ing frames, could be used to produce
antiserums to detect the corresponding
human proteins and identify individual
gene products. Each of these gene prod-
ucts would then be analyzed as the po-
tential defective protein in HD.

The exact strategy for cloning a dis-
ease gene on the basis of its map location
will no doubt differ in special details for
each disorder. The methods used will
probably involve some combination of
these new techniques with more stan-
dard cloning and somatic cell genetic
methods. With HD, new strategies may
become evident as each of the tech-
niques used is further refined and addi-
tional information is gained concerning
the genetics and expression of the defec-
tive gene and its precise location on
chromosome 4. The rapid pace of tech-
nological development in the field of
recombinant DNA research also makes
it likely that additional useful methods
will become available as this work pro-
gresses. It should certainly be possible,
however, to isolate the HD gene by
intensive application of the techniques
already at hand.

The characterization of the HD gene
and its normal counterpart will certainly
provide improved diagnostic capability,
and may yield information that will lead
to an effective therapy for this disease.

Furthermore, the investigation of this
specific mutation might yield significant
insights into fundamental mechanisms
operative in the human nervous system.
Perhaps most important, however, is the
likelihood that this system will pave the
way for application of similar techniques
to improve our understanding of many
other neurogenetic disorders.
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the aim was to demonstrate the transmit-
ter itself. Based on the original work of
Eranké (2), studies by Hillarp, Falck,
and their collaborators resulted in a reli-
able formaldehyde-induced fluorescence
method (Falck-Hillarp technique) for
demonstrating- norepinephrine, dopa-
mine, and to a lesser extent S-hydroxy-
tryptamine (SHT) in tissue sections (3).
Subsequently, many modifications of the
original technique were introduced (4).
These steps improved the quality of sec-
tions and the sensitivity of the method,
especially for visualizing dopamine sys-
tems.

A logical continuation of the formalde-
hyde fluorescence studies of catechol-
amine neurons was the introduction of
the indirect immunofluorescence method
(5). The work of Geffen et al. (6) as well
as other studies (7) demonstrated that
antisera to dopamine-B-hydroxylase
(DBH), the enzyme converting dopa-
mine to norepinephrine, could be used to
visualize peripheral noradrenergic neu-
rons and gland cells in the adrenal me-
dulla. This approach was rapidly broad-
ened to include visualization of all four
enzymes in the synthesis of catechol-
amines: tyrosine hydroxylase, L-aromat-
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ic amino acid decarboxylase (AADC),
DBH, and phenylethanolamine-N-meth-
yltransferase (PNMT) (8). Identifying
these enzymes allowed differentiation
between various types of catecholamine
neurons, and the recent demonstration
that some AADC neurons do not contain
other catecholamine-synthesizing en-
zymes (9) indicated the existence of neu-
ron populations with a transmitter that
was not yet identified. Such differentia-
tion was difficult with the Falck-Hillarp
technique, since the excitation and emis-
sion spectra of the fluorescence products
of the reaction of Formalin with dopa-
mine, norepinephrine, and epinephrine
were identical (/0). Immunohisto-
chemical analysis could also be carried
out at the ultrastructural level with
horseradish peroxidase (HRP) as a tracer
un.

Subsequently, the general applicabil-
ity of the immunohistochemical tech-
nique was extensively exploited. En-
zymes—for example the GABA-synthe-
sizing enzyme glutamic acid decarboxyl-
ase (GAD) (/12)—and peptides have been
mapped (13). Of particular interest was
the discovery that very small molecules
can be analyzed immunohistochemical-
ly. Thus Steinbusch et al. (14) raised
antibodies to SHT and mapped the SHT
neuron systems in detail (/5). GABA, as
well as glutamate neurons, can also be
identified with antisera to these two ami-
no acids (/6).

Immunohistochemistry frequently per-
mits distinct staining of neurons. In fact,
under certain circumstances—for exam-
ple, with the use of thick sections (up to
100 micrometers), immunostained neu-

rons look very similar to Golgi-impreg-
nated cells with extensive dendritic pro-
cesses clearly visible (/7).
Immunohistochemistry can be com-
bined with other types of histochemical
methods. Of special importance is merg-
ing transmitter histochemistry with ret-
rograde tracing of neuronal projections
(18). Thus, both immunofluorescence

chemical techniques, including immuno-
histochemistry, is specificity (23). It is
virtually impossible to exclude cross-
reactivity with compounds containing
the same (or similar) immunogenic ami-
no acid sequences. Sensitivity is of par-
ticular concern when analyzing peptides,
which are present in the brain in much
lower concentrations than classical

Summary. The development of sensitive histochemical-neuroanatomical tech-
niques has made it possible to analyze the content of specific compounds in single
nerve cells and their processes. In consequence, it has been possible to construct
detailed maps of the distribution of various types of neurons on the basis of their
transmitter substance. There are now many examples of neurons containing both a
classical transmitter and a peptide. In some instances the peptides seem to support
the action of the classical transmitters. This interaction may have applications in the
prevention and treatment of nervous disease states.

histochemistry and HRP immunohisto-
chemistry can be combined with retro-
grade tracing with HRP or fluorescent
retrograde tracers (/9) (Fig. 1). Other
workers have combined immunohisto-
chemistry with such histochemical tech-
niques as Golgi-impregnation procedures
(20). In this way the transmitters in neu-
ronal loops can be analyzed.

Another technique that may be used to
analyze transmitter systems is autoradi-
ography. This method is based on the
fact that many neurons have transmitter-
specific reuptake systems, the physio-
logical purpose of which is to terminate
the action of the transmitter at the synap-
ses (21). The technique has been used to
trace catecholamine-, SHT-, and amino
acid—containing neurons (22).

A major problem with most histo-

transmitters such as GABA and the
monoamines (24). Cell body stores of
several peptides can, in fact, often be
demonstrated only after treatment of the
animals with colchicine, a drug that by
interfering with microtubules arrests ax-
onal transport (25). Even after this treat-
ment, negative results should be inter-
preted with caution (see Fig. 2).

A problem not often considered is
whether the technique may be ‘‘too sen-
sitive.”” The reasons for considering this
question are recent unexpected findings.
For example, tyrosine hydroxylase-like
immunoreactivity has been observed in
the magnocellular neurosecretory hypo-
thalamic neurons that produce the well-
known pituitary peptide oxytocin (26).
So far no evidence has been presented
that tyrosine hydroxylase is transported

Fig. 1. To determine whether single dopamine neurons in the ventral mesencephalon project to more than one brain region, we used two dyes.
Fast blue (FB) and propidium iodide (PI) were used. They exhibit different excitation and emission characteristics and thus show up with different
colors in the microscope (/9). Fast blue was injected into the head of the caudate nucleus and propidium iodide into the caudate tail-amygdaloid
complex. Two days later the brain was fixed by Formalin perfusion, and the mesencephalon was sectioned and analyzed in the fluorescence
microscope under (a) blue filter and (b) red filter conditions. In the substantia nigra, cells exhibiting both fast blue and propidium iodide colors (in-
dicated by I and 2), as well as only red cells (x and y) were observed. The red propidium iodide shines weakly through blue filters (a). The sec-
tions were then processed for indirect immunofluorescence with antiserum to tyrosine hydroxylase as a marker for dopamine neurons and the
green dye fluorescein-isothiocyanate as immunolabel. (c) Some neurons containing fast blue and propidium iodide were also immunoreactive to
tyrosine hydroxylase (1 and 2), showing that single dopamine neurons can project to both injection sites. Bar indicates 50 pm. [From experiments
carried out with L. Skirboll, National Institutes of Health (/9)]
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into the nerve endings where it could be
used for transmitter synthesis. Instead,
one cannot exclude the possibility that
the genomic control of protein synthesis
is imperfectly regulated. Perhaps neu-
rons produce small amounts of an en-
zyme or a peptide that is never of func-
tional significance in the neuron but
merely represents a ‘‘spillover.”

Classical Transmitters

Some information on systems contain-
ing classical transmitters (catechol-
amines, SHT, ACh, histamine, and
GABA and other amino acids) is summa-
rized below. The most detailed informa-
tion so far available is for the catechol-
amines (dopamine, norepinephrine, and
epinephrine), thanks to the pioneering
studies of Fuxe, Dahlstrom, and others
(3). Most studies of catecholamine neu-
rons have been carried out on the rat
brain, but tissues from cat (27), monkey
(28), and man (29, 30) have also been
analyzed. Bjorklund and Lindvall (37)
have discussed some quantitative as-
pects of catecholamine neurons. There
are about 50,000 catecholamine neurons
in the rat brainstem, of which dopamine
neurons constitute 80 percent and nor-
epinephrine neurons 20 percent. About
70 percent of all catecholamine neurons
are found in the mesencephalon. The
number of epinephrine neurons has so
far not been calculated. Quantitatively
the catecholamine neurons therefore
constitute only a minor fraction of the
total number of neurons in the brain.
Both norepinephrine and epinephrine
neurons give rise to sparse, diffuse fiber
networks. However, in some regions do-
pamine neurons make a sizable contribu-
tion to the total innervation of a special
area; dopamine fibers constitute 10 to 15
percent of all nerve endings in the rat
striatum (32) and, regionally in the medi-
an eminence, up to one-third of all bou-
tons (33). In Fig. 3, a schematic over-
view is given of the distribution of the
dopamine, norepinephrine, and epineph-
rine cell groups in the rat brain. More
detailed information can be found in sev-
eral original and review articles (31, 34,
35).

Dopamine neurons. It was several
years before dopamine was recognized
as a transmitter in its own right rather
than merely a precursor of norepineph-
rine. Thanks to the work of Carlsson et
al. (36), strong evidence was obtained
for high concentrations of dopamine in
the basal ganglia, thus suggesting its
transmitter role. This was emphasized
and confirmed by early formaldehyde
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Fig. 2. Schematic illustration of the sensitivity
problem in histochemistry, with special refer-
ence to analysis of multiple compounds in
neuronal cell bodies. (A) SHT—but not TRH
and substance P (SP)-—can be seen in cell
bodies in untreated rats. After colchicine
treatment, some neurons contain (B) SHT and
TRH, (C) some SHT and substance P, and (D)
others SHT, TRH, and substance P. This may
reflect actual absence of one compound [sub-
stance P in (B)] or insufficient sensitivity of
the technique [THR in (C)].

fluorescence studies (37). Our picture of
the central dopamine systems today is
complex (Fig. 3). Dopamine cells are
found mainly in the mid and rostral parts
of the brain—that is, in the mesencepha-
lon, hypothalamus, and olfactory bulb,
with scattered cells in some other brain
regions. The ventral mesencephalic do-
pamine cells (Fig. 4) were divided by
Dahlstrom and Fuxe (3) into a lateral A9
group in the substantia nigra and a medi-
al, small-sized cell group in the ventral
tegmental area termed A10, extending
rostrally to the supramammillary area
and caudally and dorsally up to the aque-
duct, forming a periaqueductal system.
It was long assumed that dopamine, in
contrast to norepinephrine and SHT, did
not innervate cortical areas. Biochemical
work of Glowinski and his collaborators
(38) strongly suggested occurrence of
dopaminergic fiber systems in different
cortical areas. This was confirmed by
histochemistry, showing in the rat
patchy innervation patterns in the cingu-
lar, prefrontal, pyriform, and entorhinal
cortices (31).

The main projection for the A9 nigral
dopamine neurons is the nigrostriatal
pathway ascending dorsolateral to the
medial forebrain bundle through the in-
ternal capsule to the neostriatum. As-
cending dopamine axons also run within
the medial forebrain bundle, projecting
to the nucleus accumbens, olfactory tu-
bercle, and septum, as well as to cortical
regions. In addition, there is a periven-
tricular fiber system carrying both as-
cending axons and descending axons.
The latter project to the spinal cord
@3n.

Other dopamine cell groups are the
All cells at the mesencephalic-hypotha-
lamic junction, projecting to the spinal
cord (39), the A12 cells in the arcuate

nucleus, the Al13 cells in the zona in-
certa, and the Al4 cells in the periven-
tricular area (A 14 group). The most ros-
tral dopamine neurons are periglomeru-
lar cells in the olfactory bulb (A16 group)
(40). Finally, in the retina a small propor-
tion of the amacrine cells are also dopa-
minergic (A17 group) (4/). One dopa-
mine system may exist in the lower
brainstem. Thus, cells in the medial part
of the dorsal vagal motor nucleus contain
tyrosine hydroxylase but not DBH (Fig.
5) (42, 43). More recently, Jaeger et al.
(9) have reported lack of AADC in these
cells and on this basis suggested that
they may utilize the amino acid L-dihy-
droxyphenylalanine (L-dopa) as trans-
mitter.

The histochemical work by Bjorklund
and Lindvall (44) has focused on a fea-
ture of dopamine neurons that suggests
storage and release of dopamine from
dendrites in the zona reticulata. Subse-
quent experimental work supports this
hypothesis, indicating that release of do-
pamine from dendrites may represent an
important mechanism for control of neu-
ronal activity in the substantia nigra (45).
Such dendritic release may also be im-
portant in the olfactory bulb (40).

Norepinephrine neurons. The pioneer-
ing biochemical work of Vogt (46)
showed an uneven distribution of norepi-
nephrine in the rat brain, suggesting a
neurotransmitter role for this amine.
Histochemical analysis revealed that the
norepinephrine cell groups are confined
to the lower brainstem (Fig. 3), with the
most rostral ones located in the pons, the
A6 group in the locus ceruleus, and the
A7 group in the lateral pontine reticular
formation. The more caudally located
cell groups (Al to AS) are found mainly
in the ventrolateral part of the pons (AS
cell group) and of the medulla oblongata
(A1 cell group) and in the nucleus tractus
solitarii (A2 cell group) (Fig. 5). Both the
Al and A2 groups extend into the spinal
cord (47). The projections of these neu-
rons are long and often diffuse; the locus
ceruleus innervates both cerebral and
cerebellar cortical areas, as well as hypo-
thalamus and spinal cord. The ascending
norepinephrine neurons send their axons
mainly within the central tegmental tract
system through the mesencephalon,
whereby the main part of the axons
projecting to cortical areas run in the so-
called dorsal bundle. These fibers then
join the medial forebrain bundle on their
way to more rostral parts of the brain. At
the level of the lower pons and medulla
oblongata the norepinephrine axons run
in the medullary catecholamine bundle,
which carries both ascending axons from
the Al and A2 groups and descending
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axons from the A6 and AS cell groups to
the spinal cord.

Epinephrine neurons. The distribution
of epinephrine neurons is much more
restricted than that of the other two
systems (Fig. 3) (34, 42, 43, 48, 49). Two
major epinephrine cell group complexes
(C1 and C2) have been identified in the
medulla oblongata and lower pons. The
C1 group represents a rostral continua-
tion of the noradrenergic Al group and is
present in the ventrolateral medulla ob-
longata (Fig. 6). The dorsal C2 group is
located mainly in the dorsal vagal com-
plex with the majority of cell bodies in
the solitary tract nucleus, where a parvo-
cellular group can be distinguished in the
dorsolateral strip (Fig. 5). Rostrally, a
medial cell group can be identified (C3)
(49). Ross et al. (50) have observed nu-
merous PNMT-positive cell bodies in the
hypothalamus which, however, seem to
lack tyrosine hydroxylase, AADC and
DBH. Similar neurons have also been
observed in the retina (57). The nature of
these neurons is still unclear.

The main projection group is the C1
group, which gives rise to both ascend-
ing and descending pathways. The as-
cending PNMT axons run in the medul-
lary bundle, in the tegmental tract, and
then in the medial forebrain bundle, in-
nervating primarily periventricular re-
gions such as the periaqueductal central
gray and various hypothalamic nuclei—
for example, the paraventricular and the
dorsomedial nuclei. The most rostral fi-
bers are found around the olfactory ven-
tricle and medial to the anterior olfactory
nucleus. In the spinal cord, the axons
descend in the dorsal part of the lateral
funiculus and innervate almost exclu-
sively the lateral sympathetic column.

5-Hydroxytryptamine neurons. Dahl-
strom and Fuxe (52) outlined several
SHT cell groups (Bl to B9) in the rat
medulla oblongata, pons, and mesen-
cephalon. Extensive SHT nerve terminal
networks were also described in virtually
all parts of the brain (53). Although at-
tempts to trace SHT neurons were made
by means of autoradiography (22) or
immunohistochemistry with antisera to
tryptophan hydroxylase (54) and AADC
(55), a breakthrough in this field was
achieved when Steinbusch et al. (14)
used antibodies to SHT conjugated with
bovine serum albumin to visualize the
SHT systems in an easy and reproducible
way (I15). In the rat, the SHT neurons
have a preferential localization in the
midline (raphe) areas, with major cell
groups both in the medulla oblongata and
at the pontine-mesencephalic level (dor-
sal raphe nuclei). The former project
mainly to the spinal cord and lower
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brainstem, whereas the dorsal raphe nu-
clei give rise to extensive projections to
the entire forebrain. There may be SHT
cell bodies also in the hypothalamus (56).

Acetylcholine neurons. The first at-
tempt to map the central cholinergic neu-
rons were made by Koelle (57) and Lew-
is and Shute (58) in the early 1960’s.
They used the AChE method and out-

lined several systems with two major
ascending pathways belonging to a cho-
linergic reticular system. With the devel-
opment of specific antibodies to the ACh
synthesizing enzyme, choline acetyl-
transferase, it has now become possible
in a more reliable way to identify central
cholinergic neurons and to study their
projections both in experimental animals
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Fig. 3. Schematic drawing of a sagittal section of the rat brain 1.4 millimeters lateral to the
midline, drawn from the atlas of Paxinos and Watson (/26). The approximate distribution of
dopamine (triangles), norepinephrine (Nor) (dots), and epinephrine (Epi) (asterisks) cell groups
are shown. The nomenclature is according to Dahlstrém and Fuxe (52) and some recent studies
(34, 127). Each catecholamine principally has its own domain in the brain with dopamine cell
bodies (A8 to A16) in the rostral parts of the brain (mesencephalon, hypothalamus, and
olfactory bulb) and norepinephrine cells at the pontine (AS and A6) and lower medullary (Al
and A2) levels, whereas the epinephrine cells lie between the rostral and caudal norepinephrine
complexes. One possible exception may be dopamine (or L-dopa) neurons in the dorsal vagal
motor nucleus (see text). In this way catecholamine cells can be found almost along the entire
brain axis. There is a clear tendency to a dorsal and a ventral catecholamine complex at all
levels from the spinal cord to the rostral hypothalamus. Abbreviations: AP, anterior pituitary;
Caud, caudate nucleus; CC, crus cerebri; HI, hippocampal complex; MO, medulla oblongata;
OB, olfactory bulb; and Sep, septum.

mm

Fig. 4. Inmunofluorescence micrograph (montage) of the ventral mesencephalon of the rat after
incubation with antiserum to tyrosine hydroxylase. The distribution of dopamine cells is shown
with A9 cells, mainly in the zona compacta (snc) and zona reticulata (snr), and with A10 cells in
the ventral tegmental area (atv). The arrowhead points to the aqueductus cerebri. The
approximate level is 2.2 mm anterior to the frontal zero plane according to the atlas of Palkovits
and Jacobowitz (35). Abbreviations: AOT, accessory olfactory tract; CC, crus cerebri; HI,
hippocampal complex; and mm, mammillary body. Scale bar, 200 um. This photograph of a
section prepared by P. Hokfelt was taken by R. Mértensson, University of Lund, Lund,
Sweden, with a microscope equipped with a newly developed scanning dark-field condenser

(127).
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and human brain (59). Large cholinergic
cell groups are found in the medial septal
nucleus, the limb nucleus of the diagonal
band, the nucleus basalis, and the pon-
tine nuclei. Also cortical, striatal, and
habenular neurons are immunoreactive
to choline acetyltransferase, as are cell
bodies in various cranial nerve nuclei.
Although the specificity of the AChE
staining was often questioned in the past,
it is now evident that in several cases
there is good agreement between the
results obtained with this technique and
results obtained with antibodies to cho-
line acetyltransferase (60).

Histamine neurons. For many years,
biochemical evidence has suggested the
existence of histaminergic systems in the
brain (61, 62). However, a suitable histo-
chemical technique has not been avail-
able. More recently, Watanabe et al. (63)
have purified histidine decarboxylase to
homogeneity, raised specific antibodies,
and observed a restricted hypothalam-
ic histidine decarboxylase-immunoreac-
tive system with immunohistochemistry.
Cell bodies are present in the so-called
caudal magnocellular hypothalamic nu-
clei giving rise to sparse but widespread
projections to cortical areas, hypothala-
mus, and the lower brainstem. Antibod-
ies to histamine have also been used for
tracing possible histamine neurons (64).
Whether the systems outlined so far rep-
resent the only histamine pathways in
the rat brain remains to be seen. The
biochemical studies by Schwartz et al.
(62) as well as by others (6/) suggest a
more widespread distribution.

GABA and other amino acid neurons.
The amino acid GABA is the major in-
hibitory transmitter in the central ner-
vous system (/2). Early attempts to trace
GABA neurons in the brain were carried
out with autoradiography (65, 66). Also
possible glycine (67) and glutamate (68)
neurons have been identified with this
method. Quantitative evaluations re-
vealed that GABA-accumulating nerve
endings often constituted up to 50 per-
cent of the total number of nerve endings
(66) suggesting a dominant role of this
inhibitory transmitter in many brain re-
gions. This impression has been clearly
established owing to the pioneering ef-
forts of Roberts and his collaborators,
who purified the GABA-synthesizing en-
zyme glutamic acid decarboxylase,
raised specific antibodies (69), and initi-
ated immunohistochemical studies (70).
Knowledge of the GABA systems in
the brain is extensive today. Although
GABA neurons often represent interneu-
rons—that is, they give rise to local
nerve terminal networks—there are also
several longer projections described—
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for example, from the striatum to the
substantia nigra or from the posterior
hypothalamus to widespread cortical and
subcortical areas [(7]); see also (/6)].

Neuropeptides

During the last 10 years it has become
apparent that large numbers of peptides
are present in central neurons. Their
possible role as neurotransmitters has
been discussed (72, 73), and Snyder (73)
in 1980 anticipated that their number
may exceed 200. Subsequent develop-
ments have not refuted that view.
Krieger (24) discussed brain peptides ex-
tensively, and her excellent overview
need not be repeated in this article.

Intense neuropeptide research over
the past 10 years has revealed a number
of unexpected findings. For example, the
releasing and inhibiting hormones (lu-
teinizing hormone-releasing hormone,
thyrotropin-releasing hormone, and so-
matostatin) isolated and characterized
by Guillemin, Schally and their collabo-
rators were not confined to the median
eminence, the site for release into hy-
pophyseal portal vessels, and not even to
the hypothalamus, but were widespread
in the brain and spinal cord. Also unex-
pected was the finding that the brain
contains pituitary hormones as first dem-
onstrated for adrenocorticotropic hor-
mone (74). The discovery by Vander-
haeghen et al. (75) of gastrin- or chole-

nXIl

Fig. 5. Immunofluorescence micrograph
(montage) of the dorsal vagal complex of the
rat after incubation with antiserum to tyrosine
hydroxylase. Several catecholamine cell
groups are seen. Norepinephrine cells are
present in the area postrema (ap) and in the
solitary tracts nucleus (nts) and epinephrine
cells in the dorsolateral strip of the nts. A few
cells, presumed to be dopamine or L-dopa
cells, are present in the dorsal vagal motor
nucleus (nX). Dense fiber networks are seen
in the nts and nX and there is an absence of
immunoreactive structures in the hypoglossal
nucleus (nXII). DA, dopamine; E, epineph-
rine; NE, norepinephrine; gr, nucleus gracilis;
and TS, solitary tract. Asterisk indicates cen-
tral canal. Scale bar, 50 pm.

cystokinin-like immunoreactivity repre-
sented the first evidence for the presence
of a gastrointestinal hormone in the
brain, and this concept has been expand-
ed to numerous other peptides.

One of the most interesting events in
the short history of brain peptides was
the demonstration of the opioid peptides
methionine enkephalin and leucine en-
kephalin by Hughes, Kosterlitz, et al.
(76). These two peptides were present in
discrete systems in the central nervous
system (77) and were clearly different
from neurons containing B-endorphin
(78). These peptides have different pre-
cursor molecules (79). Subsequent to the
biochemical work of Goldstein et al.
(80), a third opioid peptide system con-
taining dynorphin-like peptides has been
found in the brain (81).

Detailed maps of the distribution of
various types of peptide neurons have
been published, for example, on sub-
stance P (82), vasoactive intestinal poly-
peptide (VIP) (83), enkephalin (84), cho-
lecystokinin (85), neurotensin (86), so-
matostatin (87), and corticotropin-releas-
ing factor (88). Some generalities may be
expressed on the basis of these distribu-
tion studies. Thus, there are some brain
areas which are rich both in peptide-

“immunoreactive cell bodies and termi-

nals. They include the dorsal horn of the
spinal cord, the dorsal vagal complex,
various hypothalamic nuclei, the nucleus
accumbens, the bed nucleus of the stria
terminalis, the amygdaloid complex, es-
pecially the central nucleus, and the per-
iaqueductal central gray. Other areas,
such as the cerebellum, have low levels
of most peptides. The thalamus is also
poor in peptides. Cortical areas are par-
ticularly rich in some peptides such as
VIP, cholecystokinin, and somatostatin.
These peptides are present mainly in
small interneurons. As a rule, peptides
have not been found in larger projection
neurons such as the motoneurons of the
spinal cord and the cortical pyramidal
cells.

Coexistence of Classical Transmitters

and Neuropeptides

The multitude of peptides isolated and
found in the central nervous system
raised the question of their relation to
neurons containing classical transmit-
ters. Although the peptide neurons often
were present in the same regions as, for
example, the catecholamine neurons, the
initial impression was that the peptide
nerves represented clearly separate sys-
tems. For example, whereas several pep-
tides were present in cortical interneu-
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rons, no or only occasional catechol-
amine cell bodies were found in these
areas. The immense number of neurons
present in the central nervous system
would easily allow for all new peptides to
be present in separate systems. Howev-
er, in the peripheral nervous system no
such redundancy exists. Studies of the
distribution of somatostatin in the pe-
riphery suggested that this peptide must
be present in a population of sympathetic
neurons and that it must be stored with
the transmitter norepinephrine (89). This
finding initiated a systematic search for
neurons containing both a classical
transmitter and a peptide. As indicated
in Table 1, there are now many examples
of such situations in the central nervous
system [see also (90, 91)]. In fact, coexis-
tence of classical transmitters and pep-
tides may represent a rule rather than an
exception. As judged from immunohis-
tochemical analyses, however, coexis-
tence does not include entire transmitter-
defined neuron populations. For exam-
ple, only the medullary SHT neurons
contain substance P-like immunoreac-
tivity, whereas the dorsal raphe SHT
neurons seem to lack this peptide.

The functional significance of the oc-
currence of a classical transmitter and a
peptide in the same neuron and their
possible release from the same nerve
endings is yet unclear, at least with re-
gard to the central nervous system. The
complex organization of the brain makes
functional analysis of this subject ex-
tremely difficult. More favorable condi-
tions do, however, exist in the periph-
ery—for example in the salivary gland
and vas deferens, where evidence for
two types of interactions have been ob-
tained (97). In the salivary gland, the
parasympathetic cholinergic neurons
contain a VIP-like peptide (92) and part
of the sympathetic noradrenergic neu-
rons contain a neuropeptide Y-like pep-
tide (93). In this model, the peptides
seem to support the action of the classi-
cal transmitters. Thus, VIP induces va-
sodilation and enhances the secretory
effects of ACh, and neuropeptide Y
causes vasoconstriction, as does norepi-
nephrine (91, 93). In contrast, in the rat
vas deferens, where the noradrenergic
neurons also contain a neuropeptide Y-
like peptide, the peptide seems to inhibit
the release of norepinephrine via a pre-
synaptic action (94). Subcellular frac-
tionation studies on the vas deferens
indicate a differential storage of norepi-
nephrine and neuropeptide Y, whereby
the peptide is preferentially stored in
large dense-core vesicles, and norepi-
nephrine is present both in these vesicles
and in small synaptic vesicles (95). Final-
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ly, there is some indication that the re-
lease of the two compounds is frequen-
cy-dependent, with release of the pep-
tide occurring preferentially at higher
frequencies (91).

These findings in the periphery may
form a basis for speculation on the func-
tional significance of coexistence in the
central nervous system. As an example,
rat medullary SHT neurons (52) contain-
ing substance P (96, 97) and thyrotropin-
releasing hormones (TRH) (97) are dis-

“cussed. They project to the spinal cord

(97-99) and probably innervate motoneu-
rons. Pelletier et al. (100) demonstrated
at the ultrastructural level that these
nerve endings in the spinal cord contain
both SHT and substance P, possibly in
the same large dense-core storage vesi-
cles.

It is known that SHT activates the
stretch reflex (/01). Barbeau and Bedard
(102) studied the effect of TRH in chroni-

cally spinalized or SHT neurotoxin-treat-
ed rats and observed a marked activation
of the stretch reflex after administration
of TRH, an effect similar to the one
observed after administration of the SHT
precursor 5-hydroxytryptophan (SHTP).
The effect of TRH could be blocked by
prior treatment with a SHT antagonist
(102), suggesting a close relation be-
tween the receptors for SHT and TRH
and cooperation of the two compounds
at a postsynaptic site, whereby motoneu-
rons involved in the stretch reflex are
directly or indirectly influenced.

A further experiment of interest in this
context has been carried out by Mitchell
and Fleetwood-Walker (103). They stud-
ied the effect of TRH and substance P on
potassium-induced release of tritiated
SHT from spinal cord slices. Neither
substance P nor TRH exerted any ef-
fects. However, if cold SHT was added
to the bath in a concentration that

Table 1. Coexistence of classical transmitters and peptides in the brain region. Species studied

are shown in parentheses.

tgl:ss,f:ﬁf;, Peptide Brain region Reference
Dopamine Neurotensin Ventral tegmental area (rat) (107)
Cholecystokinin Ventral tegmental area (rat, man) (106)
Norepinephrine Enkephalin Locus ceruleus (cat) (119)

Neuropeptide Y Medulla oblongata (man, rat) (108, 110)
Locus ceruleus (rat) (108)
Epinephrine Neurotensin Medulla oblongata (rat) (107)
Neuropeptide Y Medulla oblongata (rat) (108)

SHT Substance P Medulla oblongata (rat, cat) (96, 97, 120)
TRH Medulla oblongata (rat) 97)
Enkephalin Medulla oblongata, pons (cat) (121)
ACh VIP Cortex (rat) (122)
Enkephalin Cochlear nerves (guinea pig) (123)
Substance P Pons (rat) (124)
GABA Somatostatin Thalamus (cat) (125)

Fig. 6. Immunofluorescence micrograph of the ventral medulla oblongata of the rat after
incubation with antiserum to PNMT. Numerous large multipolar cells are seen. The approxi-
mate level is 5.5 mm posterior to the frontal zero plane according to the atlas of Palkovits and
Jacobowitz (35). Dotted area in inset indicates the approximate region shown in the fluores-
cence micrograph. Abbreviations: io, inferior olive; P, pyramidal tract. For explanation of
abbreviations in inset, see (35). Scale bar, 50 pwm.
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blocked the inhibitory, presynaptic SHT
autoreceptor, substance P—but not
TRH—counteracted the inhibition of tri-
tium outflow caused by cold SHT. This
indicates that substance P blocks the
SHT autoreceptor. Taken together, these
experiments suggest that the two pep-
tides coexisting with SHT affect SHT
transmission at synapses in the ventral
horn in two different ways: TRH by
cooperating with SHT at a postsynaptic
site, and substance P by blocking the
inhibitory presynaptic SHT autorecep-
tor. The net results produced by both
peptides, however, tend to enhance SHT
transmission, and both peptides, al-
though by different mechanisms, thus
support the action of the main transmit-
ter (Fig. 7).

This hypothesis has recently been test-
ed in a behavioral model. Various pa-
rameters of the sexual behavior of male
rats were studied after intrathecal appli-
cation (104), at the lumbar level, of SHT,
TRH, and substance P, or combinations
of these compounds (/05). In concentra-
tions up to 50 micrograms, SHT had no
effect, and no effects were seen with
substance P. In a dose of 10 pg, TRH
caused a small increase in latencies to
mount and intromission. However, when
SHT and TRH were given together in
concentrations of 50 and 10 pg, respec-
tively, a marked increase (from 20 sec-
onds to 7 minutes) in both mount and
intromission latencies was observed. No
other parameters, such as the number of
mounts or intromissions, were affected.
These results could be interpreted along
the lines of the hypothesis discussed
above. Thus, TRH and SHT seem to
cooperate in affecting these two parame-
ters of sexual behavior at a postsynaptic
site. The lack of effect of substance P
correlates well with a possible presynap-
tic action which, in this model, should
not be apparent (Fig. 7).

There are, in addition to the SHT,
substance P, and TRH neurons de-
scribed above, many interesting coexis-
tence situations in the central nervous
system (Table 1). For example a chole-
cystokinin-like peptide is present in a
population of the dopamine neurons in
the rat ventral mesencephalon (106),
which may have implications for our
understanding of diseases such as
schizophrenia. Other dopamine neurons
contain a neurotensin-like peptide (107).
Furthermore, a large proportion of the
norepinephrine and epinephrine neurons
in the lower brainstem contain a neuro-
peptide Y-like peptide (108), with possi-
ble involvement in the regulation of
blood pressure and other autonomic
functions.
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So far, most of the work has been
carried out on the rat central nervous
system, but preliminary analysis of other
species indicate both conservation of the
coexistence situation and phylogenetic
changes. For example, the coexistence
of SHT, substance P, and TRH described
above has been observed also in cat and
monkey (109). Neuropeptide Y-like im-
munoreactivity is present also in cate-
cholamine neurons of the human brain-
stem (/10). With regard to the mesen-
cephalic dopamine neurons, interesting
differences have been encountered. In
the rat, marked regional differences ex-
ist, with the highest proportion of chole-
cystokinin-dopamine cells in the pars
lateralis of the substantia nigra (100 per-
cent), in the anterior pars compacta (al-
most 100 percent), and in the A10 area
(40 percent), whereas in the posterior
zona compacta only few cholecystoki-
nin-dopamine cells are seen (/06). In the

Fig. 7. Schematic representation of a nerve
ending in the ventral horn containing SHT,
TRH, and substance P (SP), whereby the
small vesicles (diameter about 500 A) contain
only SHT and the larger vesicles (diameter
about 1000 A) contain, in addition, substance
P and TRH. An attempt is made to illustrate a
sequence of events occurring hypothetically
when presynaptic nervous impulse activity is
increased. (A) At low frequency, small num-
bers of SHT molecules, released from small
synaptic vesicles, cause a small activation @
of the postsynaptic receptor (R;). (B) In-
creased release of SHT results in activation of
the presynaptic autoreceptor (R,) ©, which
inhibits further SHT release and prevents a
larger postsynaptic response. Further in-
crease in impulse traffic may activate large
vesicles and release TRH and substance P,
whereby (C) TRH acts together with SHT on
postsynaptic receptors, and (D) substance P
blocks the inhibitory SHT autoreceptor, re-
sulting in a profound postsynaptic activation.

cat, virtually all dopamine neurons in the
substantia nigra proper (A9 cell group)
contain cholecystokinin, whereas many
cells in the midline area (A10) seem to
lack the.peptide (/11). Thus, the situa-
tion in the cat is to some extent reversed
as compared to the rat. In the monkey,
cholecystokinin-dopamine neurons have
so far been observed only in the midline
area (111).

Why should neurons utilize more than
one compound in the chemical transmis-
sion process? A general hypothesis
would be that several messengers could
carry more information and that more
differentiated messages could be trans-
ferred at synapses. The peptide by no
means has to be involved in the rapid
transmission of nervous impulses at syn-
apses, but may—more or less unrelated
to the classical transmitter—participate
in regulation of long-term events, such as
exerting trophic actions or influencing
other intracellular events. However, the
findings in the periphery also support the
notion that, at least under certain cir-
cumstances, the peptides may interact
with the classical transmitter. The latter
studies indicate, as discussed above, that
the peptide may be more important when
the neurons are firing at a high rate to
induce particularly strong responses.
With this in mind, one can view the SHT,
substance P, and TRH system, which as
discussed above, project to motoneurons
in the ventral horn. Motoneurons are
surrounded by thousands of boutons, of
which the nerve endings containing SHT,
substance P, and TRH constitute only
a small proportion. One may wonder
whether such a small system can have
any decisive influence on the postsynap-
tic neuron in competition with the large
number of other (excitatory and inhibi-
tory) inputs. One way to ‘‘push through’’
an important message traveling in a small
system could be through a concomitant
release of multiple messengers—in this
case SHT, substance P, and TRH. This
release could lead to a maximal response
by strong activation of the postsynaptic
receptor through SHT and TRH and a
blockade of the presynaptic inhibitory
receptor by substance P (Fig. 7). In this
way, a small set of neurons with a mes-
sage of sufficient importance could per-
haps override other influences.

Multiple messengers could also be of
importance for regulatory mechanisms at
the receptor level. Stimulation or ab-
sence of stimulation affects receptor sen-
sitivity and receptor density, leading to
‘“‘down- and up-regulation,” respective-
ly. One way to avoid exaggeration of
those phenomena could be through the
use of multiple messengers. Thus, if two

SCIENCE, VOL. 225



compounds released together in low con-
centrations exert the same effect as one
compound released in high concentra-
tion, down- and up-regulation of recep-
tors may be less dramatic with less pro-
nounced super- and subsensitivity phe-
nomena.

Agnati and Fuxe and their collabora-
tors (112) have proposed that coexisting
peptides change the characteristics of
the receptors for monoamine transmit-
ters at the postsynaptic level without, at
the same time, inducing compensatory
responses at the presynaptic level—so-
called heterostatic regulation of synaptic
functions.

Finally, coexistence phenomena may
be of importance for events such as long-
term potentiation (/13) and its possible
role in learning processes (//4) and for
various theories dealing with stabiliza-
tion of synapses (/15).

Conclusions

The rapid advancement of enzyme and
peptide biochemistry combined with the
introduction of sensitive histochemical
methods has opened up new ways to
explore the chemical anatomy of the
brain. The results have advanced our
understanding of the chemical signaling
processes in the nervous system. In-
deed, histochemistry represents a valu-
able link between biochemistry and
physiology. Thus, by providing exact
knowledge of localization of the messen-
gers in defined neurons, a firm basis can
be obtained for physiological and behav-
joral experiments aiming at improving
our understanding of neuronal function
under normal and pathological condi-
tions. Of special interest to us has been
the finding that neurons may produce
and release multiple messengers at their
synapses. The physiological significance
is still unclear but may influence our
view on interneuronal communication
and in a larger perspective may be of
importance in our efforts to prevent or
treat nervous disease states with drugs.
For example, substitution therapy as
carried out for Parkinson’s disease
should perhaps aim at including not only
a precursor to the classical transmitter
dopamine but also one or more still un-
known cotransmitters. Furthermore,
multiple drug administration may be one
way to reduce doses considerably and in
this way to avoid side effects.

This field of research is still in an
initial phase, and problems such as
specificity and sensitivity are still promi-
nent. New techniques are clearly need-
ed. Computer-assisted morphometry will
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be valuable in quantifying histochemical
information (/16). Hybrid histochemis-
try in which labeled complementary
DNA probes are used to analyze for the
occurrence of messenger RNA in single
cells has already been used in studies on
endocrine cells (/17) and neurons (118).
Chemical neuroanatomy can in this way
continue to contribute to the challenge of
understanding the human brain.

References and Notes

1. G. B. Koelle and J. S. Friedenwald, Proc. Soc.
Exp. Biol. 70, 617 (1949).

2. O. Eranko, Endocrinology 57, 363 (1955).

3. B. Falck, Acta Physwl Scand 56 (Suppl. 197),
1(1962); N.-A. Hil larp, G. Thieme, A.
Torp, J. Histochem Cytochem 10, 348(]962)
A. Carlsson, B. Falck, N.-A. Hillarp, Acta
Physiol. Scand. 56 (Suppl. 56), 1 (1962); A.
Dahlstrom and K. Fuxe, ibid. 62 (Suppl. 232), 1
(1964); K. Fuxe, Z. Zellforsch. Mikrosk. Anat.
65, 573 (1965); Acta Physiol. Scand. 64 (Suppl.
247), 39 (1965).

4. A. Bjorklund, in Handbook of Chemical
Neuroanatomy, A. Bjorklund and T. Hokfelt,
E(;is].z(Elsevier, Amsterdam, 1983), vol. 1, pp.
50-121.

5. A. H. Coons, in General Cytochemical Meth-
ods, J. F. Danielli, Ed. (Academic Press, New
York, 1958), pp. 399-422; P, K. Nakane and G.
B. Pierce, J. Histochem. Cytochem. 14, 929
(1966); S. Avrameas, Immunochemistry 6, 43
(1969); L. A. Sternberger, P. H. Hardy, J. J.
Cuculis, H. G. Meyer, J. Histochem. Cyto-
chem. 18, 315 (1970).

6. L. B, Geffen, D. G. Livett, R, A. Rush, J.
Physiol. (London) 204, 593 (1969).

7. K. Fuxe, M. Goldstein, T. Hokfelt, T. H. Joh,
Res. Commun. Chem. Pharmacol. 1, 627
(1970); B. Hartman and S. Udenfriend, Mol.
Pharmacol. 6, 85 (1970).

8. M. Goldstein et al., in Frontiers in Catechol-
amine Research, E. Usdine and S. Snyder,
Eds. (Pergamon, New York, 1973), pp. 69-78;
T. Hokfelt, K. Fuxe, M. Goldstein, Ann, N.Y.
Acad, Sci. 254, 407 (1975).

9. C. B. Jaeger, D. A. Ruggiero, V., R. Albert, D.
H. Park, T. H. Joh, D. J. Reis, Neuroscience
11, 691 (1984).

10. G. Jonsson, Prog. Histochem. Cytochem. 2,
299 (1971).

11. V. M. Pickel, T. H. Joh, D. J. Reis, Brain Res.
85, 295 (1975)

12. E. Roberts, in Psychopharmacology: A Gener-
ation of Progress, M. A. Lipton, A. DiMascio,
K. F, Killam, Eds. (Raven, New York, 1978),
pp. 95-102.

13. T. Hokfelt et al., in ibid., pp. 39-66.

14. H. W. M. Steinbusch, A. A.J, Verhofstad, H.
W. J. Joosten, Neuroscience 3, 811 (1978).

15. H. W, M. Steinbusch, ibid. 6, 557 (1981).

16. J. Storm-Mathisen et al., Nature (London) 301,
517 (1983); O. P. Ottersen and J. Storm-Math-
iesen, in Handbook of Chemical Neuroanato-
my, A. Bjorklund and T. Hokfelt, Eds. (Else-
vier, Amsterdam, in press), vol. 3.

17. R. Grzanna, M. E. Molliver, J. T. Coyle, Proc.
Natl. Acad. Sci. U.S.A. 75, 2502 (1978).

18. K. Kristensson, Y. Olsson, J. Sjostrand, Brain
Res. 32, 399 (1971); J. H. LaVail and M. M.
LaVail, Science 176, 1416 (1972).

19. T. Hokfelt, G. Skagerberg, L. Skirboll, A,
Bjorklund, in Handbook of Chemical Neuro-
anatomy, A. Bjorklund and T. Hokfelt, Eds.
(Elsevier, Amsterdam, 1983), vol. 1, pp. 228-
285; L. Skirboll et al., in preparation.

20. T. F. Freund, K. A. C. Martin, A. D. Smith, P.
Somogyl J. Comp Neurol, 221 263 (1983)
21. L. L. Iversen, The Uptake and Storage of
Noradrenaline in Sympathetic Nerves (Cam-

bridge Univ. Press, Cambridge, 1967).

22. L. Descarries and A. Beaudet, in Handbook of
Chemical Neuroanatomy, A. Bjorklund and T.
Hokfelt, Eds. (Elsevier, Amsterdam, 1983),
vol. 1, pp. 286-364; M. Cuénod and P. Streit, in
Ibld pp. 365-397.

23. C. W. Pool, R. M. Buijjs, D. F. Swaab, G. J.
Boer F. W. van Leeuwen, in Immunohisto-
chemistry, A. C. Cuello, Ed. (Wiley, Chiches-
ter, 1983), pp. 1-46.

24. D. T. Krieger, Science 222, 975 (1983).

25. A. Dahlstrom, Eur. J. Pharmacol. 5, 111
(1968); G. W. Kreutzberg, Proc. Natl. Acad.
Sci. U.S.A. 62, 722 (1969).

26. S. Schimchowitsch, M. E. Stoeckel, A. Vig-
ney, A. Porte, Neurosci. Lett. 43, 55 (1983).

27. D. Poitras and A. Parent, J. Comp. Neurol.
179, 699 (1978); W. W. Blessmg P. Frost, J. B.
Fumess Brain Res. 192, 69 (1980); L. Wik-
lund, L. Léger, M. Persson, J. Comp. Neurol.
203, 613 (1981); B. E. Jones and L. Friedman,
ibid. 215, 382 (1983).

28. J. E. Hubbard and V. DiCarlo, J. Comp,
Neurol. 147, 553 (1973); D. L. Felten, A. M.
Laties, M. B. Carpenter, Am. J. Anat. 1391,
153 (1974); D. L. Garver and J. R. Sladek, J.
Comp. Neurol, 159, 289 (1975); D. M. Ja-
cobowitz and P. D. MacClean, ibid. 177, 397
(1977).

29. A. Nobin and A. Bjorklund, Acta Physiol.
Scand. 89, 1(1973); L. Olson, L. O. Boréus, A.
(Slegl%e)r Z. Anat. Enthcklungsgesch 139, 259

30. J. Pearson, M. Goldstein, K. Markey, L. Bran-
deis, Neurosc:ences 3( 983).

31. A, B_]orklund and O. Lindvall, in Handbook of
Chemical Neuroanatomy, A. Bjérklund and T.
Hokfelt, Eds. (Elsevier, Amsterdam, in press),

vol. 2.

32, ’I”].9!-lg(")kfelt, Z. Zellforsch. Mikrosk. Anat. 91, 1
(1968).

33. K.97/3\jika and T. Hokfelt, Brain Res. 57, 97
(1

34. T. Hokfelt, O. Johansson, M. Goldstein, in
Handbook of Chemical Neuroanatomy, A.
Bjorklund and T. Hokfelt, Eds. (Elsevier, Am-
sterdam, in press), vol. 2 T. H. Hokfelt, R.
Martensson, A. Bjérklund, S. Kleinau, M.
Goldstein, in ibid.

35. U. Ungerstedt, Acta Physiol. Scand. 82
(Sugpl 367), 1 (1971); D. M. Jacobowitz and

alkovits, J. Comp. Neurol. 157, 13 (1974);
M. Palkovxts and D. M. Jacobownz ibid., p.
29; L. W. Swanson and B. K. Hartman ibid.
163 467(1975) R. Y. Moore and F. E. Bloom
'Annu Rev. Neuroscz 1, 129 (1978); ibid. 2, 1]3
(1979); R. Y. Moore and J. P. Card, in Hand-
book of Chemical Neuroanatomy, A. Bjork-
lund and T. Hokfelt, Eds. (Elsevier, Amster-
dam, in press), vol. 2.
36. A. Carlsson, M. Lindqvist, T. Magnusson, B.
- Waldeck, Science 127, 471 (1958).

37. N.-E. Andén, A. Dahlstrom, K. Fuxe, K.
Larsson, L. Olson, U. Ungerstedt, Acta Physi-
ol. Scand. 67, 313 (1966).

38. A. M. Thierry, L. Stinus, G. Blanc, J.
Glowinski, Brain Res. 50, 230 (1973).

39. G. Skagerberg, A. Bjorklund, O. Lindvall, R.
H. Schmidt, Brain Res. Bull. 9, 237 (1982).

40. N. Halasz, A. Ljungdahl, T. Hokfelt, O. Jo-
hansson, M. Goldstein, D. Park, P, Biberfeld,
Brain Res. 126, 455 (1979).

41. B. Ehinger, in Transmitters in the Visual Pro-
cess, S. L. Bonting, Ed. (Pergamon, Oxford,
1976), pp. 145-163.

42, T. Hokfelt et al., in Central Adrenaline Neu-
rons: Basic Aspects and their Role in Cardio-
vascular Functions, K. Fuxe, M. Goldstein, B.
Hokfelt, T. Hokfelt, Eds. (Pergamon, Oxford,
1980), pp. 19-47.

43, D. M. Armstrong, C. A. Ross, V. P. Pickel, T.
H. Joh, D. J. Reis, J. Comp. Neurol. 212, 173
(1982).

44, A. Bjorkiund and O. Lindvall, Brain Res. 83,
531 (1975).

45, L. B. Geffen, T. M. Jessell, A, C. Cuello, L. L.
Iversen, Nature (London) 260, 258 (1976); J
Korf, M. Zieleman, B. H. C. Westerink, ibid.,

p. 257.

46. M. Vogt, J. Physiol. (London) 123, 451 (1954).

47. W. Singhaniyom, N, G. M. Wreford, F.-H.
Giildner, Neurosci. Lett. 41, 91 (1983).

48. T. Hokfelt, K. Fuxe, M. Goldstein, Q. Johans-
son, Brain Res, 66, 235 (1974).

49. P. R. C. Howe, M. Costa, J, B. Furness, J. P.
Chalmers, Neurosc:ence 5, 229 (1980).

50. C. A. Ross, D. A. Ruggiero, M. P. Meeley,
D. H. Park, D. J. Reis, Brain Res. 306, 349
(1984),

51. T. Hokfelt, G. Foster, J. Coyle, M. Goldstein,
ibid., in preparation.

52, A. Dahlstrom and K. Fuxe, Acta Physiol.
Scand. 62 (Suppl. 232), 1 (1964),

53. K. Fuxe, Z. Zellforsch. Mikrosk. Anat. 65, 573
gl9g§;;Acta Physiol. Scand. 64 (Suppl. 247), 39

1965).

54. T.H.Joh, T. Shikimi, V., M. Pickel, D. J. Reis,
Proc. Natl. Acad. Sci. U.S.A, 72, 3575 (1975).

55. T. Hokfelt, K. Fuxe, M. Goldstein, Brain Res.
53, 175 (1973).

56. M. Frankfurt, J. M. Lauder, E. A. Azmitia,
Neurosci. Lett. 24, 227 (1981).

57. G. B. Koelle, J, Comp. Neurol. 100, 211
(1954).

58. P. R. Lewis and C. C. D. Shute, Brain 90, 521
(1967;; C. C. D. Shute and P. R. Lewis, ibid.,
p. 497.

1333



59.

60.

61.

62.
63.

. B. 1. Wilcox and V. S. Seybold, Neurosci.

65.

66.
67.

68.
69.
70.

71.

72.

73.
74.

75.
76.

77.
78.

79.

H. Kimura, P. L. McGeer, J. H. Peng, E. G.
McGeer, J. Comp. Neurol. 200, 151 (1981); M.
V. Sofroniew, F. Eckenstein, H. Thoenen, A.
C. Cuello, Neurosci. Lett. 33, 7 (1982); D. A.
Armstrong, C. B. Saper, A. 1. Levy, B. H.
Wainer, R. D. Terry, J. Comp. Neurol. 216, 53
(1983);J. C. Hedreen et al., Neurosci. Lett. 43,
173 (1983); C. R. Houser, G. D. Crawford, R.
P. Barber, P. M. Salvaterra, J. E. Vaughn,
Brain Res. 266, 97 (1983); M.-M. Mesulam, E.
J. Mufson, A. 1. Levey, B. H. Wainer, J.
Comp. Neurol 214, 170 (1983) M.-M. Mesu-
lam, E. J. Mufson, B H. Wainer, A. I. Levey,
Neuroscience 10, 1185 (1983); T, Nagai, T.
Pearson, F. Peng, E. G. McGeer, P. L.
McGeer, Brain Res. 265, 300 (1983); N. J.
Woolf, F. Eckenstein, L. L. Butcher, Neuro-
sci. Lett. 40, 93 (1983); B. H. Wainer, A. I.
Levey, E. J. Mufson, M.-M. Mesulam, Neuro-
chem. Int. 6, 163 (1984).

H. C. Fibiger, Brain Res. Rev. 4, 327 (1982); K.
Satoh, D. M. Armstrong, H. C. Fibiger, Brain
Res. Bull. 11, 693 (1983); L. L. Butcher and N.
J. Woolf, in Handbook of Chemical Neuro-
anatomy, A. Bjorklund and T. Hokfelt, Eds.
(Elsevier, Amsterdam, in press), vol. 3.

J. P. Green, C. L. Johnson, H. Weinstein, in
Psychopharmacology A Generation of Prog-
ress, M. A. Lipton, A. DiMascio, K. F. Kil-
Ia31;1, Eds. (Raven, New York, 1978), pp. 319-
332.

J. C. Schwartz, H. Pollard, T. T. Quach, J.
Neurochem. 35, 26 (1980).

T. Watanabe et al., Brain Res. 295, 13 (1984).

Lett. 29, 105 (1982); H. W. M. Steinbusch and
A. H. Mulder, in Handbook of Chemical
Neuroanatomy, A. Bjorklund and T. Hokfelt,
Eds. (Elsevier, Amsterdam, in press), vol. 3.
T. Hokfelt and A. Ljungdahl, Brain Res. 22,
391 (1970); B. Ehinger, Experientia 26, 1063
(1970).
L. L. Iversen and F. E. Bloom, Brain Res. 41,
131 (1972).
T. Hokfelt and A. Ljungdahl, ibid. 32, 189
(1971); A. 1. Matus and M. E. Dennison, szd.,
195

J. Storm-Mathisen and L. L. Iversen, Neuro-
science 4, 1237 (1979).

J.-Y. Wu, T. Matsuda, E. Roberts, J. Biol.
Chem. 248, 3029 (1973).

B. J. McLaughlin, J. G. Wood, K. Saito, R
Barber, J. E. Vaughn, E. Roberts, J.-Y. Wu,
Brain Res. 76, 377 (1974); K. Saito, R. Barber,
J.-Y. Wu, T. Matsuda, E. Roberts, J. E.
Vaughn, Proc. Natl. Acad. Sci. U.S.A. 71,269
(1974); B. J. McLaughlin, J. G. Wood, K.
Slalto,)E Roberts, J.-Y. Wu, Brain Res. 85, 355
a9

T. M. Jessell, P. C. Emson, G. Paxmos A.C.
Cuello, Brain Res. 152, 487 (1978); C. E. Ri-
bak, J.E. Vaughn, E. Roberts, ibid. 192, 413
(1980); W. H. Oertel et al., J. Histochem.
Cytochem. 29, 977 (1981); S. Vincent, T. Hok-
felt, L. R. Skirboll, J.-Y. Wu, Science 220,
1309 (1983).

M. Otsuka and T. Takahashi, Annu. Rev. Phar-
macol. Toxicol. 17, 425 (1977); B. Pernow,
Pharmacol. Rev. 35, 85 (1983).

S. H. Snyder, Science 209, 976 (1980).

A. S. Liotta, C. Loudes, J. F. McKelvy, D. T.
Krieger, Proc. Natl. Acad. Sci. U.S.A. 71,
1880 (1980).

J. J. Vanderhaeghen, J. C. Signeau, W. Gepts,
Nature (London) 257, 604 (1975).

J. Hughes, T. W. Smith, H. W. Kosterlitz, L.
A. Fothergill, B. A. Morgan, H. R. Morris,
ibid. 258, 577 (1975).

R. Elde, T. Hokfelt, O. Johansson, L. Teren-
us, Neuroscience 1, 349 (1976).

F. E. Bloom, E. Battenberg, J. Rossier, N.
Ling, R. Guillemin, Proc. Natl. Acad. Sci.
U.S.A. 75, 1591 (1978).

S. Nakanishi et al., Nature (London) 278, 423
(1979); J. Comb, P. H. Seeburg, J. Adelman, L.
Eiden, E. Herbert, ibid. 295, 663 (1982); U.
Gubler, P. Seeburg, B. J. Hoffman, L. P. Gage,
S. Udenfriend, ibid., p. 206; M. Noda et al.,
ibid., p. 202.

LA Goldsteln S. Tachibana, L. I. Lowney, M.

1334

81.

82.

83.

84.

85.

86.

87.

88.

89.

91.
92.

93.
94.
95.
96.
97.
98.
. R. Gilbert et al.,

100.
101.
102.
103.
. R. M. LoPachin, T. A. Rudy, T. L. Yaksh,
105.

. T. Hokfelt, O. Johansson

Hunkapiller, L. Hood, Proc. Natl. Acad. Sci.
U.S.A. 76, 6666 (1979).

S. J. Watson, H. Akil, V. E. Ghazarossian, A.
Goldstein, ibid. 78, 1260 (1981); H. Khachaturi-
an, S. J. Watson, M. E. Lewis, D. Coy, A.
Goldstein, H. Akil, Peptides 3, 941 (1982); S.
R. Vincent, T. Hokfelt, 1. Christensson, L.
Terenius, Neurosci. Lett. 33, 185 (1982); E.
Weber, K. A. Roth, J. D. Barchas, Proc. Natl.
Acad. Sci. U.S.A. 79, 3062 (1982).

A. C. Cuello and I. Kanazawa, J. Comp.
Neurol. 178, 119 (1978); A. Ljungdahl, T. Hok-
felt, G. Nllsson Neuroscience 3, 861 (1978).
I. Lorénetal., Neuroscience 4, 1953 (1979); G.
W. Roberts, P. L. Woodhams, M. G. Bryant,
T.J. Crow, S. R. Bloom, J. Polak, Histochem-
istry 65, 103 (1980); K. B. Sims, D. L. Hoff-
man, S. I. Said, E. A. Zimmerman, Brain Res.
186, 165 (1980).

M. Sar, W. E. Stumpf, R. J. Miller, K. J.
Chang, P. Quatrecasas, J. Comp. Neurol. 182,
17 (1978); G. R. Uhl, R. R. Goodman, M. J.
Kuhar, S. R. Childers, S. H. Snyder, Brain
Res. 116, 75 (1979); J. C. W. Finley, J. L.
Maderdrut, P. Petrusz, J. Comp. Neurol. 198,
541 (1981).

R. B. Innis, F. M. A. Correa, G. R. Uhl, B.
Schneider, S. H. Snyder, Proc. Natl. Acad.
Sci. U.S.A. 76, 521 (1979); J. J. Vander-
haeghen, F. Lotstra, J. De Mey, C. Gilles, ibid.
77, 1190 (1980); Y. Kubota et al., Neuroscience
9, 587 (1983).

G. R. Uhl, R. R. Goodman, S. H. Snyder,
Brain Res. 167, 77 (1979); L. Jennes, W. E.
Stumpf, P. W. Kallvas J. Comp. Neurol. 210,
211 (1982).

C. Bennett-Clarke, M. A. Romagnano, S. A.
Joseph, Brain Res. 188, 473 (1980); J. C. W.
Finley, J. L. Maderdrut, L. J. Roger, P. Pe-
trusz, Neuroscience 6, 2173 (1981); O. Johans-
son, T. Hokfelt, R. P. Elde, ibid., in press.

J. A. Olschowka, T. L. O’Donohue, G. P.
Mueller, D. M. Jacobowitz, Peptides 3, 995
(1982); S. Cummings, R. Elde, J. Ells, A.
Lindall, J. Neurosci. 3, 1355 (1983); L. W.
Swanson, P. E. Sawchenko, J. Rivier, W. W.
Vale, Neuroendocrinology 36, 165 (1983).

T. Hokfelt, L. G. Elfvin, R. Elde, M. Schultz-
berg, M. Goldstein, R. Luft, Proc. Natl. Acad.
Sci. U.S.A. 74, 3587 (1977),
A. Ljungdahl, J. M.
Lundberg, M. Schultzberg Nature (London)
284, 515 (1980); A. C. Cuello, Ed., Co-trans-
mission (Macmillan, London, 1982); V. Chan-
Palay and S. L. Palay, Eds., Coexistence of
Neuroactive Substances in Neurons (Wiley,
New York, 1984).

J. M. Lundberg and T. Hokfelt, Trends Neuro-
sci. 6, 325 (1983).

J. M. Lundberg, T. Hokfelt, M. Schultzberg,
K. Uvnis-Wallensten, C. Kohler, S. I. Said,
Neuroscience 4, 1539 (1979).

J. M. Lundberg et al., Acta Physiol. Scand.
116, 477 (1982).

J. M. Lundberg and L. Stjarne, ibid. 120, 477
(1984).

G. Fried, L. Terenius, T. Hokfelt, M. Gold-
stein, J. Neurosci., in press.

V. Chan-Palay, G. Jonsson, S. L. Palay, Proc.
Natl. Acad. Sci. U.S.A. 75, 1582 (1978).

T. Hokfelt et al., Neuroscience 3, 517 (1978);
O. Johansson et al., ibid. 6, 1857 (1981).

A. Dahlstrom and K. Fuxe, Acta Physiol.
Scand 64 (Suppl. 247), 7 (1965).
Neuroscience 7, 69
(1982) R M. Bowker, K. N. Westlund, M.C.
Sullivan, J. F. Wilber, J. D. Coulter, Brain
Res. 288, 33 (1983).

G. Pelletier, H. W. Steinbusch, A. Verhofstad,
Nature (London) 293, 71 (1981).

N.-E. Andén, M. Jukes, A. Lundberg, ibid.
202, 1222 (1964).

H. Barbeau and P. Bedard, Neuropharmacolo-
gy 20, 477 (1981).

R. Mitchell and S. Fleetwood-Walker, Eur. J.
Pharmacol. 76, 119 (1981).

Physiol. Behav. 27, 5559 (1981).
S. Hansen, L. Svensson, T. Hokfelt, B. J.
Everitt, Neurosci. Lett. 42, 299 (1983).

106.

107.

110.
111,

112.

113.
114.

115.

116.

117.

118.

119.
120.
121.

122.
123.
124.
125.

126.

127.

128.

T. Hokfelt, L. Skirboll, J. F. Rehfeld, M.
Goldstein, K. Markey, O. Dann, Neuroscience
5, 2093 (1980).

T. Hokfelt, B. J. Everitt, E. Theodorsson-
Norheim, M. Goldstein, J. Comp. Neurol. 222,
543 (1984).

. B. J. Everitt, T. Hokfelt, L. Terenius, K.

Tatemoto, V. Mutt, M. Goldstein, Neurosci-
ence 11, 443 (1984).

. T. Hokfelt, T. Jacob, A. Faden, L. Skirboll, M.

Brownstein, A. A.J. Verhofstad, A. C. Cuello,
unpublished results.

;l"l.ggl:;l)ékfelt et al., Neurosci. Lett. 36, 217
T. Hokfelt, L. Skirboll, T. Jacobs, A. Faden,

M. Brownstein, G. Dockray, M. Goldstein,
unpublished results.
K. Fuxe, L. F. Agnati, F. Benfenati, M. F.
Celani, I. Zini, M. Zoli, V. Mutt, J. Neural
Trans. 18 (Suppl.), 165 (1983); L. F. Agnati et
al., in New Research Strategies in Biological
Psychiatry, D. Kemali, P. V. Morozov, G.
;oﬁ'ano Eds. (Libbey, London 1984), pp. 58—
T. V. P. Bliss and T. Lgmo, J. Physiol. (Lon-
don) 232, 331 (1973).
P. Andcrsen, Prog. Brain Res. 58, 419 (1983);
J. C. Eccles, Neuroscience 10, 1071 (1983); B.
L. McNaughton, in Molecular, Cellular, and
Behavioral Neurobiology of the Hippocampus,
W. Seifert, Ed. (Academic Press, New York,
1983), pp. 233-249.
D. O. Hebb, Organization of Behavior (Wiley,
New York, 1949); G. S. Stent, Proc. Natl.
Acad. Sci. U.S.A. 70, 997 (1973); J.-P. Chan-
geux and A. Danchin, Nature (London) 264,
705 (1976).
L. F. Agnati, K. Fuxe, I. Zini, F. Benfenati, T.
Hokfelt, J. De Mey, J. Neurosci. Methods 6,
157 (1982); D. C. German, D. S. Schlusselberg,
D. J. Woodward, J. Neural Transm. 57, 243
(1983); M. Kalia, D. J. Woodward, W. K.
Smith, K. Fuxe, M. Goldstein, in Quantitative
Neuroanatomy in Transmitter Research, K.
Fuxeand L. Agnati, Eds. (Macmillan, London,
in press).
P. Hudson, J. Penschow, J. Shine, G. Ryan, H.
Niall, J. Coghlan, Endocrmology 108, 353
(1981); G. Kolata, Science 215, 1223 (1982).
C. E. Gee, C.-L. C. Chen, J. L. Roberts, R.
Thompson, S. J. Watson, Nature (London)
306, 374 (1983).
Y. Charnay et al., Lett. 30, 147
(1982).
T. A. Lovick and S. P. Hunt, ibid. 36, 223
(1983).
E. J. Glazer, H. W. M. Steinbusch, A. A.
Verhofstad, A. 1. Basbaum, J. Physiol. (Paris)
77, 241 (1981); S. P. Hunt and T. A. Lovick,
Neurosci. Lett. 30, 139 (1982).
F. Eckenstein and R. W. Baughman, Nature
(London) 309, 153 (1984).
R. Altschuler, M. Parakkal, J. Fex, Neurosci-
ence 9, 621 (1983).
S. R. Vincent, K. Satoh, D. M. Armstrong, H.
C. Fibiger, Nature (London) 306, 688 (1983).
W. H. Oertel, A. M. Graybiel, E. Mugnaini, R.
P. Elde, D. E. Schmechel, I. J. Kopin, J.
Neurosci. 3, 1322 (1983).
G. Paxinos and C. Watson, The Rat Brain in
Stereotaxic Coordinates (Academic Press,
New York, 1982).
R. Mértensson and A. Bjorklund, in Handbook
of Chemical Neuroanatomy, A. Bjorklund and
T. Hokfelt, Eds. (Elsevier, Amsterdam, in
press), vol. 2.
Supported by grants 04X-2887, 14X-07162, and
12P-6965 from the Swedish Medical Research
Council, by Alice och Knut Wallenbergs Stif-
telse and Magnus Bergvalls Stiftelse, by grant
06801 from the National Institute of Communi-
cative Diseases and Stroke, and by grant 02714
from the National Institute of Mental Health.
Figure 2 was prepared by the NIH medical
illustration department while T.H. was a Fo-
garty scholar. We thank M. Brownstein and P.
Condliffe (NIH) for their support. We are
grateful to V. Holets, W. Staines, and P. van
Dongen for reading this manuscript and for
their valuable advice.

Neurosci.

SCIENCE, VOL. 225





