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Using riboprobe in situ hybridization, we studied the localization
of the transcripts for the neuropeptide galanin and its receptors
(GalR1-R3), tryptophan hydroxylase 2, tyrosine hydroxylase, and
nitric oxide synthase as well as the three vesicular glutamate
transporters (VGLUT 1-3) in the locus coeruleus (LC) and the dorsal
raphe nucleus (DRN) regions of postmortem human brains. Quan-
titative real-time PCR (qPCR) was used also. Galanin and GalR3
mRNA were found in many noradrenergic LC neurons, and GalR3
overlapped with serotonin neurons in the DRN. The qPCR analysis
at the LC level ranked the transcripts in the following order in the
LC: galanin >> GalR3 >> GalR1 > GalR2; in the DRN the ranking
was galanin >> GalR3 >> GalR1 = GalR2. In forebrain regions the
ranking was GalR1 > galanin > GalR2. VGLUT1 and -2 were
strongly expressed in the pontine nuclei but could not be detected
in LC or serotonin neurons. VGLUT2 transcripts were found in very
small, nonpigmented cells in the LC and in the lateral and dorsal
aspects of the periaqueductal central gray. Nitric oxide synthase
was not detected in serotonin neurons. These findings show dis-
tinct differences between the human brain and rodents, especially
rat, in the distribution of the galanin system and some other trans-
mitter systems. For example, GalR3 seems to be the important
galanin receptor in both the human LC and DRN versus GalR1 and
-2 in the rodent brain. Such knowledge may be important when
considering therapeutic principles and drug development.

noradrenaline | species difference | transmitter coexistence |
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he locus coeruleus (LC) and the dorsal raphe nucleus

(DRN)/raphe median nucleus (MRN) have been the focus of
clinical and preclinical monoamine research for almost half
a century. Using the formaldehyde fluorescence (Falck—Hillarp)
method (1), Dahlstrém and Fuxe (2) originally described these
nuclei in the rat as containing noradrenaline (NA) (the A6
group) and 5-hydroxytryptamine (5-HT; serotonin) (the B7/8
groups), respectively. The LC harbors 2,800-3,600 neurons with
an additional 260 neurons in the subcoeruleus area, the great
majority of which are noradrenergic (3-6).

The DRN forms a rostro-caudal, ventral midline column and is
part of the periaqueductal central gray (PAG) (7) with a large
number of 5-HT neurons that can be subdivided into several sub-
groups (2, 8-11). Both the NA-LC (5, 6, 12) and the SHT-DRN (8-
11, 13) neurons have wide projections to most forebrain areas.

In humans the LC is a compact, blue-pigmented nucleus con-
sisting of a total of ~50,000 neurons (both sides), almost all of
which are noradrenergic (14-16). The DRN comprises about
165,000 5-HT neurons, which constitute around 70% of all DRN
neurons (17). Thus, there are numerous nonserotonergic neurons
in the human DRN, as is also the case in other species, including
the mouse (18, 19).

It now is well established that most neurons synthesize and
release several types of messenger molecules in the process known
as “cotransmission” (20-26). For example, in the rat some sero-
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tonergic DRN neurons synthesize nitric oxide (NO), visualized
as NO synthase (NOS) and/or NADPH-diaphorase (27-32),
and glutamate, visualized as vesicular glutamate transporter 3
(VGLUT3) in both the rat (33-38) and mouse (19, 39). Many
neuron systems have one or more coexisting neuropeptides;
for example, galanin is present both in the NA-LC and the
SHT-DRN neurons in the rat (40).

Galanin, a 29-aa neuropeptide (41) [30 aa in humans (42-44)]
is widely distributed in the rodent brain (45-50) and exerts its
effects via G protein-coupled galanin receptors (51-55) with
a wide distribution in rodents (39, 56-60). So far, three of these
receptors have been identified, GalR1-3.

In the rat galanin coexists with NA in most LC neurons (40,
61, 62) and with 5-HT in many DRN neurons (32, 40). It is highly
likely that galanin also is coexpressed in the NA-LC neurons of
the mouse (39, 45, 49) and human (63-65). However, mouse
SHT-DRN neurons do not synthesize galanin (19, 39, 45, 49, 66),
nor has galanin expression been detected in human DRN neu-
rons (64).

Early autoradiographic studies showed binding of iodinated
galanin to LC and DRN in the rat (67-69) and primates, including
humans (70-72). In situ hybridization (ISH) has demonstrated the
GalR1 and -2 transcripts in the rat LC and GalR1 in the ventro-
lateral PAG; the relationship to the SHT-DRN neurons is not
clear, although a weak GalR2 mRNA signal was observed in the
midline (56, 58, 73). These results generally were in agreement
with the quantitative real-time PCR (qPCR) results (60). How-
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ever, none of the galanin receptor subtypes have been identified so
far in the human LC or DRN.

In this study we analyzed sections/slices including the LC and
DRN in human postmortem brains using ISH and riboprobes
generated to identify galanin and GalR1-3. To identify NA and
5-HT neurons, probes were designed for the human catechol-
amine-synthesizing enzyme tyrosine hydroxylase (TH) (74, 75)
and the 5-HT-synthesizing enzyme tryptophan hydroxylase 2
(TPH2), respectively (76). A limited qPCR analysis of these
markers was carried out at the pontine level and, for the galanin
system, in some forebrain areas also.

Finally, we attempted to identify a relationship between NA
and 5-HT neurons, on the one hand, and between NOergic and
glutamatergic neurons on the other hand, using probes against
nNOS (77, 78) and the three VGLUTs (79-81), respectively.
Preliminary results from these studies have been reported at
meetings (82, 83).

Results

ISH. The LC/subcoeruleus is a bilateral compact accumulation of
neurons in the pons with a limited rostro-caudal extension and
a characteristic localization close to the fourth ventricle. This nu-
cleus is characterized by the expression of the catecholamine-syn-
thesizing enzyme TH, here visualized through the TH transcript
(Fig. 1 A and B and Fig. S14). In the dark-field configuration the

NA neurons can be distinguished by their autofluorescence (Fig.
1H). Therefore, in several instances we used the pigment as
a marker for NA-LC neurons instead of using TH ISH. In con-
trast, the 5-HT neurons expressing the TPH2 transcript in the
caudal mesencephalon/pons (Fig. 2 4 and D and Fig. S1B) ex-
tend over a long distance with characteristic distribution patterns
at different levels (Fig. S1C). This group is localized in the
midline ventral to the aqueduct, extending laterally in two wings
in the ventral PAG (VPAG) and continuing further ventrally as
MRN with many neurons dispersed in the pontine reticular
formation (Fig. S1 B and C 1-5).

The NA-LC neurons express robust levels of TH, which can be
observed after comparatively short exposure times (Fig. 1 A and
B) and are overexposed after only 10 d, as compared with the less
strong expression of galanin) (4-wk exposure time) (Fig. 1 C and
D and the weakly expressed GalR3 (8-wk exposure time) (Fig. 1
E and F). Thus, it is the varying exposure times that make the
signals in Fig. 1 B, D, and F look approximately similarly strong.
Note that GalR3 transcript levels are fairly similar among in-
dividual neurons (Fig. 1F), as is the TH signal (Fig. 1B), in
contrast to the high variability of galanin mRNA (Fig. 1D).
GalR3 appears to be the predominant galanin receptor in the
LC (Fig. 1G). A weak GalR1 signal was seen in the LC region
expanding medially into the pontine central gray but did not
seem to be associated with the pigment characteristic of the NA

Fig. 1. Dark-field ISH photomicrographs showing the distribution of galanin, GalR1, GalR3, and nNOS in the LC. Autofluorescent pigmented neurons are

indicated by arrowheads, and positive cells are indicated by arrows. The three markers TH (A and B), galanin (C and D), and GalR3 (E and F) show an
overlapping distribution pattern, whereby TH and GalR3 transcript levels are similar in all cells. Note the variability in the strength of the signal for galanin
mRNA. Insets A", C', and E' show results after hybridization with sense/control probe. Strong signal for GalR3 is seen in LC (G) but not after hybridization with
the control probe (H). Note bluish autofluorescence from pigment in NA-LC neurons (arrowheads in H). (/) A very weak signal for the GalR1 transcript is seen in
the LC, but it is probably not present in the NA neurons. nNOS mRNA overlap with TH* cells in the LC only to a minor extent in its most rostral part (J), where
pigmented neurons intermingle with NOS* neurons (K). Exposure time: TH, 10 d; galanin, 4 wk; GalR1 and GalR3, 8 wk; nNOS, 6 wk. (Scale bars: 200 uM in A,
C, E, and J; 100 uM in B, D, and F; 50 uM in / and H; 25 uM in G and K.)
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Fig. 2. Dark-field ISH photomicrographs showing the distribution of TPH2 (A and D), galanin (B and E), and GalR3 (C and F) in semiadjacent sections. D, E,
and F show higher magnification of boxes in A, B, and C, respectively. Arrows indicate cells positive for the respective marker. Note overlapping distribution of
TPH2 and GalR3 in the posterior DRN (compare D and F). However, no galanin signal is seen in that particular area (B and E). Instead galanin+ cells are seen
more dorsally (B). Exposure time: TPH2, 10 d; galanin, 4 wk; GalR3, 8 wk. (Scale bars: 100 uM in A, B, and C; 50 uM in D, E, and F.)

neurons (Fig. 1I) as confirmed in cresyl violet-counterstained
sections analyzed with bright- and dark-field microscopy (see Fig.
S3 4 and B).

A comparison of the distribution of transcripts for TPH2 (Fig.
2 A and D), galanin (Fig. 2 B and E), and GalR3 (Fig. 2 C and F)
in the DRN/VPAG shows that TPH2 and GalR3 exhibit a distinct
overlap, but no galanin mRNA can be seen in this particular
subregion (Fig. 2 B and E). (Exposure times for TH, galanin, and
GalR3 were approximately as stated above.) However, galanin
mRNA is observed at this level just dorsal to the serotonin cells
and extending dorsally/laterally in the vVPAG (Fig. 2B). Galanin
mRNA was also seen in a number of additional nuclei, including
the inferior colliculus (Fig. S2 4 and D), the tegmental pedun-
cular pontis (Fig. S2 B and E), the medial parabrachial nucleus
(Fig. S2 C and F), and the subcuneiform nucleus (Fig. S2 G and
H). GalR1 and -3 were also observed in other regions in the
sections analyzed; e.g., a robust GalR1 signal was observed in
the lateral PAG (Fig. S3C), and GalR3 signal was seen lateral to
the aqueduct. A signal for GalR2 mRNA could not be detected
in any of the sections.

nNOS was expressed in many regions of the brainstem, but these
cells overlapped with TH-positive (+) mRNA in the LC only to
a minor extent (Fig. 1J) and only in its most rostral part, where
pigmented NA neurons intermingled with NOS* neurons (Fig. 1K).
There was no overlap with the TPH2* 5-HT neurons in the DRN
or MRN (compare A and B in Fig. 3). However, strongly labeled
large neurons were seen in the ventro-lateral PAG extending into
the reticular formation, and many small, weakly labeled cells were
encountered in the dorso-lateral region of the PAG.

VGLUT1 mRNA could not be detected in the VPAG, in-
cluding the DRN (Fig. 44). However, a very strong VGLUT1
mRNA signal was observed in many neurons of the pontine
nuclei (Fig. 4 B and C). VGLUT?2 also was strongly and fre-
quently expressed in these nuclei, overlapping with VGLUT1
mRNA. At the level of LC, VGLUT2 mRNA was seen in the
pontine central gray substance, in the LC area, and extending
medially into the region of the dorsal tegmental nucleus (Fig.
4D). High-power magnification showed that in most instances
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grains did not appear to overlie the autofluorescent noradren-
ergic cell bodies but instead represented a separate population
of very small cells, possibly glial cells (Fig. 4E). In contrast to
VGLUT]I, there was a strong VGLUT?2 signal in the PAG, pri-
marily in the lateral/dorsolateral region (Fig. 4 G and H). The
midline area lacked detectable transcript, in strong contrast to
the distribution of TPH2 mRNA (compare F and G in Fig. 4).

qPCR. The relative expression of galanin and its receptors was an-
alyzed by gPCR in tissue slices of containing LC and DRN and in
macrodissected tissue punches from frontal cortex, cingulate cor-
tex, and the amygdaloid complex (for details, see SI Materials and
Methods). In addition, TH [raw cycle threshold (Ct) value 28] and
TPH2 (raw Ct value 25) mRNA levels also were analyzed in such
slices (Table S1). Galanin mRNA expression was ~42-fold higher
than GalR1 in the LC slices and was ~25-fold higher than GalR1

Fig. 3. Dark-field ISH photomicrographs showing the distribution of nNOS
(A) and TPH2 (B) transcripts in semiadjacent sections. There is no overlap with
the TPH2* 5-HT neurons in the DRN. Aq, Aqueduct; MLF, medial longitudinal
fascicle. Exposure time: TPH2, 10 d; nNOS, 6 wk. (Scale bars: 100 uM.)
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Fig. 4. Dark-field ISH photomicrographs showing the distribution of VGLUT1 (A-C), VGLUT2 (D, E, G, and H), and TPH2 (F) mRNA at the pontine level. The
box in F shows approximately the region displayed in the semiadjacent section in G. There is no detectable signal for VGLUT1 in the vPAG, including the DRN
(A), whereas there is a very strong signal for both VGLUT1 (B) and -2 (C) in the pontine nuclei. A distinct VGLUT2 signal is seen in the pontine central gray,
including the LC, extending medially to the dorsal tegmental nucleus (D). As seen in the high-power magnification, the cells are very small (arrows) compared
with the pigmented NA neurons (arrowheads in E). Numerous vGLUT2 mRNA+ cells are observed in the lateral PAG (G and H), although there are very few
cells in the DRN and vPAG (compare G and F). MLF, medial longitudinal fascicle; PN, pontine nuclei. Exposure time: TPH2, 10 d; VGLUT1 and VGLUT2, 8 wk.
(Scale bars: 200 pM in A, D, and F; 100 uM in B and G; 50 uM in H; 25 pM in C and E).

in the DRN slices (Table S1). GalR3 was the most abundantly
expressed galanin receptor, being approximately sixfold higher than
GalR1 in LC slices and approximately sevenfold higher in DRN
slices. GalR2 was expressed at very low levels (Fig. 5). The raw Ct
values for galanin and GalR1-3 transcripts are given in Table S1.

In the forebrain regions, however, GalR1 was the most abun-
dantly expressed receptor, even higher than galanin. Galanin
mRNA was ~(0.6-fold, ~0.4-fold, and ~0.8-fold lower than GalR1
in the frontal cortex (Fig. S44), cingulate cortex (Fig. S4B), and
amygdaloid complex (Fig. S4C), respectively. However, it is pos-
sible that GalR2 and GalR3 were not expressed, because the Ct
values were >35 for both. Taken together, these results indicate
that GalR3 seems to be the abundantly expressed receptor in the
brainstem nuclei studied here, whereas GalR1 appears to pre-
dominate in the forebrain regions.

Controls. Hybridization with control probes resulted in a com-
plete absence of signals for TH (Fig. 14’), galanin (Fig. 1C’), and
GalR3 (Fig. 1 E' and H) in the LC.

Discussion

Almost 30 y ago Tatemoto, et al. (41) discovered galanin, and
subsequently three receptors were identified, GalR1-3 (51, 53,

Le Maitre et al.

55), which are the focus of the present study. Here we studied
these molecules in selected areas of human postmortem brains
with ISH and qPCR to establish expression patterns and to re-
veal possible differences among species. Some other transmitter-
related markers, i.e., TH, TPH2, nNOS, and VGLUTS, were
included also.

The main results of the present study are that, in humans, (i)
galanin is present in NA-LC neurons but not in 5-HT-DRN
neurons; (i7) GalR3 is the major galanin receptor in NA-LC neu-
rons and probably in 5-HT-DRN neurons; (iii) 5-HT-DRN neu-
rons do not express nNOS; (iv) GalR2 is expressed at low levels,
if at all, in NA-LC and 5-HT-DRN neurons; (v) GalR3 probably
is not expressed in the forebrain regions studied; instead, GalR1
is the predominant receptor; (vi) VGLUT2 is expressed only in
the dorsal and lateral PAG; and, of special importance, (vii)
distinct differences exist among species (Table 1).

It should be noted that we report only transcripts without
evidence for the expression of the receptor protein. Thus, GalR2
and -3 receptors may be present on afferents (presynaptic) to the
forebrain regions studied. For example, there is evidence that in
the rat the NA-LC neurons synthesize GalR2, which probably is
transported centrifugally to act as a presynaptic receptor in
forebrain regions (84).

PNAS | Published online January 22, 2013 | E539

w
%
=
=
%3
@
o
e
=
o
=


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1221378110/-/DCSupplemental/pnas.201221378SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1221378110/-/DCSupplemental/pnas.201221378SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1221378110/-/DCSupplemental/pnas.201221378SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1221378110/-/DCSupplemental/pnas.201221378SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1221378110/-/DCSupplemental/pnas.201221378SI.pdf?targetid=nameddest=SF4

L T

/

D\

Fold difference

Fold difference

Fig. 5. gPCR was used to examine the mRNA levels of galanin, GalR1, GalR2,
and GalR3 in the LC (A) and DRN (B). The expression level for each gene
examined was normalized to g-actin and then expressed relative to GalR1,
the value for which was set at 1. Expression levels for galanin and GalR3 in
the LC and DRN are significantly higher than those of GalR1 and GalR2,
which are very low. The bar graphs represent the mean + SEM (n = 7).
Statistical significance was determined using unpaired Student’s t test. *P <
0.05; **P < 0.01; ***P < 0.001; n.s., not significant.

Galanin System: LC. The present results confirm that many neu-
rons in the LC in the human brain robustly express galanin and
TH (for references, see the Introduction). The analysis was fa-
cilitated by the fact that the NA-LC neurons express a distinct
pigment and thus do not need to be identified by TH staining.
Importantly, a strong GalR3 signal but no GalR1 signal was
detected in these neurons. However, a weak GalR1 mRNA
signal was seen in non-NA cells in the LC and in some other
brain regions, apparently, the GalR2 transcript could not be
detected. In agreement, the qPCR results confirmed that the
GalR3 transcript was higher than GalR1 and GalR2 at the LC
level. Galanin itself was robustly expressed.

The marked variation in galanin mRNA levels among in-
dividual LC neurons, in contrast to the apparently similar levels
of GalR3 (and TH), probably reflects the fact that galanin is
areleased molecule that must be replaced through compensatory
synthesis, i.e., requires new transcript. This variation also may
indicate that individual LC neurons have different activities/
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functions. GalR3, on the other hand, like the enzyme TH, is
a comparably stable protein, a receptor with a low turnover rate.

The GalR3 result was surprising because, based on ISH,
GalR1 and -2, but apparently not GalR3, are present in the rat
and mouse LC (39, 56-59). In fact, GalR3, the last cloned re-
ceptor (85, 86), has a comparatively limited expression in the rat
brain (57, 60). The Allen Brain Atlas provides no information
about GalR3 in the mouse brain (39), possibly reflecting absence
or low levels. Whether our riboprobe(s) that were selective for
GalR2 failed or whether GalR2 indeed is not present in the
human LC remains to be clarified. In the qPCR analysis of LC,
GalR2 had the highest Ct value, suggesting a very low, if any,
expression (see Methodological Aspects below).

Galanin System: vPAG/DRN. Some galanin cells with a fairly weak
signal were seen in the midline and in the VPAG but extended
mainly dorsolaterally and did not overlap with the 5-HT neurons.
Numerous galanin+ neurons also were seen in the same sec-
tions, e.g., in the inferior colliculus and other regions. These
results and the LC data suggest that the galanin probe was
functional. In contrast, there was a strong overlap between 5-HT
and GalR3 mRNA™ neurons, indicating coexistence. However,
we failed in attempts to carry out double-ISH to provide final
evidence for coexistence. One explanation for the failure may be
that the exposure time to obtain a robust GalR3 signal was more
than 2 mo. Taken together, the results indicate that in humans
galanin is expressed strongly in NA-LC neurons but not in
SHT-DRN neurons, similar to expression in the mouse but in
contrast to expression in the rat. The LC and probably the DRN
express GalR3 in humans, thus representing targets for GalR3
antagonists/agonists. The qPCR data agree with the ISH results,
with galanin being the most abundantly expressed molecule,
followed by GalR3 and then GalR1 and -2.

Galanin System: Forebrain. A limited qPCR analysis of the tran-
scripts for the galanin systems was carried out in two cortical
regions and the amygdala. Interestingly, the levels of all markers
were generally low [raw Ct values ranged from ~40 (GalR3) to
~31 (GalR1)[; the GalR1 transcript showed the highest levels,
even higher than galanin itself. Thus, the early '*’I-galanin
binding studies on some monkey and human forebrain areas (70—
72) might have visualized mainly GalR1 receptors, although
receptors on afferents represent a possibility (see above). These
results indicate an interesting situation: GalR3 is associated
with projection neurons in the lower brainstem but may be of
little importance in the forebrain, where GalR1 seems to pre-
dominate. It is likely that GalR1 and perhaps GalR3 are
postsynaptic receptors (84).

Differences Among Species in Other Galanin Systems. Differences
among species have been noted for other galanin systems. In the
rat the cholinergic forebrain neurons, of interest in relation to
Alzheimer’s disease (87), express galanin after the inhibition of
axonal transport with colchicine (88, 89) and after brain injury
(90-92), although the galanin transcript can barely be detected in
these neurons in the normal rat (93). Colchicine also is needed to
detect galanin peptide in these neurons in mouse (49). However,
strong expression can be seen in some monkeys [e.g., owl mon-
keys (94), capuchin monkeys and rhesus monkeys (95)] but not in
humans. Thus, with regard to this system, the rat seems to be
more similar to humans than to the lower monkeys. To what
extent human cholinergic forebrain neurons have the capacity to
express galanin, as seen in the rat and the mouse, is still unclear.
As a note, Chan-Palay et al. (96) reported the presence of gal-
anin mRNA™* neurons in the human forebrain, but these neurons
probably were not identical to the cholinergic neurons. Never-
theless, Mufson and colleagues (97) have reported impressive
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Table 1. Galanin and its receptors and NOS are differentially expressed in NA (LC) and 5-HT
(DRN) neurons of three species

Species Galanin LC/DRN GalR1 LC/DRN GalR2 LC/DRN GalR3 LC/DRN nNOS LC/DRN
Human ++++/0 (+)/0 n.d./n.d. 4+ +++ ++/0

Rat ++++H++ ++/0 ++/+ 0/0 O/+++
Mouse ++++/0 n.d./n.d. ++/n.d. n.d./n.d 0/0

Subjective rating ranging from weak (+), medium strong (++), strong (+++), to very strong (++++) signal. n.d.,
not detected. Data are from the present study and papers cited in the text.

data providing evidence that galanin has a protective role in
Alzheimer’s disease.

A similar situation may exist in the histaminergic/GABAergic
tubero-mammilary neurons that express galanin after colchicine
administration in the rat (48, 98-100) but apparently not in hu-
man, although this analysis was performed only with immuno-
histochemistry and not with ISH (101).

nNOS and Glutamate. Neither nNOS nor VGLUT3 could be
detected in human 5-HT neurons. The lack of nNOS in human is
similar to mouse (19, 39) and different from rat (27-30, 32) but is
in agreement with a study by Carrive and Morgan (102) based on
NADPH-d histochemistry showing strong staining in the dorsal
PAG but apparently none in the DRN. [NAPDH-d in the rat has
been shown to be identical to nNOS (103, 104)]. Here we pro-
vide confirmatory evidence by showing the apparent absence of
nNOS transcript in human 5-HT neurons based on ISH but
a strong signal in the nearby regions, indicating a working probe.
Also the NA-LC neurons had no detectable nNOS signal, even if
nNOS™ cells intermingled with NA neurons to a limited extent.

The discovery of VGLUTSs (79-81) made it possible, via im-
munohistochemistry and ISH, to identify unequivocally the neu-
rons using the excitatory amino acid glutamate as transmitter.
However, even though powerful antibodies to the VGLUTSs have
been generated, VGLUT expression in neuronal cell soma can be
visualized only with ISH, because antibodies apparently show the
transporters only in nerve endings. [DRG neuron cell bodies are
an exception (105, 106).] The distribution patterns in mouse and
rat DRN/PAG are similar (for references, see Introduction): no
VGLUT1 mRNA is found in the LC, DRN, or vVPAG. There are
many VGLUT2 mRNA™ cell bodies in the rat and mouse vPAG
but not in the LC or in the midline of the vPAG, i.e., the DRN.
In contrast, a distinct subpopulation of 5-HT neurons in the
DRN express VGLUTS3 transcript in rats (33-35), mice (39), and
syrian hamsters (107). However, not all rat VGLUT3* neurons
in the DRN are serotonergic (34).

In humans, as in rats and mice, no VGLUT1 transcript was
found in the LC region or in the vVPAG. VGLUT2 mRNA was
found in small cells (possibly glia) in the LC, partly intermingling
with NA neurons, and was seen only in the dorsal and lateral
PAG, in contrast to the distribution throughout the entire PAG
in rodents. The lack of a VGLUTS3 signal may represent either
a false negative caused by an unsensitive or failed probe or a true
absence. Thus, it still is uncertain whether VGLUT3 expression
in the 5-HT neurons in the vVPAG differs in rodents and humans.

Comparison with Results from the Allen Institute for Brain Research.
Scientists at the Allen Institute for Brain Research also have
explored the human brain (108, 109), as described in SI Dis-
cussion. The data analysis revealed some individual variability,
but, in general, galanin expression was higher in the supraoptic
nucleus, hypothalamus, LC, and frontal lobe than in the central
nucleus of the amygdala and MRN. TH and TPH2 transcripts
also were highly expressed in LC and MRN, respectively. Ex-
pression levels for the galanin receptors were generally low and
are difficult to compare with the present gPCR and ISH results.
Taken together, the results from the Allen Institute are, to a certain
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extent, in agreement with the qPCR and ISH results in our study.
However, this comparison needs further, in-depth analysis. Non-
isotopic ISH for galanin and GalR2 also has been performed in
cortical and subcortical regions, where a weak signal is observed for
both transcripts (109).

Methodological Aspects. Histochemical approaches always are
associated with methodological problems related to sensitivity
and specificity (110, 111). These difficulties are accentuated
when studying human postmortem tissue because of variability
among human beings, deterioration of the tissue with post-
mortem time, varying conditions of death, and subsequent han-
dling. Even more problematic are low-abundance transcripts,
e.g., for certain receptors. Such proteins have slow turnover and
thus low mRNA levels because they, unlike neuropeptides, do
not need to be replaced swiftly after release. Presumably such
receptors can be revealed only by advanced molecular biology
combined with electrophysiology (112, 113).

In the present study, the transcripts for robustly expressed
molecules, such as TH and TPH2, could be demonstrated in all
brains but, importantly, after considerable differences in expo-
sure time to an autoradiographic film/emulsion. Thus, although
sections from some brains hybridized for TH or TPH2 needed
less than a week of exposure, sections from other brains had to
be exposed for several weeks. Not unexpectedly, such differ-
ences were critical for the successful processing of the low-
abundance galanin receptor transcripts. Thus, in principle, such
transcripts could be detected only in brains with short exposure
time for TH and TPH2. Therefore, negative results should be
interpreted with caution.

The probe also is essential. We obtained good results for GalR3
with only one of the designed probes. The probe may not be as
good for GalR1 for GalR3, and the probe may have failed com-
pletely for GalR2 and VGLUT3. Again, qPCR results indicate
very low GalR1 levels. As a note, GalR2 and -3 have a high degree
of homology; therefore in a previous study we demonstrated the
specificity of the primers for the two receptors (114).

Difficulties in detecting galanin receptor transcripts are sup-
ported by the recently published Allen Brain Atlas describing the
distribution of some 20,000 transcripts throughout the mouse brain
(39): No results are reported for GalR3, GalR2 is distinctly
expressed only in some of the total of 52 sections/levels, and GalR1
appears less abundant than in rat brain. However, the presence of
the GalR3 transcript has been reported in many rat brain regions
by Mennicken et al. (57) using ISH and by Waters and Krause (60)
using qPCR. In contrast, the Allen Brain Atlas shows robust ex-
pression of many other neuropeptide receptors and thus supports
our view that galanin receptor transcripts may be particularly dif-
ficult to visualize with ISH and, as shown here, probably are even
more difficult to visualize in human postmortem tissue.

The qPCR analysis was carried out on full coronal sections of
the pons, from a level including either the DRN or LC; in fact,
these sections were alternate sections to those taken for ISH (S7
Materials and Methods). However other regions within the slice
expressing the studied markers to a varying extent have been
included also. For the LC level, TH probably is confined to the
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LC and subcoeruleus; GalR1 and -3 were observed only in re-
lation to the LC, whereas galanin was expressed in several other
nuclei (Fig. S2). TPH2 is fairly widely expressed both in the DRN
and MRN and in the reticular formation. Galanin and GalR1
also are expressed outside the raphe region, but we observed
GalR3 only in the DRN and lateral to the aqueduct. Thus TH
mRNA is diluted, and results for galanin and GalR1 are not
selective for the LC region. In fact, a preliminary qPCR exper-
iment with laser capture microdissection (LCM) of the NA-LC
nucleus (defined by pigmented neurons) shows a higher level of
TH transcript expression (i.e., a raw Ct value of ~22 for LCM
versus ~28 for the whole section). Similarly for GalR3 the raw
LCM Ct value was ~29, versus ~33 for the whole section, thus
showing the expected dilution effect for these markers.

Autoinhibition, Dendro-Somatic Release, and Electrophysiology. Auto-
inhibition of LC neurons mediated by NA (115-117) and of DRN
neurons mediated by 5-HT (118) may involve not only release
from collaterals but also somato-dendritic release (119, 120). This
type of release also has been shown for neuropeptides (121) and
possibly for galanin in the LC (122). It is assumed that this auto-
inhibitionis responsible, at least in part, for the delayed onset of
the clinical effect of monoamine-reuptake inhibitors (123, 124).
Electrophysiological studies in the rat have revealed that gal-
anin hyperpolarizes NA-LC neurons (68, 125, 126), presumably
mediated via GalR1 (84), a transcript known to be present in
these neurons (56, 58). In addition, galanin at low concentrations
(107"M) enhances the autoinhibitory effect exerted by NA on LC
neurons via o2A adrenoreceptors (127). Moreover, GalR1, but
not -2 or -3, is regulated by galanin signaling in the rat LC (128,
129). Galanin also has an inhibitory effect on some 5-HT neu-
rons in the DRN. However, it still is unclear if these effects are
direct, via GalR1 (73) or GalR3 (130, 131), indirect via GABA
neurons (132), or both. ISH results indicate that GalR1 indeed is
present in the vVPAG but not in 5-HT neurons (56, 58, 73).
Moreover, low galanin concentrations enhance the auto-
inhibitory effect of 5-HT via the 5-HT1A receptor in the DRN
(73). This effect may be related to the formation of GalR1-5-
HT1A receptor heteromers as recently reported by Borroto-
Escuela et al. (133). Such receptor complexes increase trafficking
of 5-HT1A receptors to the plasma membrane (133) and have
been suggested to contribute to development of depression (134).

Neuropeptides and Stress-Related Disorders. Several antidepressants
exert their effect via monoamine neurons (124, 135-137). It has
been proposed, based on animal experiments over the last few
decades, that neuropeptide also receptors are putative targets for
development of antidepressants, including receptors for sub-
stance P, neuropeptide tyrosine, corticotropin-releasing factor/
corticotropin-releasing hormone, melanocyte-concentrating hor-
mone, vasopressin, and dynorphin (138-143), as well as the gal-
anin system. Thus, galanin interacts with 5-HT1A receptors, and
galanin antagonists and agonists have anxiolytic and antidepres-
sive effects in animal experiments (144-151). Interestingly, asso-
ciation of genes encoding galanin and/or GalR3 has been reported
for psychiatric phenotypes (152-154), including panic disorder
(155), depression-related parameters (156-158), and nicotine de-
pendence (159, 160).

The LC plays an important role in the development of stress-
related disorders (161-169), and stress up-regulates galanin ex-
pression in the rat LC (170, 171). We therefore hypothesize that
such disorders are associated with an increase in firing and with
increased galanin synthesis and release from LC neurons, espe-
cially from soma and dendrites (68, 122), resulting in activation
of GalR1 autoreceptors, inhibition of firing, and decreased NA
release in the forebrain. Together, these events presumably re-
sult in a prodepressive effect. In theory, a similar scenario may be
true for the 5-HT/galanin neurons in the DRN (73). Conse-
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quently, attenuating the inhibition and autoinhibition of NA and
5-HT neurons by galanin antagonists may have anxiolytic/anti-
depressive effects. In fact, these effects may be enhanced by the
GalR1-5-HT1A heterodimerization described above. Finally and
interestingly, Murck, et al. (172) have shown that the effects of
i.v.-administered galanin on sleep EEGs in healthy subjects are
similar to those seen with sleep deprivation (172) and that gal-
anin, when given to patients with depression, has an acute
antidepressive effect (173). The site of action of peripherally
administered galanin remains to be analyzed.

Based on the rat experiments, a GalR1 antagonist would be
suitable to obtain such an effect in the LC (56, 58, 61, 84),
whereas a GalR3 antagonist (130, 131) may be more appropriate
in the DRN. Our study shows that in the human brain the NA-
LC, and presumably the 5-HT-DRN neurons, express GalR3,
not GalR1 as in the rat (56, 58). The transduction mechanism for
GalR3 has not been well characterized. Smith et al. (93) used
Xenopus oocytes and coexpressed GalR3 with the potassium
channel subunits GIRK1 and -4. They found that galanin opens
potassium channels and thus hyperpolarize the cell membrane. If
the result from this artificial system should turn out to hold true
for human NA LC and 5-HT DRN neurons also, then a GalR3
antagonist could have the same effect in humans as in the rat.

The investigation of galanin has been hampered by the lack of
selective and powerful pharmacological tools to analyze galanin
functionality, particularly drugs that can penetrate the blood-brain
barrier (174). However, a small number of such compounds active
at the GalR3 receptor, with anxiolytic and antidepressant activity
in various rat models, have been developed (130, 131, 175).

Concluding Remarks. A main message of the present study is that
there are distinct differences among species with regard to certain
transmitter systems and that results in rodent models cannot al-
ways be translated directly to humans. Such species differences
may be particularly common when studying the coexistence of
various transmitters, particularly those related to neuropeptidergic
systems (176), although here we show that species differences also
may affect NOergic and perhaps glutamatergic systems. However,
in general, peptidergic systems are highly conserved. For example,
in a comprehensive ISH study, Krolewski, et al. (177) reported
that several important neuropeptides are distributed similarly in
the human and rodent hypothalamus. Nevertheless, species var-
iations should be taken into account when developing drugs for
human disorders. The present evidence for GalR3 signaling in
NA-LC and, presumably, in 5-HT-DRN neurons indicates that
a similar mechanism may operate in both types of neurons in
humans and that GalR3 is a relevant target for drugs aiming to
treat humans suffering from anxiety and/or depression. However,
to our knowledge, no clinical trials have been carried out with the
GalR3 antagonists mentioned above.

Materials and Methods

Subjects. Postmortem frozen brain tissues including LC and DRN from 12 patients
were obtained by autopsy at different departments of Semmelweis University
(Table S2). Written informed consent was obtained, and studies were approved
by the Ethics Committee of Semmelweis University. The postmortem time for
the frozen brains, including LC and DRN, was up to 10 h (Table S2).

RNA Probe Synthesis. RNA probes specific to TH, galanin, GalR1, and GalR3
were prepared from human dorsal root ganglion (DRG) mRNA (Clontech).
TPH2, GalR2, VGlut 1, VGlut2, VGlut3, and nNOS were generated from human
total-brain RNA (Ambion). The human DRG mRNA and total-brain RNA were
reverse transcribed to generate cDNA using the Retroscript Kit (Ambion). This
cDNA then was amplified using specific primers (Table S3), subcloned into
a PCR1II-TOPO vector (Invitrogen), and confirmed by nucleotide sequencing
(KIGene). The plasmids were linearized and then transcribed using T7 and
SP6 RNA polymerases to generate sense and antisense RNA probes. In vitro
transcription was carried out using the MAXIscript SP6/T7 kit (Ambion) and
[«3*]-UTP (Perkin-Elmer) according to the manufacturer’s instructions. The
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transcripts then were purified using NucAway Spin Columns (Ambion). Sense
probes were used as negative controls.

ISH. Sections (14 pm) for the postmortem human brains were prepared in
a cryostat. Fixation, prehybridization, and hybridization were performed as
described in S/ Materials and Methods. Sections were placed against a film
and/or dipped in an autoradiographic emulsion, developed, and mounted
with glycerol/PBS medium (S/ Materials and Methods). Sections also were
counterstained for cresyl violet (Merck) (S/ Materials and Methods).

gPCR. Tissue for gPCR analysis was collected as stated in S/ Materials and
Methods. Total RNA was isolated with the Qiagen RNeasy Mini Kit (Qia-
gen). First-strand cDNA was synthesized and subjected to PCR (S/ Materials
and Methods).

Microscopic Analysis. Sections were analyzed using a Nikon Eclipse E600 mi-
croscope equipped with a bright- and dark-field condenser and epi-polarization
with side entrance illumination (Fiberoptic-Heim AG) and epi-fluorescence with
appropriate filters combinations connected to a digital camera (Nikon DXM
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