neurons would be useful in confirming this observation. The functional
significance of a shift in colocalization patterns at more caudal levels is not clear, and this can
make interpretation of data obtained from intra-DR injection studies more difficult. For
example, Hammack and colleagues (2002, 2003) have found the greatest effects of CRF and
urocortin 11 (a selective CRF-R2 agonist) in producing interference with escape behavior and
potentiation of fear conditioning to occur with injection in the caudal half of the DR. Injection
of specific CRF-R2 antagonists into the same region also inhibits the interference of escape
behavior and potentiation of fear conditioning following exposure to uncontrollable stress
(Hammack et al., 2003). CRF-R2 receptors are highly expressed in this region, and most are
expressed in serotonergic neurons. This is consistent with the idea that activation of CRF-R2
receptors is important in mediating the changes in serotonergic function in the DR that are
thought to be critical for producing the behavioral consequences of uncontrollable stress
(learned helplessness). The present data suggest that this may be a direct effect mediated via
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CRF-R2 receptors on serotonergic DR neurons. However, the fact that some effective
injections were centered at caudal levels, where an increasing number of neurons are doubly
labeled for GAD65/67 and CRF-R2, suggests that a role for CRF-R2 and GABA in these
behavioral effects cannot be excluded. Overall, the data presented here provide further evidence
for the neurochemical heterogeneity of the rat DR and lend support to the idea that the DR has
a functional topographic organization.
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Fig. 1.

Schematic coronal diagrams showing the rat dorsal raphe nucleus from rostral through caudal
levels (A—H). Numbers refer to the distance from bregma. Colocalization cell counts were
taken from sections at 200-pum intervals, with counts from two sections averaged for each of
four levels: rostral (approximately —7.2 mm and —7.4 mm), midrostral (approximately —7.6
mm and —7.8 mm), midcaudal (approximately —8.0 and —8.2 mm), and caudal (approximately
—8.4 mm and —8.6 mm). 3, Oculomotor nucleus; 4, trochlear nucleus; A8, A8 dopamine cells;
Aq, aqueduct (Sylvius); Atg, anterior tegmental nucleus; CLi, caudal linear nucleus of the
raphe; DLPAG, dorsolateral PAG; DR, dorsal raphe; DRC, DR caudal; DRD, DR dorsal; DRI,
DR interfascicular; DRV, DR ventral; DRVL, DR ventrolateral; DTgP, dorsal tegmental
nucleus, pericentral; LDTg, laterodorsal tegmental nucleus; LPAG, lateral PAG; mlif, medial
longitudinal fasciculus; MnR, median raphe nucleus; Pa4, paratrochlear nucleus; PAG,
periaqueductal gray; PMnR, paramedian raphe nucleus; PnO, pontine reticular nucleus, oral
part; PnR, pontine raphe nucleus; scp, superior cerebellar peduncle; SPTg, subpedencular
tegmental nucleus; ts, tectospinal tract; VLPAG, ventrolateral PAG; VTg, ventral tegmental
nucleus; xscp, decussation of the scp. Adapted, with permission, from Paxinos and Watson
(1998).
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Fig. 2.

Darkfield digital photomicrographs of serotonin transporter mRNA to illustrate the
approximate areas used for microscopic cellular analysis (for each probe combination), at
rostral (A; approximately —7.2 to —7.4 mm relative to Bregma), midrostral (B; Mid-R,
approximately —7.6 to —7.8 mm relative to Bregma), midcaudal (C; Mid-C, approximately
—8.0 to —8.2 mm relative to Bregma), and caudal (D; approximately —8.4 mm to —8.6 mm
relative to Bregma) levels. D, dorsal; V, ventral; L, lateral. Scale bar = 500 pm.
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Caudal

Fig. 3.

Darkfield digital photomicrographs showing the distribution of serotonin transporter (SHT-T;
A-D); glutamic acid decarboxylase isoforms 65 and 67, used as a marker for y-aminobutyric
acid (GAD65/67; E-H); and tyrosine hydroxylase, used as a marker for catecholamines (TH;
I-L), mRNAs in the rat DR. The following levels are shown: rostral (approximately —7.2 to
—7.4 mm relative to bregma; A E,I), midrostral (Mid-R, approximately —7.6 to —7.8 mm
relative to bregma; B,F,J), midcaudal (Mid-C, approximately —8.0 to —8.2 mm relative to
bregma; C,G,K), and caudal (approximately —8.4 mm to —8.6 mm relative to bregma; D,H,L).
Ag, aqueduct; mlf, medial longitudinal fasciculus; PAG, periaqueductal gray; scp, superior
cerebellar peduncle; xscp, decussation of superior cerebellar peduncle. Scale bar = 500 pm.
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Caudal

Fig. 4.

Darkfield digital photomicrographs showing the distribution of the serotonin 1A receptor
(BHT-1A; A-D), a4y, adrenergic receptor (aqp; E-H)m and corticotropin-releasing factor type
2 receptor (CRF-R2; I-L) mRNAs in the rat DR. The following levels are shown: rostral
(approximately —7.2 to —7.4 mm relative to bregma; A,E,I), midrostral (Mid-R, approximately
—7.6 to —7.8 mm relative to bregma; B,F,J), midcaudal (Mid-C, approximately —8.0 to —8.2
mm relative to bregma; C,G,K), and caudal (approximately —8.4 mm to —8.6 mm relative to
bregma; D,H,L). Ag, aqueduct; mIf, medial longitudinal fasciculus; PAG, periaqueductal gray;
scp, superior cerebellar peduncle; xscp, decussation of superior cerebellar peduncle. Scale bar
=500 pm.
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Fig. 5.

Expression of CRF-R1 mRNA, determined using a full-length riboprobe, in the rat DR. X-ray
images at rostral (A), midrostral (B), midcaudal (C), and caudal (D) levels. Although
significant expression of CRF-R1 mRNA was detected in several brain regions, including the
LDTg, very little CRF-R1 mRNA was detected in the DR. E: Darkfield photomicrograph taken
at a midcaudal level, midline, to show the relatively low levels of CRF-R1 mRNA in the DR.
F shows DIG-5HT-T with [3®S]CRF-R1 at a rostral level, ventral part. DIG-labeled cells were
photographed under brightfield illumination (dark gray cells), whereas 3°S-labeled cells were
photographed under darkfield illumination (clusters of white grains). The photographs were
combined in Adobe Photoshop (see Materials and Methods). Black arrows denote double-
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labeled cells, and white arrows denote single-labeled cells. Although levels of CRF-R1 mRNA
expression were not high enough to perform a systematic analysis, it appears that CRF-R1
mRNA is expressed at low levels in both a few 5HT-T and non-5HT-T mRNA containing cells.
LDTg, lateral dorsal tegmental nucleus; Aq, aqueduct; mlf, medial longitudinal fasciculus.
Scale bars = 400 um in E; 100 um in F.
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Fig. 6.

Digital photomicrographs showing that serotonin, GABA, and catecholamines are rarely
expressed in the same cell in the rat DR. DIG-labeled cells were photographed under brightfield
illumination (dark gray cells), whereas 3°S-labeled cells were photographed under darkfield
illumination (clusters of white grains). The photographs were combined in Adobe Photoshop
(see Materials and Methods). A,B: Show DIG-5HT-T (serotonin transporter, used as a marker
for serotonergic cells) and [3°S]GAD65/67 (glutamic acid decarboxylase, isoforms 65 and 67,
used as a marker for GABAergic cells) at a midrostral level. Note that, for the dorsal and ventral
DR, GABAergic cells largely flank the midline distribution of serotonergic cells (A), whereas,
in the lateral wings, the distribution is more intermingled (B). C: Shows DIG-5HT-T and
[3°S]TH (used as a marker for catecholamines) at a rostral level, ventral part. D: Shows DIG-
GADG65/67 and [3°S]TH at a rostral level, dorsal part. Scale bar = 100 um in D (applies to B—
D); 200 um for A.
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Fig. 7.

Digital photomicrographs showing the relative colocalization of serotonin 1A receptor
(5HT-1A) mRNA with mRNA markers for serotonin (A) or GABA (B). DIG-labeled cells
were photographed under brightfield illumination (dark gray cells), whereas 3°S-labeled cells
were photographed under darkfield illumination (clusters of white grains). The photographs
were combined in Adobe Photoshop (see Materials and Methods). Black arrows denote double-
labeled cells, and white arrows denote single-labeled cells. A: Shows DIG-5HT-T (serotonin
transporter, used as a marker for serotonergic cells) with [3°S]5SHT-1A at a midrostral level,
ventral part. Note the extensive colocalization, although a few cells expressing 5SHT-1A mRNA
did not express 5SHT-T mRNA. B: Shows DIG-GADG65/67 (glutamic acid decarboxylase,
isoforms 65 and 67, used as a marker for GABAergic cells) with [3°S]5HT-1A at a midrostral
level, dorsal/lateral part. A few cells expressed both GAD65/67 and 5SHT-1A mRNAs. Scale
bar =100 pm.
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Fig. 8.

Digital photomicrographs showing the relative colocalization of oy adrenergic receptor
(a1p) MRNA with mRNA markers for serotonin (A) or GABA (B). DIG-labeled cells were
photographed under brightfield illumination (dark gray cells), whereas 3°S-labeled cells were
photographed under darkfield illumination (clusters of white grains). The photographs were
combined in Adobe Photoshop (see Materials and Methods). Black arrows denote double-
labeled cells, and white arrows denote single-labeled cells. A: Shows DIG-5HT-T (serotonin
transporter, used as a marker for serotonergic cells) with [3®S]ayy, at a midrostral level, dorsal
part. Note the extensive colocalization, although a number of cells expressing a1, MRNA did
not express 5SHT-T mMRNA. B: Shows DIG-GAD65/67 (glutamic acid decarboxylase, isoforms
65 and 67, used as a marker for GABAergic cells) with [3°S]ayy, at a midrostral level, dorsal/
lateral part. Although many cells were singly labeled, a number of cells expressed both
GADG65/67 and a1p mMRNAs. Scale bar = 100 um.
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Fig. 9.

Digital photomicrographs showing the relative colocalization of corticotropin-releasing factor
type 2 receptor (CRF-R2) mRNA with mRNA markers for serotonin or GABA. DIG-labeled
cells were photographed under brightfield illumination (dark gray cells), whereas 3°S-labeled
cells were photographed under darkfield illumination (clusters of white grains). The
photographs were combined in Adobe Photoshop (see Materials and Methods). Black arrows
denote double-labeled cells, and white arrows denote single-labeled cells. A: Shows DIG-5HT-
T with [3®S]CRF-R2 midcaudal, dorsal part. Note the extensive colocalization, although
several cells that express 5SHT-T mRNA do not express CRF-R2 mRNA. B: Shows DIG-
GADG65/67 (glutamic acid decarboxylase, isoforms 65 and 67, used as a marker for GABAergic
cells) with [3°S]CRF-R2 at a midrostral level, lateral part. Note that there is no colocalization
at this level. C: Shows DIG-GAD65/67 (glutamic acid decarboxylase, isoforms 65 and 67,
used as a marker for GABAergic cells) with [3°S]JCRF-R2 at a midcaudal level, ventral part.
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Note that there is significant colocalization at this level, although many cells remain singly
labeled. For orientation, the single-labeled CRF-R2 cells, white grains, denoted by white
arrows on the right of the image are approximately at the midline of the ventral DR. Scale bar
=100 pm.
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