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The norepinephrine transporter (NET) is a site of action for
tricyclic antidepressant drugs and for drugs of abuse such as
amphetamine and cocaine. In this study, the binding of
[*H]nisoxetine to NETs in the noradrenergic cell group, the
locus coeruleus, and the serotonergic cell groups, the dorsal
raphe nuclei, was measured autoradiographically in postmor-
tem human brain. [®H]nisoxetine binding was unevenly distrib-
uted along the rostral-caudal axis of the locus coeruleus and
correlated positively with numbers of neuromelanin-containing
(noradrenergic) cells along the axis of the locus coeruleus
within individuals. Binding densities of [®H]nisoxetine in dorsal
raphe nuclei were similar to that in the locus coeruleus.
[®H]nisoxetine binding was unevenly distributed along the entire
rostral-caudal extent of the dorsal raphe, with the highest

binding occurring in the interfascicular and ventral nuclei. A
moderate amount of [*H]nisoxetine binding was also observed
in the median raphe nucleus. The specificity of [®H]nisoxetine
binding to NETs in monoaminergic nuclei was assessed by
measuring the inhibition of its binding by desipramine, imipra-
mine, or citalopram. The order of affinities of these drugs was
identical in the locus coeruleus and dorsal and median raphe
and was characteristic of binding to NETs (desipramine >
imipramine > citalopram). Thus, high levels of NETs and an
uneven distribution of NETs occur in the locus coeruleus as well
as in the dorsal raphe nuclei of the human.
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The discovery of the therapeutic effectiveness of imipramine in
depression nearly 40 years ago by the Swiss physician Roland
Kuhn heralded a new age in the treatment of this psychiatric
disorder. Since then, many drugs have been developed that selec-
tively inhibit the transport of norepinephrine and/or serotonin.
Over the years since the discovery of imipramine, considerable
emphasis of drug development has been placed on the relative
pharmacological selectivity of these compounds for either the
norepinephrine or the serotonin transporters.

Recently, the cloning and sequencing of the norepinephrine
transporters (NETs) have yielded insight into the structure, func-
tion, and distribution of these targets of antidepressant drug
action. Like other monoamine transporters, the NET is a mem-
brane glycoprotein with 12 membrane-spanning domains and is
electrogenic (Pacholczyk et al., 1991; Blakely et al., 1994; Barker
and Blakely, 1995). To date, subtypes of the NET have not been
described. In rats, mRNA for the NET is localized in cell bodies
of noradrenergic neurons in the brainstem, including the locus
coeruleus (Pacholczyk et al., 1991). Autoradiography of the bind-
ing of the highly selective NET radioligand [*H]nisoxetine has
revealed NET binding in the immediate region of the locus
coeruleus, concentrations of which are the highest in the rat brain
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(Tejani-Butt et al., 1990; Tejani-Butt, 1992). Interestingly, mod-
erate concentrations of [*H]nisoxetine binding in a serotonergic
cell body region, the dorsal raphe nucleus, have also been re-
ported in rats (Tejani-Butt, 1992) and humans (Donnan et al.,
1991). NET transporters in the dorsal raphe presumably reside on
terminals of noradrenergic fibers that are known to innervate the
dorsal raphe (Saavedra et al., 1976; Fuxe et al., 1978; Levitt and
Moore, 1979; Baraban and Aghajanian, 1981) and illustrate the
interconnection of the central noradrenergic and serotonergic
neuronal systems.

The locus coeruleus (Foote et al., 1983) and dorsal raphe
(Tork and Hornung, 1990) nuclei are complex cell groups that
are organized topographically with respect to their projection
areas. Previous investigators have demonstrated distinct cyto-
architectonic patterns and uneven cell densities within each of
the nuclei (Olszewski and Baxter, 1954; Baker et al., 1990,
1991; Tork and Hornung, 1990). The well defined morpholog-
ical characteristics of these cell groups suggest that the distri-
bution of NETs within the locus coeruleus and dorsal raphe
may also be distinctive. The growing interest in the putative
role of NETs in psychiatric disease underscores the importance
of a detailed description of the distribution of these proteins in
relation to cellular morphometry. In this study, we used
[*H]nisoxetine to determine the distribution of NETs within
the human locus coeruleus and dorsal raphe. [*H]nisoxetine
has a high affinity for NETs (Tejani-Butt et al., 1990; Tejani-
Butt, 1992; Tejani-Butt and Ordway, 1992) and does not pos-
sess the complications of other ligands used for analysis of
NETs, i.e., binding to intracellular nonadrenergic sites (Ladu-
ron et al., 1982; Backstrom et al., 1989; Backstrom and Mar-
cusson, 1990).
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Table 1. Vital data of subjects

Subject Age (years) Gender PMD“ (hr) Toxicology Cause of death

C 51 Male 20 NDD” Heart disease

F 70 Male 4 NDD Pulmonary embolism

G 71 Male 23 Chlorpheniramine Heart disease, scleritis

K 26 Male 13 NDD Gun shot

O 78 Female 11 NDD Heart disease, diabetes, and hypertension
R 73 Male 22 NDD Myocardial infarction

S 67 Female 28 NDD Heart disease

V4 67 Male 19 NDD Myocardial infarction

Y 48 Male 21 NDD Heart disease, cardiomegaly

X 51 Male 11 NDD Myocardial infarction, cardiomegaly

“Postmortem duration.
bNo drugs detected.

MATERIALS AND METHODS

Tissue material. Human brains were obtained from subjects at the time of
autopsy at the Medical Examiner’s Office of Cuyahoga County, Ohio, in
accordance with an approved Institutional Review Board protocol. De-
mographic information derived from the coroner’s records revealed that
the brains came from individuals with no reported history of psychiatric
or neurological diseases. A summary of subject information is outlined in
Table 1.

At the time of autopsy, brainstems were isolated by making a transverse
cut along a line from the rostral border of the superior colliculus to the
exit point of the oculomotor nerve, and a second transverse cut at the
caudal end of the locus coeruleus. Tissue lateral to the superior cerebellar
peduncles was trimmed away. The block of brainstem tissue was then cut
in a transverse plane at the level of frenulum, yielding two separate blocks
of tissue. This final transverse cut was necessary to facilitate ease and
accuracy of cutting of the tissue blocks with the cryostat microtome.
Particular care was taken in the freezing process to maintain gross
morphology. For example, the block of pontine tissue was dissected to
form a flat surface on the ventral surface of the tissue blocks. This surface
was placed on a hard piece of cardboard that was then lowered into the
2-methylbutane cooled on dry ice to —50°C for quick freezing. Tissue
blocks were then placed on powdered dry ice for 10 min and then stored
in an ultracold freezer (—83°C).

Tissue blocks were sectioned in a single transverse plane perpendicular
to the floor of the fourth ventricle. The rostral surface of the block of
tissue containing the dorsal raphe was mounted onto a specimen chuck,
and the raphe was sectioned through its entire length sequentially begin-
ning at its caudal end (at the frenulum). The caudal surface of the tissue
block containing the locus coeruleus was mounted onto a specimen chuck
and sectioned through its entire length beginning at its rostral end (at the
frenulum). Tissue sections were cut (Leica, Cryocut 1800, Reichert-Jung)
at —16°C and thaw-mounted onto gelatin-coated microscope slides. Lo-
cus coeruleus and dorsal raphe sections were collected for morphometric
and neurochemical measurements at 1 mm intervals. For the “locus
coeruleus block,” two 40-um-thick sections (for morphometry, cresyl
violet staining), followed by four 20-um-thick sections (for autoradiog-
raphy of [*H]nisoxetine binding) were cut at each 1 mm interval. The
“dorsal raphe block” was sectioned (20 wm thickness) transversely at ~1
mm intervals, making sets of sections at four distinct levels. These
sections were then processed (individually) with the following proce-
dures: (1) autoradiography of NETs, using [*H]nisoxetine; (2) Nissl
staining with cresyl violet to identify neuronal elements; (3) tyrosine
hydroxylase immunohistochemistry to identify catecholaminergic neu-
rons; and (4) tryptophan hydroxylase immunohistochemistry to identify
serotonergic neurons. Outlines of morphological reference landmarks at
matching levels for all of the subjects were carefully selected based on the
neuronal morphology and density, according to the cytoarchitectonic
maps of the region (Olszewski and Baxter, 1954; Baker et al., 1990).

Immunohistochemical studies. Sections of midbrain were warmed to
room temperature, dried under a stream of cool air, and encircled with a
PAP pen (Research Products International, Mount Prospect, IL). The
sections were fixed (4 hr, 4°C) by immersion in PBS (10 mM sodium
phosphate, 150 mM NaCl, pH 7.4) containing 4% paraformaldehyde.
Sections were immersed three times for 20 min each at 4°C in PBS and

then immersed for 10 min at 4°C in PBS containing 0.2% Triton X-100
(Bio-Rad, Hercules, CA) and hydrogen peroxide (0.5% actual final
concentration). The sections were rinsed three times with PBS containing
0.2% Triton X-100 and preincubated for 1 hr at room temperature in PBS
containing 0.2% Triton X-100 and 1% normal horse serum. The sections
were incubated by immersion in buffer containing PH8 and mouse anti-
phenylalanine hydroxylase (Cotton et al., 1988) for 40 hr at 4°C followed
by 1 hr at room temperature. Other adjacent serial sections were incu-
bated with mouse anti-tyrosine hydroxylase (Incstar, Stillwater, MN).
PHS was kindly supplied by Drs. Richard Cotton and Ian Jennings. PH8
and anti-tyrosine hydroxylase were diluted 1:20,000 and 1:16,000, respec-
tively, in PBS containing 0.2% Triton X-100. Sections were then incu-
bated for 1 hr with biotinylated horse anti-mouse IgG secondary antibody
(Vectastain Elite ABC kit, Vector Laboratories, Burlingame, CA) diluted
1:200 in PBS containing 0.2% Triton X-100 and 1% normal horse serum.
Sections were rinsed three times by immersion in PBS containing 0.2%
Triton X-100 and incubated for 1 hr in avidin—biotin-horseradish per-
oxidase (HRP) conjugate. The secondary antibody and avidin—biotin—
HRP conjugate solutions were added drop-wise to horizontally placed
slides. Slides were immersed three times for 5 min each in PBS containing
0.2% Triton X-100 and immersed in 50 mm Tris-HCI, pH 7.6, for 2-3 min.
Slides were incubated in 50 mm Tris-HCl containing 0.05% 3,3’-di-
aminobenzidine tetrahydrochloride (Sigma, St. Louis, MO) and hydrogen
peroxide (0.01% actual final concentration) for 5 min or until adequate
staining was observed. Slides were immersed in 50 mm Tris-HCI for 3
min, dried, lightly counter-stained with cresyl violet, dehydrated, and
coverslipped.

Morphometry of the locus coeruleus. Two adjacent sections for mor-
phometry were dried at room temperature and then stained with cresyl
violet. Profiles, as defined by Coggeshall and Lekan (1996), of
neuromelanin-pigmented neurons of the locus coeruleus were counted
using a Nikon Optiphot microscope (magnification, 200X) and are re-
ferred to as neuromelanin-containing cells throughout this manuscript.
Neuromelanin-containing cell counts were estimated by averaging inde-
pendent counts made by two experimenters who were blind to subject
information. For the two experimenters, the number of neuromelanin-
containing cells at any particular level of a given subject never differed by
>5%. A bilateral neuromelanin-containing cell count at each level was
determined from the average of two adjacent sections for each level.

Quantitative autoradiography of [°H]nisoxetine binding to NETs. The
binding of [*H]nisoxetine to NETs was measured by quantitative autora-
diography using the method of Tejani-Butt (1992). Briefly, transverse
sections cut through the locus coeruleus and dorsal raphe nuclei at levels
indicated were thaw-mounted onto gelatin-coated microscope slides.
Sections were incubated with 3.0 nM [*H]nisoxetine (82 Ci/mmol, Amer-
ican Radiolabeled Chemicals, St. Louis, MO) in buffer (50 mm Tris, 300
mM NaCl, 5 mm KCl, pH 7.4) at 4°C for 4 hr. Nonspecific binding was
defined by 1 uM mazindol. Nonspecific binding was 15% of total binding
in the locus coeruleus and in the dorsal raphe. For competition experi-
ments, sections were incubated with 3.0 nM [*H]nisoxetine in the presence
of varying concentrations of competitors (desipramine, citalopram, and
imipramine) at concentrations indicated.

After incubations, sections were washed in the same buffer three times
at 4°C for 5 min and then rinsed briefly (2 sec) in ice-cold water before
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drying. Sections and brain mash-calibrated [*H] standards (American
Radiolabeled Chemicals) were apposed to [*H]-Ultrofilm (Leica Instru-
ments, GmbH) and exposed in X-ray cassettes at room temperature for
20 hr for 4-6 weeks. Films were processed with GBX developer and fixer
(Eastman Kodak, Rochester, NY) at 17°C. After autoradiography, the
same sections were stained lightly with the cresyl violet for the anatomical
identification. Densitometric measurements of autoradiograms were
made using an image analysis system (MCID M2, Imaging Research, St.
Catherines, Ontario). Autoradiograms of locus coeruleus were analyzed
by simultaneously overlaying the image of the autoradiogram with the
image of the same, histologically stained section. For the locus coeruleus,
the smallest region encompassing all cell bodies containing neuromelanin
pigment was outlined. For the dorsal raphe, [*H]nisoxetine binding was
measured in its subnuclei. Raphe subnuclei were distinguished as de-
scribed by Baker et al. (1990, 1991), and their borders were drawn on
digital templates constructed from digitized images of tryptophan hydrox-
ylase immunohistochemistry on the nearest slide-mounted sections
(Stockmeier et al., 1996). The digital templates of immunohistochemistry
were superimposed onto autoradiographic images. Specific binding was
defined as the difference between total and nonspecific binding. The
binding of radioligands to the left and right side of locus coeruleus cell
groups as well as for the left and right sides of bilateral subnuclei of the
raphe were averaged because there was no significant difference in
[*H]nisoxetine binding between sides (data not shown).

Statistics. The distribution of locus coeruleus cells and [*H]nisoxetine
binding was assessed by ANOVA for repeated measures using Systat
(Systat, Inc., Evanston, IL). Linear regression analysis was used to com-
pute correlations between cell numbers and binding and between age or
postmortem interval and binding or cell number (GraphPad Prism,
GraphPad Software, San Diego, CA). ICs, values were computed by
nonlinear regression analysis (GraphPad Prism) of data from competition
experiments. Competition data were fit to a model assuming a one-site
interaction.

RESULTS

The binding of [*H]nisoxetine to NETs and morphometric exam-
inations were performed on the locus coeruleus from 7 subjects
(subjects C, F, G, K, O, R, S; Table 1). The age of these subjects
ranged from 26 to 78 years (62.3 = 6.8), and the postmortem
intervals ranged from 4 to 28 hr (17.3 = 3.1). [*H]nisoxetine
binding to NETs and morphometric examinations were per-
formed on the dorsal raphe nuclei from 6 subjects (subjects C, F,
G, Z, Y, X; Table 1). The age of subjects ranged from 48 to 71
years (59.7 * 4.4), and the postmortem delays ranged from 4 to 23
hr (16.3 = 3.0).

Distribution of [*H]nisoxetine binding in the
locus coeruleus
The binding of [*H]nisoxetine was measured in transverse sections
cut at 1 mm intervals along the rostral-caudal axis of the brain-
stem containing locus coeruleus. [*H]nisoxetine binding to NETs
was unevenly distributed all along the axis of the locus coeruleus
(Fig. 1). At the rostral portion of the locus coeruleus, the binding
of [*H]nisoxetine was less localized to the cellular region of the
locus coeruleus, and moderate amounts of binding were also
observed in surrounding areas such as the central gray and the
median and dorsal raphe nuclei (Fig. 1, levels 0 to +4). The
highest amount of [*H]nisoxetine binding was found in the middle
portion of the locus coeruleus (Fig. 1, level +6). At middle levels
of the locus coeruleus (levels +5 to +7), much less binding was
observed in areas surrounding the locus coeruleus, except for a
moderate amount of binding in the median raphe nucleus. At the
caudal one-third of the locus coeruleus, the binding of [*H]nisox-
etine was highly localized to the compact cellular region of the
nucleus (Fig. 1, levels +8 and +10), with extremely low levels of
binding in surrounding areas.

Quantitative evaluation of the specific binding of [*H]nisoxetine
to NETs in the locus coeruleus revealed a significant rostral-
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caudal gradient along its entire length (F (g 54, = 34.7; p < 0.001).
This uneven distribution of [*H]nisoxetine binding was paralleled
by a significant uneven distribution of the number of
neuromelanin-containing cells per level (F57,, = 48.0; p <
0.001). At a given level, both the number of neuromelanin-
containing cells and the amount of [*H]nisoxetine binding in-
creased steadily from the rostral pole of the nucleus to its medial
part and then decreased steadily to the caudal end of the locus
coeruleus (Fig. 2). Considering all subjects and all levels of the
locus coeruleus together, the specific binding of [*H]nisoxetine to
NETs was positively correlated with the number of neuromelanin-
containing cells per level (r> = 0.61; p < 0.0001; Fig. 3). The
general topographic patterns of [*H]nisoxetine binding and
neuromelanin-containing cells along the rostral-caudal axis of the
locus coeruleus were nearly identical for each subject studied (Fig.
2). However, it is noteworthy that the amount of [*H]nisoxetine
binding at any particular level of the locus coeruleus varied
considerably among the subjects. A good example of this individ-
ual variability of binding to NET is the comparison of subjects G
and R. These two subjects have similar ages (71 and 73 years,
respectively), similar postmortem intervals (23 and 22 hr), and
similar numbers of neuromelanin-containing cells at the different
levels of the locus coeruleus. However, the amount of [*H]nisox-
etine binding at many levels of the locus coeruleus is strikingly
different between these two individuals (subject R almost twice
that of subject G).

Distribution and pharmacology of [*H]nisoxetine
binding in the dorsal raphe

The binding of [*H]nisoxetine at levels of the brainstem rostral to
the frenulum was localized in the region of the dorsal raphe
nuclei. Sections adjacent to those used for [*H]nisoxetine binding
were immunostained using PHS, which labels tryptophan
hydroxylase-positive neurons (Cotton et al., 1988). Subnuclei of
the dorsal raphe were identified in immunostained sections as
described by Baker et al. (1991) and Stockmeier et al. (1996).
[PH]nisoxetine binding was unevenly distributed along the entire
rostral-caudal axis of the dorsal raphe nucleus (Fig. 1, levels 0 to
—6) and demonstrated distinct patterns of binding within the
subnuclei of the dorsal raphe at each level. The highest amounts
of [*H]nisoxetine binding within the dorsal raphe were found in
the ventral subnucleus, ventrolateral subnucleus, and interfascic-
ular subnucleus (Table 2). Near the frenulum (Fig. 1, levels 0 and
—2), the binding of [*H]nisoxetine in the caudal nucleus of the
dorsal raphe was approximately twice that in the locus coeruleus
at the same level.

We were surprised to find [*H]nisoxetine binding in the dorsal
raphe nuclei that was as high or higher than [*H]nisoxetine
binding in many levels of the locus coeruleus. We considered the
possibility that the high amounts of binding of [*H]nisoxetine in
the dorsal raphe nuclei and in the median raphe (see above) might
represent binding to serotonin transporters. To check the speci-
ficity of the binding of [*H]nisoxetine to NETS, competition bind-
ing experiments were performed to determine the rank order of
affinities of desipramine, imipramine, and citalopram at these
[*H]nisoxetine-labeled sites. The ICs, values of drugs for the
inhibition of [*H]nisoxetine binding were nearly identical in the
human locus coeruleus and dorsal raphe subnuclei (Fig. 4). The
rank order of affinities of these drugs is characteristic of binding to
NETSs (desipramine > imipramine > citalopram) in all three
regions.

The binding of [*H]nisoxetine in the dorsal raphe nuclei was
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Fmol/mg protein

30 60 90 140 200 330 700

Figure 1. Digitized autoradiograms of the specific binding of [*H]nisoxetine to NETs at multiple levels along the rostral-caudal axis of the human dorsal
raphe and locus coeruleus (subject F). Transverse sections are numbered in relation to the distance in mm from the frenulum (“0”), positive numbers in
the caudal direction and negative numbers in the rostral direction. Each image of the specific binding of [*H]nisoxetine was generated by digitally
subtracting the image of nonspecific binding from the image of total binding with the aid of a computer.
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Figure 2. The distribution of specific binding of [*H]nisoxetine (fmol/mg protein) to NETs (®) and neuromelanin-containing cell number (O) along the
rostral-caudal axis of the human locus coeruleus from 7 subjects. The letter in the fop left corner of each graph identifies the subject (Table 1). Values
are the average of four estimations (left and right sides in duplicates) for binding and for the cell counts. The abscissa is the distance from the frenulum
along the rostral-caudal axis of the locus coeruleus. The graph in the lower right shows the mean = SEM of binding and cell number for all 7 subjects.
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Figure 3. The relationship between neuromelanin-containing cell counts
and the binding of [*H]nisoxetine to NETs at all levels of the locus
coeruleus from 7 subjects. Values are the average of four estimations (left
and right sides in duplicates) for binding and cell counts.

highest in the immediate cell body region of these nuclei. The
relationship between [*H]nisoxetine binding and tryptophan
hydroxylase-positive or tyrosine hydroxylase-positive neurons was
examined by immunostaining for tyrosine hydroxylase and tryp-
tophan hydroxylase (PHS8) in sections adjacent to those used for
binding (Fig. 5). The tyrosine hydroxylase-immunoreactive stain-
ing was present in a few neuronal soma (<10) and in many fibers
within the dorsal raphe subnuclei (Fig. 5B). Tyrosine hydroxylase
and PH8 immunostaining was also observed in the substantia
nigra. The binding of [*H]nisoxetine was localized within the area
of dorsal raphe subnuclei and corresponded to the pattern of
immunostaining with PH8 and tyrosine hydroxylase antibodies in
this region. In contrast, little or no [*H]nisoxetine binding was
observed in the region of substantia nigra (Fig. 5C).

Age, postmortem interval, and laterality

Although there were uneven distributions of ages and postmor-
tem intervals among the study subjects, we attempted to deter-
mine whether there were significant correlations between these
variables and [*H]nisoxetine binding (despite the small power in
regression analysis using data from 6-7 subjects). There were no
significant correlations between age and the binding of [*H]nisox-
etine in the locus coeruleus or dorsal raphe nuclei at any level
(data not shown). Furthermore, there were no significant corre-
lations between postmortem intervals and the binding of
[*H]nisoxetine in the locus coeruleus or dorsal raphe (data not
shown). The amount of [*H]nisoxetine binding to NETs and the
number of neuromelanin-containing cells per section, at any par-
ticular level on the two sides of the locus coeruleus, differed by an
average of 5%, but this difference did not reach statistical
significance.

DISCUSSION

The present study is the first detailed examination of the distri-
bution of NETs within the locus coeruleus and the dorsal raphe
nuclei. A high density of radioligand binding to NETs was ob-
served in both the locus coeruleus and the dorsal raphe nuclei.
Furthermore, consistently uneven densities of [*H]nisoxetine
binding to NETs along the rostral-caudal axis of the locus coer-
uleus and dorsal raphe nuclei were observed for all subjects
studied. Within the dorsal raphe subnuclei, there were distinct
patterns of binding of [*H]nisoxetine. In contrast to serotonergic
and noradrenergic cell groups, virtually no [?H]nisoxetine binding
to NETs was observed in a dopaminergic cell group (substantia
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Figure 4. Inhibition of the binding of [*H]nisoxetine to NETs (®, desi-

pramine; A, imipramine; M, citalopram) in the human locus coeruleus,
dorsal raphe, and median raphe (n = 3 subjects).

nigra). The detailed distribution of [*H]nisoxetine binding to
NETs described here extends previous examinations of NET
distribution in the human brain (Gross-Isseroff et al., 1988; Don-
nan et al., 1991) and provides a basis for future studies that
evaluate levels of NETSs in brainstem monoaminergic nuclei from
individuals with psychiatric or neurological illnesses.

Previous investigations of the distribution of NETSs in the hu-
man brain have used the radioligands [*H]desipramine or
[’H]mazindol (Gross-Isseroff et al., 1988; Donnan et al., 1991).
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Table 2. The binding of [*H]nisoxetine (fmol/mg protein) to NETs in the human raphe nuclei and locus coeruleus

Rostral to frenulum (n = 6)

Level DRC* DRD DRIF DRV DRVL 4

-6 - 135.5 + 41.2 334.0 = 69.2 2732 +51.0 - -

-4 - 153.3 + 42.0 231.1 +42.6 299.8 + 80.3 2771 = 79.7 30.5 6.1

-2 - 97.7 £ 15.6 103.8 = 12.6 176.0 = 28.0 126.0 = 15.7 -
0 135.6 * 24.6 - 153.1 £ 32.6 - - -

Caudal to frenulum (n = 7)

Level DRC MR LC

+2 176 £ 19 101 = 11 78 = 18

+4 130 = 17 75 €11 153 = 16

+6 - - 231 £ 26

+8 - - 293 + 25

+10 - - 199 = 00

Levels indicate approximate distances from the frenulum (negative numbers in the direction rostral to frenulum, positive numbers in the direction caudal to frenulum).

“DRC, Dorsal raphe, caudal nucleus; DRD, dorsal raphe, dorsal nucleus; DRV, dorsal raphe, ventral nucleus; DRVL, dorsal raphe, ventrolateral nucleus; DRIF, dorsal raphe,
interfascicular nucleus; 4, trochlear nucleus; MR, median raphe nucleus; LC, locus coeruleus.

Although [*H]desipramine binds with high affinity to NETs, it also
binds to intracellular nonadrenergic sites (Laduron et al., 1982;
Backstrom et al., 1989; Backstrom and Marcusson, 1990), making
interpretation of binding results difficult. [’H]mazindol binds with
high affinity to NETSs but also binds to dopamine transporters so
that nonspecific binding must be measured by careful choice of a
displacing ligand and its concentration (Donnan et al., 1991). In
contrast to these radioligands, [*H]nisoxetine does not possess
such complications. [*H]nisoxetine has a high affinity for NETs
(Kp = 0.7 nm) and a low affinity for serotonin transporters (K, >
1 mm) and dopamine transporters (K, > 1 mm; S. Tejani-Butt,
personal communication) (Tejani-Butt et al., 1990; Tejani-Butt,
1992). [*H]nisoxetine has been used previously to measure NETs
in rat and human brain (Tejani-Butt, 1992; Tejani-Butt and Ord-
way, 1992; Tejani-Butt et al., 1993).

Numerous findings indicate that NETs occur solely on norad-
renergic neurons in the CNS (Pacholczyk et al., 1991; Lorang et
al., 1994). For example, NET mRNA is localized to noradrenergic
cell bodies (Lorang et al., 1994). The regional distribution of
[*H]nisoxetine binding sites in rat brain is in close agreement with
the distribution of noradrenergic terminals (Tejani-Butt, 1992).
Furthermore, [*H]nisoxetine binding to NETs in the rat is virtu-
ally eliminated by neurotoxin treatments, e.g., 6-hydroxydopamine
(Ordway, 1995) or DSP-4 (Tejani-Butt et al., 1990), which destroy
noradrenergic nerve terminals (Bloom et al., 1969; Bartholini et
al., 1970; Fritschy and Grzanna, 1989). Thus, the distribution of
the specific binding [*H]nisoxetine binding to NETs would be
expected to parallel the distribution of noradrenergic projections
in the brain.

In the locus coeruleus, there was a strong relationship between
the amount of [*H]nisoxetine bound to NETs and the number of
noradrenergic neurons at any particular level. Recently, we made
a similar observation of the wuneven distribution of
p-[**I]iodoclonidine binding to a,-adrenoceptors that follows the
pattern of noradrenergic cell distribution in the human locus
coeruleus (Klimek and Ordway, 1996). A strong correlation be-
tween amounts of [*H]nisoxetine binding to NET and numbers of
neuromelanin-containing cells in the locus coeruleus would be
consistent with the notion that these transporters occur on nor-
adrenergic neurons of the locus coeruleus and their dendrites.
There are, however, noradrenergic projections to the locus coer-

uleus coming from more caudal noradrenergic cell groups, i.e., the
lateral tegmental nuclei (Foote et al., 1983; Herbert and Saper,
1992; Van Bockstaele and Aston-Jones, 1992). Thus, it cannot be
ruled out that at least some NETs labeled in the region of the
locus coeruleus may also reside on terminal projections arising
from these caudal noradrenergic cells.

In this study, noradrenergic neurons of the locus coeruleus were
distinguished from other cells by visually identifying cells contain-
ing neuromelanin. Neuromelanin pigment appears as very dark
granules and is characteristic of all catecholamine-containing neu-
rons in humans (Bogerts, 1981). Neuromelanin may be a waste
product resulting from oxidative catabolism of catecholamine and
in locus coeruleus neurons appears to be colocalized with tyrosine
hydroxylase, the rate-limiting enzyme for catecholamine synthesis
(Mann and Yates, 1979; Baker et al., 1989; Chan-Palay and Asan,
1989). Iversen et al. (1983) have shown that counting locus coer-
uleus neurons that contain neuromelanin and those that contain
dopamine-a-hydroxylase gives the same number of cell counts in
the human brain. Other studies have demonstrated similar results
by counting tyrosine hydroxylase-immunoreactive neurons and
the number of cells containing neuromelanin pigment in the same
brains (Mann and Yates, 1979; Baker et al., 1989; Chan-Palay and
Asan, 1989; Blanchard et al., 1993). Tyrosine hydroxylase-
immunoreactive cells that do not contain neuromelanin have been
reported (Chan-Palay and Asan, 1989) in the human locus coer-
uleus, but these neurons occur in a small region of the locus
coeruleus rostral to the frenulum, an area where cell counts and
binding were not compared in the present study.

A high binding density of [*H]nisoxetine was also observed in
subregions of the dorsal raphe and in the median raphe. In fact, at
certain levels along the rostral-caudal axis of the brainstem, the
binding of [*H]nisoxetine was considerably higher in the dorsal
raphe than in the locus coeruleus at the same level, e.g., at the
level of the frenulum. Despite the reported selectivity of
[*H]nisoxetine for NETs in rat brain, we were initially concerned
that [*H]nisoxetine was binding to human serotonin transporters,
because these occur in high density in the immediate region of the
raphe (Cortes et al., 1988; Hrdina et al., 1990; Gurevich and
Joyce, 1996; Stockmeier et al., 1996). However, competition bind-
ing experiments revealed a rank order of affinities of transporter
ligands that was characteristic of binding to NETs and uncharac-
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Figure 5. Digitized images of sections through the brainstem of (4)
tryptophan hydroxylase (PH8) immunoreactivity, (B) tyrosine hydroxylase
immunoreactivity, and (C) the specific binding of [*H]nisoxetine. DR,
Dorsal raphe; SN, substantia nigra.
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teristic for binding to serotonin or dopamine transporters (Hoff-
man et al, 1991; Pacholczyk et al, 1991; Hoffman, 1994;
Cheetham et al., 1996). For example, the relative affinities of
transporter ligands in the locus coeruleus, dorsal raphe, and
median raphe were identical, i.e., desipramine > imipramine >
citalopram. Furthermore, the ICs, values of these compounds
were very similar in each of these regions. These data strongly
support the conclusion that the dense binding of [*H]nisoxetine in
noradrenergic (locus coeruleus) and serotonergic (raphe) nuclei
of the human brainstem is to NETSs.

There are several pieces of evidence suggesting that NETs in
dorsal raphe nuclei reside on noradrenergic fibers projecting to
these nuclei. First, there are catecholaminergic neurons (presum-
ably noradrenergic) in the dorsal raphe nuclei, but their number is
low relative to the number of serotonergic neurons. According to
Baker et al. (1991), catecholaminergic cells are found only in the
rostral part of the dorsal raphe and their number is ~5600 cells
compared to 53,900 noradrenergic cells in the human locus coer-
uleus (Baker et al., 1989). The present study confirmed the pau-
city of tyrosine hydroxylase-immunoreactive soma in the subre-
gions of the dorsal raphe. On the other hand, a moderately dense
network of tyrosine hydroxylase-positive fibers was observed in
these nuclei (Fig. 5). Because there is no evidence that seroton-
ergic neurons express the NET gene, the dense binding of
[®H]nisoxetine to NETS in the dorsal raphe suggests strongly that
these NETs reside on tyrosine hydroxylase-positive noradrenergic
terminals. The coexistence of NETs and tyrosine-hydroxylase im-
munostaining in the dorsal raphe nuclei also implies that at least
part of the tyrosine hydroxylase immunostaining in the dorsal
raphe nuclei is noradrenergic. Farley and Hornykiewicz (1977)
have demonstrated a moderate concentration of norepinephrine
in the human dorsal raphe nuclei, approximately one-third of the
norepinephrine concentration measured in the locus coeruleus.
The existence of norepinephrine and its transporter in the dorsal
raphe demonstrates the influence of noradrenergic output on
serotonergic neurons of the human dorsal raphe nuclei.

[*H]nisoxetine binding to NET in the dorsal raphe also appears
to have a distribution similar to the distribution of PH8 immu-
nostaining of serotonergic neurons, implying that NET-
expressing noradrenergic fibers terminate near or on seroton-
ergic cell bodies in the human dorsal raphe. In rats, direct
innervation of serotonergic neurons by noradrenergic terminals
has been demonstrated using electron microscopy (Baraban
and Aghajanian, 1981). In fact, the rat dorsal raphe receives
one of the richest noradrenergic innervations in the brain
(Saavedra et al., 1976; Levitt and Moore, 1979; Baraban and
Aghajanian, 1981). Interruption of noradrenergic transmission
by systemic administration of an a-adrenoceptor antagonist or
iontophoretic application of a-adrenoceptor antagonist in the
vicinity of serotonergic neurons completely suppresses their
spontaneous firing (Baraban and Aghajanian, 1980). Ionto-
phoretic application of norepinephrine during the suppression
of serotonergic cell activity produced by phentolamine or WB-
4104, antagonists of a-adrenoceptors, can rapidly restore firing
of these neurons to their normal activity (Baraban and Agha-
janian, 1980). Consistent with the dense noradrenergic inner-
vation in the dorsal raphe, a relatively high concentration of
[*H]nisoxetine-binding sites was found within this nucleus in
rats (Tejani-Butt, 1992), as well as a high density of «,- and
a,-adrenoceptors (Jones et al., 1985; Nicholas et al., 1993;
Pieribone et al., 1994; Scheinin et al., 1994). Thus, anatomical
and physiological data demonstrate direct, functional innerva-
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tion of serotonergic neurons in the dorsal raphe nuclei by
noradrenergic neurons.

The uptake of norepinephrine from the synapse is the prin-
cipal mechanism by which the action of norepinephrine is
terminated in the synapse and, the NET is the critical protein
that mediates this process. As such, the NET is an important
site of action of antidepressant drugs as well as drugs of abuse.
The expression of NETSs appears to be regulated by antidepres-
sant treatments (Bauer and Tejani-Butt, 1992; Szot et al., 1993;
Shores et al., 1994) and by other drugs that manipulate the
synaptic availability of norepinephrine, e.g., reserpine and
monoamine oxidase inhibitors (Lee et al., 1983). Given the
critical role of NETs in noradrenergic transmission, it seems
possible that alterations in the expression of NETs could con-
tribute to the etiology of psychiatric illnesses such as depres-
sion or drug abuse/withdrawal disorders. The quantitative map
of the binding of [*H]nisoxetine to NETs in the human locus
coeruleus and dorsal raphe nuclei presented here provides the
groundwork for such investigations.
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