from other research on human problem-
solving and that are usually described as
processes for selective heuristic search

" through spaces of possible solutions.
The less blind the search—that is, the
more existing theoretical knowledge is
available to guide it and turn it from
unprofitable directions—the more readi-
ly and directly are the regularities hidden
in empirical data discovered.
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Brain Peptides:

What, Where, and Why?

In recent years, a large number of
peptides, many of which were originally
characterized in nonneural tissues, have
been reported to be present in the central
nervous system. Table 1 indicates the
rapidity of recent progress in this field. It
can be seen that, in addition to those
peptides that were originally termed
““hypothalamic-releasing hormones,”’ all
of the other peptides identified within the
central nervous system and which were
previously known to occur within the
gastrointestinal tract—that is, vasoactive
intestinal polypeptide (VIP), cholecysto-
kinin (CCK), insulin, and glucagon—and
within the pituitary-—that is, adrenocor-
ticotropic hormone (ACTH) and other
peptides derived from its precursor, pro-
opiomelanocortin (POMC), and possibly
prolactin, thyrotropin-stimulating hor-
mone (TSH), and a luteinizing hormone
(LH)—have been described essentially
within the last 10 years. '

The detection of these peptides within
the central nervous system has raised
many questions regarding their source,
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mechanism of action, and function.
Many of the initial studies in this field
focused on the delineation of the sites of
peptide distribution and the demonstra-
tion of peptide synthesis within the cen-
tral nervous system. Distribution studies
were of value in delineating localization
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source. Regulation of a neuronally syn-
thesized peptide is governed by both
“neuronal’’ and ‘‘metabolic’’ inputs im-
pinging on the neuron; the synthesized
material would be acting as a neurotrans-
mitter—that is, being liberated at presyn-
aptic terminals with subsequent postsyn-
aptic membrane effects. In the case of a
peripherally synthesized peptide having
access to the central nervous system, its
synthesis is regulated by the multiplicity
of factors known to affect its tissue of
origin, and its central nervous system
actions would presumably be mediated
via peptidergic receptors present on neu-
rons or their terminals.

Until recently, the monoamines (nor-
epinephrine, epinephrine, dopamine,
and serotonin), acetylcholine, and the
amino acids (such as glycine, glutamine,

Summary. Within the past decade, a large number of peptides have been described
within the vertebrate central nervous system. Some of these peptides were previously
known to be present in nonneural vertebrate tissues, as well as in lower species, in
which they may serve as primitive elements of intercellular communication prior to the
development of neuronal or endocrine systems. In vertebrates, these peptides are
thought to have neurotransmitter or neuromodulatory roles and appear to be involved
in the regulation of a number of homeostatic systems, although the mechanisms of

their actions are still unclear.

of peptide-containing cell bodies in
which synthesis could potentially occur,
as well as delineating fiber pathways for
investigation of possible physiological
function (or functions). Demonstration
of synthesis was deemed important since
conceptually the mechanism of action
and the function of a peptide detected in
the central nervous system would differ
if the peptide were locally synthesized or
were transported thereto from another

and y-aminobutyric acid) were thought
to be the only neurotransmitters that
classically mediated synaptic communi-
cation (/). Prior to the last decade, the
only peptide chemically characterized
within the brain was substance P (2),
previously identified therein and in the
gastrointestinal tract in terms of its bio-
logical activity. Table 1 indicates the
time frame in.the past decade during
which some of the other peptides present
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in the central nervous system have been
characterized.

Also indicated in Table 1 are the tenta-
tive estimates (3) of the number of syn-
apses occupied by each of the types of
““classical’’ neurotransmitters present in
the central nervous system. All of these
‘“‘classical’””  neurotransmittérs  may
therefore account for only approximate-
ly 40 percent of known synapses present
in the central nervous system. It is most
likely, therefore, that delineation of the
neurophysiological functions and inter-
actions of the peptide neurotransmitters
will account for the occupancy of the
majority of thus far unclassified synaptic
sites. In view of the considerable body of
information that has accumulated con-
cerning central nervous system function,
as mediated by the ‘‘classical’’ neuro-
transmitters, it would appear that major
additional functional insights will be ob-
tained by elucidating the role of the brain
peptides.

There has been considerable discus-
sion as to whether brain peptides should
be classified as neurotransmitters or
‘“‘neuromodulators.’”’ A neurotransmitter
has previously been considered to be a
substance liberated at presynaptic termi-
nals which, after diffusing across the
narrow synaptic gap, acted on the post-
synaptic membrane. Its action is highly
localized to the synaptic region, with a
duration of milliseconds. Termination of
its action is accomplished by removal of
the transmitter, either by enzymatic deg-
radation or via a reuptake mechanism
into the presynaptic terminal. It is be-
coming increasingly clear, however, that
putative transmitters are capable of a
wider range of action, both with regard
to duration of action and distance be-
tween release sites and targets (4). Per-
haps a broader finition of a neuro-
transmitter is that of a substance liberat-
ed at presynaptic terminals which can
produce physiological changes in the
postsynaptic cell identical with those
produced by stimulating the presynaptic
cell. In addition, antagonists of such a
‘“‘neurotransmitter’’ substance should
block this nerve-evoked response. The
term ‘‘neuromodulator’’ has been used
to refer to substances with nonclassical
transmitter actions. However, there is
no consensus on such a definition, and
the term has been used to define peptide
actions when they (i) modify the known
actions of the so-called ‘‘classical’’ neu-
rotransmitters, (ii) act to block the re-
lease of a given neurotransmitter via
their release at presynaptic endings on
the terminals releasing that transmitter,
or (iii) alter the turnover of other neuro-
transmitters. It may well be that such
classification is a semantic one. The best

evidence of peptides existing as conven-
tional transmitters has been adduced
for the ‘‘hypothalamic-releasing hor-
mone’’—luteinizing hormone-releasing
hormone (LHRH), present in sympathet-
ic ganglia. It has been demonstrated that
an LHRH-like peptide can be released
from such ganglia by nerve stimulation
by way of a calcium-dependent process,
and that this peptide can act directly on
sympathetic neurons to produce a depo-
larizing response lasting for minutes. It
has been suggested that LHRH functions
as the transmitter for the previously ob-
served long-lasting late slow excitatory
postsynaptic potential (EPSP), which is
known to occur after nerve stimulation.
The responses to LHRH and the late
slow EPSP are associated with similar
changes in membrane conductance and
in the excitability of the neuron; both are
blocked by LHRH analogs that inhibit
LHRH-induced release of LH from pitu-
itary gonadotrophs (5).

Table 1. Chronology of the description of the
presence of neurotransmitters and neuropep-
tides in the central nervous system. Indicated
in column 3 are the estimated percentages of
brain synapses occupied by the monoamine,
amino acid, and acetylcholine neurotransmit-
ters as estimated in (3).

Percent
Year Transmitter of brain
synapses
1920  Acetylcholine Sto 10
Epinephrine
1930
1940
Norepinephrine 0.5
1950
Amino acids (GABA, 25 to 40
glutamic acid, aspar-
tic acid)
Dopamine 0.5
1960
Substance P
1970  Serotonin 0.5
1971
1972
1973 .
1974  ‘‘Hypothalamic-releas-
ing hormones” (TRH,
LHRH, SRIF)
1975  Enkephalin
1976  VIP, CCK
1977 ACTH
1978  Other pituitary hor-
mones
Insulin
Vasopressin, oxytocin
Angiotensin
1979  Glucagon
1980
1981  Corticotropin-releasing
hormone
1982  Growth hormone-re-
leasing hormone
1983

Categories of Brain Peptides

Table 2 lists the major categories of
brain peptides described to date. The
initial identification of all these peptides
in the vertebrate brain has been greatly
facilitated by application of the tech-
niques of radioimmunoassay and immu-
nohistochemistry, which have been used
to characterize within the central ner-
vous system peptides previously detect-
ed elsewhere in vertebrate tissues. With
the advent of new insights, these tech-
niques have been used to demonstrate
within the vertebrate central nervous
system peptides originally thought to be
present only in invertebrates. Indeed,
the converse has also been shown. An
innovative strategy has been described
by Mutt and his co-workers for detection
of “‘new peptides,’’ based on the hypoth-
esis that molecules with a COOH-termi-
nal amide are biologically important (6).
Using this approach, these investigators
have isolated hitherto uncharacterized
peptides from both intestine and brain,
such as neuropeptide Yy. Additional
peptides have been characterized as a
result of studies of precursor messenger
RNA’s (mRNA) or the genes that encode
them (for example, CGRP, calcitonin
gene-related product) (7).

The classification indicated is a some-
what arbitrary one, based on previous
attributions of localization of a given
peptide. In Table 2 the hypothalamic-
releasing hormones are cited within quo-
tation marks to indicate that, although
the original impetus for the isolation of
these hormones was to confirm physio-
logical observations suggesting hypotha-
lamic control of anterior pituitary func-
tion, it is now known that these peptides
have a widespread extrahypothalmic dis-
tribution, which presumably relates to
other functions. The neurohormones
vasopressin and oxytocin are included in
this list of ‘‘brain’’ peptides, since al-
though, as noted (2), their presence with-
in the magnocellular neurons of the hy-
pothalamus has long been known, it has
only recently been recognized that pro-
jections from these neurons occur to
regions elsewhere in the central nervous
system other than to the posterior pitu-
itary (8). A number of peptides are list-
ed—that is VIP, CCK, insulin, glucagon,
and gastrin—which were originally dem-
onstrated to occur in secretory elements
of the gastrointestinal tract. Others of
these so-called ‘‘gastrointestinal’’ pep-
tides, such as substance P, neurotensin,
the enkephalins, and somatostatin, were
initially described in neural tissues prior
to their description within the gastroin-
testinal tract. In addition, in the gastroin-
testinal tract some of the peptides, such



as gastrin, somatostatin, CCK, and VIP,
are present within both nerves and endo-
crine cells (similar to the occurrence of
the same peptide in different tissues, that

is, gastrointestinal tract and brain). In.

the gastrointestinal tract thus far, secre-
tin, motilin, insulin, and glucagon have
been described only in secretory cells,
not in nerves, while enképhalin, bombe-
sin, substance P, and VIP have been
localized only to nerves and not in endo-
crine cells. With regard to the pituitary-
like hormones in brain, there is evidence
that peptides derived from POMC—such
as ACTH, B-endorphin, and «-melano-
cyte-stimulating hormones (o-MSH)—
are locally synthesized therein (9). Pro-
lactin mRNA and POMC mRNA have
been detected within the central nervous
system (/0). Direct evidence of synthesis
of the other pituitary hormones has not
yet been presented, although there is
considerable indirect evidence for this
(11). These considerations of the demon-
stration of synthesis are particularly
stressed with regard to pituitary hor-
mones, in view of the close physical
proximity of the pituitary to the brain,
which has led to suggestions that the
presence of such pituitary-like peptides
in brain was secondary to diffusion or
transport from pituitary sites (12).

Concentrations of Peptides in the

Central Nervous System

Concentrations of brain peptides are
several orders of magnitude less than
those of the previously defined neuro-
transmitters  (acetylcholine, mono-
amines, and amino acids), which are
present at concentrations of 107° to
107! moles per milligram of protein
(acetylcholine and monoamines) and
107% to 10™® moles per milligram of pro-
tein (amino acids). The concentrations
of the ‘‘hypothalamic-releasing hor-
mones,’’ gastrointestinal hormones, and
pituitary-like hormones for the most part
vary between 107'? to 107" moles per
milligram of protein. In a comparison of
concentrations of a given peptide in
brain and in its sites of localization out-
side the central nervous system, of those
peptides initially described as occurring
in the gastrointestinal tract, only CCK
appears to have a central nervous system
concentration that is greater than its con-
centration in gastreintestinal tract. Con-
centrations of pituitary-like peptides in
brain are several orders of magnitude
less than in pituitary. These relatively
low peptide concentrations in the central
nervous system by no means minimize
their importance. For example, the high
concentrations of peptides in the pitu-

itary or the gastrointestinal tract, for the
most part, reflect the levels necessary
for peptides with hormonal roles. Such
hormones are exported by way of the
circulation and hence their concentra-
tions are diluted before reaching their
target organs. In the central nervous
system, these peptides act over short
distances where dilution of such magni-
tude would not occur. It should also be
realized that determination of peptide
concentrations gives no information with
regard to their turnover. Finally, specific
regional concentrations of peptides
(many of which still remain to be deter-
mined) may be greater than those thus
far described for the concentrations of
these peptides in gross areas of the cen-
tral nervous system.

Much of the recent interest in brain
peptides has been focused on several
major areas which are considered in the
remainder of this article. These are (i)
evolutionary considerations which have

Table 2. Categories of mammalian brain pep-
tides.

‘‘Hypothalamic-releasing hormones”’
Thyrotropin-releasing hormone
Gonadotropin-releasing hormone
Somatostatin
Corticotropin-releaseing hormone
Growth hormone-releasing homone

Neurohypophyseal hormones
Vasopressin
Oxytocin
Neurophysin(s)

Pituitary peptides
Adrenocorticotropic hormone
B-Endorphin
a-Melanocyte-stimulating hormone
Prolactin
Luteinizing hormone
Growth hormone
Thyrotropin

Invertebrate peptides
FMRF amide*

Hydra head activator

Gastrointestinal peptides
Vasoactive intestinal polypeptide
Cholecystokinin
Gastrin
Substance P
Neurotensin
Methionine-enkephalin
Leucine-enkephalin
Insulin
Glucagon
Bombesin
Secretin
Somatostatin
TRH
Motilin

Others
Angiotensin 11
Bradykinin
Carnosine
Sleep peptide(s)
Calcitonin
CGRP
Neuropeptide Yy

*Phenylalanylmethionylargininylphenylalanyla-
mide.

been raised by the demonstration of
brain peptides, (ii) evidence for synthesis
and processing of brain peptides, (iii)
localization of brain peptides, (iv) func-
tion of brain peptides, and (v) possible
clinical applications of studies of brain
peptides.

Brain Peptides in Evolution

The evolutionary origins of brain pep-
tides and the larger issue of the evolu-
tionary origins of the polypeptide hor-
mones per se are interrelated questions
and have aroused great interest. Such
interest has arisen from several types of
observations. These include the identifi-
cation in vertebrate nervous tissue of
peptides that had been considered to be
of glandular origin in these species; the
identification in invertebrate neurons
and in unicellular organisms of peptides
previously thought to occur only in ver-
tebrate glandular tissue; the presence of
peptide receptors. in unicellular orga-
nisms; the identification in vertebrate
tissue of peptides previously described
only in invertebrates; and the presence

- of similar séquences in diverse peptides

both within and between species.

The accumulated data indicate that
substances similar to known hormonal
peptides and chemical neurotransmitter
molecules are present in plants and uni-
cellular organisms (/3) (Fig. 1). It has
been proposed that these peptides serve
as primitive elements of intercellular
communication in these organisms. Evi-
dence of a specific neuronal system is
not present until the appearance of the
sponges, at which time some of these
primitive messenger molecules became
localized within this system to function
as neurotransmitters. The use of pep-
tides as both neurotransmitters and neu-
rohormones is apparently present in phy-
la which have no endocrine tissue per se
(for example, coelenterates and anne-
lids). The anatomical elements of classic
glandular endocrine tissues first appear
in vertebrates. Commonality of brain-gut
peptides is present as early in evolution
as the lamprey (the living representative
of the earliest vertebrate group, the Ag-
natha)—that is, somatostatin and the ter-
minal octapeptide (CCK-8) of the 33- or
39-amino acid peptide CCK have been
detected in both of these tissues in this
organism. It would therefore appear that
what are considered to be products of
the nervous system and of the endocrine
system were present before these sys-
tems evolved. As nervous and glandular
tissue appeared, these tissues expressed
peptides previously present in a diffuse
cell system in lower organisms.



Given the commonality of many inver-
tebrate and vertebrate peptides, it is of
interest to see in which tissues they are
expressed. Peptides in invertebrates may
be present in both secretory (gastrointes-
tinal) and neuronal cells, and in other
instances only in neurons. One previous-
ly characterized neuronal peptide, hydra
head activating factor, is present in both
vertebrate gastrointestinal tract and in
neurons, while another—molluscan car-
dioexcitatory peptide—has thus far been
demonstrated only in vertebrate neuro-
nal tissue. Some peptides (such as
ACTH, B-endorphin, and prolactin),
which are present in both endocrine and
neural tissue of vertebrate species, have
thus far been detected only in inverte-
brate neuronal tissue. Other peptides,
such as insulin and pancreatic polypep-
tide, which occur only in vertebrate en-
docrine cells, are present .in both gastro-
intestinal secretory cells and neurons of
invertebrates. These findings are in
keeping with the concepts set forth in
Fig. 2 regarding the evolutionary prece-
dence of the neuronal system over the
endocrine system.

In addition to evidence.of peptide evo-
lution, there is also evidence for the
evolution of peptide receptors, as in the
case of those for secretin and vasoactive

intestinal polypeptide in mammalian and
avian species (/4). The target cell for a
given peptide may also undergo evolu-
tionary change. For example, prolactin
in teleosts is concerned with the regula-
tion of fluid balance, whereas in mam-
mals it is concerned with the regulation
of secretory epithelium of the mammary
gland and has lost, for the most part, its
effects on fluid homeostasis.

Studies of peptide structure in multiple
species have indicated that in a given
peptide some portions of its sequence
have been conserved across evolution.
Such conserved sequences are believed
to comprise functionally active portions
of the molecule. The observation that
there are common sequences in different
peptides in a given species (for example,
the “‘family’’—CCK, gastrin, glucagon,
secretin, and VIP) and the presénce of
different peptides with similar functions
in different species (such as the above-
noted effects of secretin and VIP), may
be explained by gene duplication fol-
lowed by point mutation and amino acid
substitution. (Other types of mutation
may also occur, such as frame shifts,
deletions, or insertions in a structured
gene.) It is of interest that when such
peptide ‘‘families’’ have been described,
the peptide of the group that has been

Autocrine Paracrine Endocrine
Tissue cell
O or O G.l. tract O G.l. tract
Unicellular Pituitary Pituitary
organism ) Pineal?
2068 S c%o
[o] X0 a — 00
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Hypothalamus

Fig. 1. Examples of possible modes of peptide secretion. In autocrine secretion, the secreted
product acts locally on the cell of origin. Paracrine secretion refers to the local action of a
secretory product on neighboring cells, either by extracellular fluid transport systems or via
intracellular gap junctions. In endocrine secretion, a product is secreted into the bloodstream to
affect distant targets. In neuronal cells (lower portion of figure), cell-to-cell communication
occurring via axodendritic or presynaptic axo-axonic synapses may be looked on as a form of
paracrine communication (neurotransmitter). Neurohumoral secretion (neuroendocrine) refers
to release of a neuronal product into the bloodstream to act on other tissues. Representative
tissues utilizing such forms of communication are cited. [Courtesy of Clinical Research (39)]
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identified as occurring only in neurons
(such as VIP for the secretin *‘family’’).is
presumed to be the ancestral molecule
(15).

In unicellular organisms, ACTH-like
B-endorphin-like, insulin-like, somato-
statin-like, vasotocin-like, and relaxin-
like peptides have been reported in the
protozoan Tetrahymena pyriformis (16—
19). Insulin-like material has also been
reported in Escherichia coli (20), and
bacterial production of a choriogonado-
tropin-like factor has also been reported
(21). Although in some of these instances
the extent of the physicochemical identi-
ty of the peptide-like material to its ver-
tebrate form has not been firmly estab-
lished, in other instances characteriza-
tion has been extensive (22). Alpha fac-
tor, a mating pheromone of yeast
(Saccharomyces cerevisiae), not only
has extensive sequence homology with
the hypothalamic decapeptide, LHRH,
but synthetic and natural preparations of
alpha mating factor bind specifically to
rat pituitary LHRH receptors and can
stimulate the release of LH from cul-
tured gonadotrophs (23). The studies
published to date are not consistent with
the proposal that the detected presence
of peptides in these unicellular orga-
nisms is the result of assay artifacts or
inadvertent exogenous contamination of
the extracts used, but rather suggests
that these peptides originated in the uni-
cellular organisms and have been main-
tained in higher organisms during the
course of evolution. An alternative hy-
pothesis, that the genes for these pep-
tides arose in vertebrates and were intro-
duced by plasmids into the unicellular
organisms, cannot be excluded until the
genes are demonstrated and analyzed.

When considering the observation that
similar peptides occur in different tissues
and organisms, it is important to realize
that the same peptide can act via differ-
ent modes of intercellular communica-
tion, depending on the tissue in which it

- is present. Figure 1 illustrates how a

given peptide can, in some instances, act
as a local factor (that is, autocrine or
paracrine secretion), a neurotransmitter,
a neurohormone, or a hormone. In the
course of evolution, therefore, the same
peptide may have functioned in one and
then in another of these modes of com-
munication. Even in a single vertebrate
species, products of a precursor mole-
cule, as in the case of POMC (the ACTH
precursor molecule), can act by four of
these mechanisms, that is, as neuro-
transmitters in brain, as hormones when
secreted from pituitary, possibly as neu-
rohormones, as adduced from their pres-
ence in portal blood and their reported
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actions on pituitary gonadotroph func-
tion (24), and as paracrine factors (in the
reproductive and gastrointestinal tracts)
(25, 26). In vertebrate neurons and in
Tetrahymena, POMC-derived peptides
may function via neurotransmitter and
autocrine or paracrine mechanisms, re-
spectively. In some instances, evolution
has actually changed the morphological
configuration of a peptide-secreting cell.
The pinealocyte, whose peptide product
or products are still incompletely de-
fined, and which in lower vertebrates is a
photoreceptor and has afferent nerve
connections, has in mammals lost both
of these attributes, and the cell has taken
on the attributes of a typical glandular
hormonal secretory cell.

Changes in tissue peptide expression
are also seen during the course of ontog-
eny. There is preliminary evidence that
some of the embryonal pancreatic cells,
which transiently express a dopaminer-
gic phenotype, also express insulin or
glucagon, indicating transformation of
catecholaminergic precursor-type cells
into peptidergic cells (27). Such studies
can be considered as complementary to
experiments in rats of different embryon-
ic ages, which indicate that catechola-
minergic expression is detected earlier in
both brain and peripheral nerves (E 10.5)
than peptidergic expression (E 16) (28).
These findings, however, have been
based only on immunohistochemical and
radioimmunoassay techniques. It is still
possible that nonimmunoreactive pre-
cursor molecules are present for such
peptides earlier in gestation.

Characterization, Synthesis, and
Processing of Brain Peptides

While the foregoing has provided evo-
lutionary perspectives that a given pep-
tide can arise independently in different
tissues, it is important to demonstrate
both that the peptide is structurally simi-
lar and that it is synthesized in the vari-
ous tissues and species in which it is
described as being present. Available
methodologies for characterization of
the nature of a peptide in a given tissue
include immunoassay and immunocyto-
chemistry (29), bioassay, physicochemi-
cal characterization, and sequence deter-
mination.

Synthesis of peptides in brain appears
to be governed by the same general
mechanisms as have been described for
all polypeptide hormones, these being
derived from post-translational proteo-
lytic cleavage of larger precursor mole-
cules, which in themselves have little, if
any, inherent biological activity. Synthe-
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sis of neuropeptide precursors, as is true
for those of other peptides, occurs in
ribosomes within the perikarya, at a con-
siderable distance from the secretory site
of the axon terminal. This is in contrast
to the local synthesis, uptake, and recy-
cling mechanisms at the axon terminal,
which occur in the case of the enzymati-
cally synthesized neurotransmitters,
such as acetylcholine and the biogenic
amines.

Many approaches have been utilized
to demonstrate peptide synthesis in
brain. One indirect approach, in the case
of peptides that were initially localized to
other tissues, has been the demonstra-
tion of the peptide in brain after removal
of the tissue presumed to be the major
site of its production. More direct ap-
proaches include demonstration of a net
gain in peptide concentration during cul-
ture of central nervous system tissue,
incubation of central nervous system tis-
sue with labeled amino acids and demon-
stration of incorporation of label into the
peptide in question, demonstration by
either solution hybridization or in situ
hybridization of the presence in central
nervous system of mRNA coding for the
peptide, or extraction of mRNA from the
central nervous system and its transla-
tion in a cell-free system to yield the
peptide of interest (30).

The term ‘‘processing’’ has been used
to describe the liberation of active pep-

tide substances from their precursors by
proteolytic enzymes. It is thought that
most such cleavages occur within the
Golgi apparatus in the developing secre-
tory granules. Cleavage sites are usually
at points in the peptide backbone at
which pairs of basic amino acids occur.
Various types of post-translational enzy-
matic modifications also exist, such as
amidation, acetylation, sulfation, glyco-
sylation, and phosphorylation. Sor:e of
these modifications appear to occur
within the secretory granule; the site of
others is still uncharacterized.

POMC as a prototype precursor mole-
cule. The most extensive studies of mul-
titissue and multispecies localization,
synthesis, and processing of a peptide
have been performed with regard to
POMC. These are described in detail
below.

Synthesis of POMC in brain. These
approaches with regard to characteriza-
tion and demonstration of synthesis are
considered, with POMC as a prototype
molecule (37). Figure 3 is a schematic
diagram of the POMC molecule, indicat-
ing the potential peptides that can be
derived therefrom by proteolytic pro-
cessing. Prior to the initiation of studies
attempting to demonstrate synthesis of
this previously characterized pituitary
peptide in the central nervous system, it
was important to ascertain the location
of the cell bodies in the central nervous
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system in which it was present. Such
localization was predominantly in cells
in the arcuate nucleus of the hypothala-
mus. Although hypothalamic concentra-
tions of both ACTH and B-endorphin are
not decreased after hypophysectomy,
central nervous system concentrations,
but not pituitary concentrations, are
markedly diminished after arcuate nucle-
ar lesions produced by neonatal adminis-
tration of monosodium glutamate. Sub-
sequently, dispersed hypothalamic cell
preparations were shown to secrete
ACTH- and B-endorphin-like materials
into medium in a nearly linear fashion
without any notable change in cellular
peptide content. Arcuate area hypotha-
lamic cells incubated in the presence of
labeled amino acids were shown to in-
corporate radioactivity into high molecu-
lar weight material containing both
ACTH and B-endorphin antigenic deter-
minants. Such high molecular weight
material was similar to pituitary POMC
with regard to size, apparent isoelectric
point, and carbohydrate unit content.
Tryptic digestion of the hypothalamic
high molecular weight material yielded
peptides similar to those derived from
tryptic digestion of anterior pituitary
POMC. In the labeling studies, the major
products were physicochemically similar
to B-endorphin and «-MSH. Recently,
utilizing a labeled complementary DNA
(cDNA) POMC probe, this has been
shown to hybridize with mRNA derived
from hypothalamus and, to a lesser ex-
tent, from amygdala, similar to hybrid-
ization with pituitary mRNA (/0). Simi-
lar hybridization has been detected with
in situ techniques, demonstrating local-
ization of POMC mRNA within the same
arcuate nuclear cells shown immunocy-
tochemically to contain ACTH (32).
POMC synthesis in other nonpituitary
tissues. The brain is not the only nonpi-
tuitary tissue in which POMC-derived
peptides have been identified. Other tis-
sues include placenta (33), various tis-
sues of the male and female reproductive
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tract (25, 34), gastrointestinal tract (35),
lymphocytes (36), and lung (37). Of
these, synthesis has been demonstrated
only in placenta (38) and gastrointestinal
tract (26, 35), while physicochemical
characterization of the component pep-
tides has been reported in testis (25, 34).
In other instances, identification has
been only by immunoassay and immuno-
cytochemistry.

Processing of POMC in nonpituitary
tissues. Studies in these different tissues
have also yielded information that
POMC is differentially processed in the
tissues in which it is present (39). In
anterior pituitary lobe, the precursor
molecule is processed to yield ACTH
and B-LPH as predominant products,
whereas in intermediate lobe these pep-
tides are further processed so that o-
MSH-like and B-endorphin-like material
predominate. In all extrapituitary tissues
studied to date (brain, reproductive
tract, placenta), the major proteolytic
cleavages are similar to those in interme-
diate lobe (31, 33). In the intermediate
lobe, B-endorphin and a-MSH are pres-
ent predominantly in their acetylated
forms (40). However, in hypothalamus
and reproductive tract, there is little or
no acetylation of these forms (34, 41).
Such differential processing of the same
precursor molecule in different tissues
enables expression of different activities
derived from the same precursor. Ace-
tylated a-MSH is a much more potent
melanotropic hormone than is des-ace-
tylated «-MSH, while acetylated B-en-
dorphin has 1/1000 of the opiate bind-
ing activity of the unacetylated form
“42).

Presence of POMC in nonvertebrate
species. In keeping with what has al-
ready been referred to in the section on
‘‘brain peptides in evolution,”” immuno-
reactive POMC-related peptides have
also been detected in the annelid—earth-
worm (B- and a-endorphin); in the mol-
luscan—pond snail (ACTH) and octopus
(a-MSH); in insecta—the fruit fly

(ACTH), locust, and silkworm (a-endor-
phin) and hover fly (B-endorphin); and
the protochordate—sea squirt (8-endor-
phin). In all of these, detection has been
confined to neural elements (43), save in
the fruit fly, in which reproductive local-
ization was also noted (44). ACTH and
B-endorphin have also been detected in
the protozoan Tetrahymena pyriformis.
In this instance, these peptides have
been further characterized by bioassay
and physicochemically. High molecular
weight material containing the antigenic
determinants for both of these peptides
was also identified (16).

Other peptides. The originally de-
scribed tetradecapeptide, somatostatin,
is now recognized to be part of a mole-
cule expanded at the NH,-terminal and
consisting of 28 amino acids (SS-28) (45).
The SS-28 peptide itself is derived from a
precursor molecule which also contains
a pro-region of 64 amino acids upstream
from the SS-28 sequence (46). Radiola-
beling experiments have demonstrated
transfer of radioactivity from high mo-
lecular weight material to material corre-
sponding to the SS-14 and SS-28 forms
47, 48).

Vasopressin and oxytocin precursors
are also present in brain. Characteriza-
tion of their primary structure by cDNA
sequencing has indicated that these con-
tain the peptide neurophysin and a previ-
ously uncharacterized glycopeptide (49).
Radiolabeling studies have indicated that
these precursors (present in the magno-
cellular nuclei) undergo modification
during axonal transport to the posterior
pituitary to yield the respective peptide
and neurophysin (50). Evidence for large
precursor forms for CCK, thyrotropin-
releasing hormone (TRH), and gonado-
tropin-releasing hormone in brain has
also been reported (57).

Localization of Brain Peptides

Although it is not possible to present
detailed descriptions of the distribution
of the numerous neuropeptides de-
scribed in the central nervous system,
several generalizations can be offered
(52) (see Fig. 4). Some peptides, such as
CCK and VIP, have their highest con-
centrations within cortical areas. Others
are present with highest concentrations
in the hypothalamus. These include the
‘“‘hypothalamic-releasing  hormones,’’
the POMC family, bombesin, neuroten-
sin, and angiotensin. There are also dif-
ferences in the distribution of peptide-
containing cell bodies. Some peptides
are present in cell bodies restricted to
one central nervous system area. Exam-
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ples of these are arginine vasopressin,
oxytocin, and angiotensin, which are lo-
calized to the hypothalamic supraoptic
and paraventricular nuclei; LHRH,
which is found, depending on the spe-
cies, in the mediobasal hypothalamus or
the preoptic area (or both); and the pep-
tides in the POMC family, which are
essentially localized to the arcuate nucle-
us. These peptides have long projection
systems throughout the remainder of the
central nervous system, such projections
accounting for the concentrations of
these peptides reported in these other
central nervous system areas. In con-
trast, there are peptides that appear to
have cell bodies in multiple areas, with
short projection systems, such as sub-
stance P, VIP, enkephalin, TRH, neuro-
tensin, CCK, and somatostatin. It is also
evident that several peptides can occur
in the same nuclear area. For example,
vasopressin, oxytocin, angiotensin,
CCK, and enkephalin have been de-
scribed in the supraoptic nucleus; neuro-
tensin, LHRH, and the POMC family
have been described within the arcuate
nucleus. Multiple peptides are also pres-
ent in peripheral nerves; that is, sub-
stance P, VIP, enkephalin, CCK, and
somatostatin are present in vagus,
splanchnic, and ischial nerves.

Hokfelt et al. (53) have demonstrated
the coexistence of neuropeptides and
neurotransmitters within the same neu-
ron. For example, serotonin has been
found together with substance P and
TRH in neurons of the medulla oblonga-
ta; CCK and dopamine coexist in mesen-
cephalic cells, VIP and acetylcholine
within autonomic ganglia, and, very re-
cently, corticotropin-releasing factor
(CRF) and vasopressin have been colo-
calized in cells in the paraventricular
nucleus. Recently, Pelletier et al. (54)
have provided evidence for the coexis-
tence of serotonin and substance P with-
in the same dense-core secretory gran-
ule. This latter observation raises a ma-
jor question with regard to the mecha-
nisms of such storage, since neuro-
peptides and neurotransmitters arrive
within secretory granules by different
routes; neurotransmitters arrive by an
active reuptake process at the synaptic
cleft, whereas peptides are synthesized
within the cell body and transported to
terminals, and packaged in the secretory
granules. The physiological significance
of the coexistence of neuropeptides and
neurotransmitters remains to be ex-
plored. Studies with vasoactive intesti-
nal polypeptide and acetylcholine sug-
gest functional interactions (55). A
marked increase in the affinity of acetyl-
choline for muscarinic receptors in the
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cat submandibular gland is produced by
physiologically relevant concentrations
of VIP (55). A VIP antiserum partially
blocks the atropine-resistant vasodila-
tion produced by parasympathetic nerve
stimulation (55).

Functions of Brain Peptides

The functions of peptides in the cen-
tral nervous system have been assessed
by several types of studies. First, the
effect of the peptide in question has been
observed on a variety of behaviors. The
peptide is usually administered intraven-
tricularly or intracerebrally. Since some
of the observed events may represent
pharmacological rather than physiologi-
cal effects, studies have been performed
observing the behavioral effects of dele-
tion of the action of an endogenous pep-
tide by administration of antagonists or

antiserum to the peptide in question. A
second type of study has been that of
determination of peptide concentrations
in central nervous system diseases. This
has been done either on postmortem
samples of cerebral tissues or in cerebro-
spinal fluid. Cerebrospinal fluid (CSF),
because of its accessibility, might appear
to offer a more suitable approach, in
view of the problems presented in evalu-
ating peptide concentrations in postmor-
tem specimens obtained when available
after death of the patient rather than at a
fixed time as in animals. Most such stud-
ies, however, have been performed on
lumbar fluid; in view of the distribution
of peptides throughout the neuraxis,
measurement of concentrations in lum-
bar CSF may reflect release of spinal-
cord peptides rather than of brain pep-
tides. Furthermore, in the case of those
peptides with diffuse central nervous
system distribution, there could be alter-
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Fig. 4. Relative concentrations of selected neuropeptides in selected central nervous system
areas. The amygdaloid complex and hippocampus are considered part of the limbic system. The
median eminence refers to a specialized area of the hypothalamus located in the inferior portion
of the third ventricle, containing endings of the hypophysiotropic and other neurons in the
capillaries of the hypophyseal portal circulation. Also depicted are those areas in which cell
bodies containing the designated peptides have been demonstrated immunocytochemically.
Data are those of demonstration by various types of criteria. In the instances of the known
neurotransmitters, releasing hormones, substance P, and enkephalin, their chemical identity
has been established. The presence of the ACTH precursor molecule and other *‘pituitary’’
hormones contained therein has been established by immunocytochemical, immunoassay,
biosynthetic, and cDNA hybridization techniques. The other peptides cited have thus far been
characterized by immunoassay or immunocytochemistry. The data cited for vasopressin, long
known to occur in the magnocellular nuclei and the tuberohypophyseal tract, represents that of
the demonstration of its more widespread central nervous system distribution. Abbreviations
used: SRIF, somatostatin; B-Ep, B-endorphin; ENK, enkephalin; NT, neurotensin; VIP,
vasoactive intestinal polypeptide; VP, vasopressin; ANG, angiotensin; ACTH, adrenocortico-
tropic hormone; a-MSH, a-melanocyte-stimulating hormone; Sub P, substance P.

981



ations in concentration only in a local-
ized area, which would be insufficient to
be reflected in the levels determined in
CSF.

With these caveats, selected aspects
of the effects of brain peptides on several
major homeostatic systems are consid-
ered below. It will become apparent that
each of these systems is affected by
multiple neuropeptides, as well as by
conventional neurotransmitters. Defin-
ing the interactions of these substances,
their individual roles in the response of a
given system to different types of inputs,
as well as elucidating which may be the
transmitter employed in the ‘‘final com-
mon pathway’’ in a given system, remain
challenging questions.

Effects of Peptides on

Behavioral Systems

Pain. Peripheral sensory information
that is perceived as pain reaches the
central nervous system by way of nerves
that terminate in the dorsal horn of the
spinal cord. Neurons within the dorsal
horn-send afferent processes to the sub-
stantia gelatinosa of the central nervous
system and also receive inputs from oth-
er neighboring neurons, as well as de-
scending inputs from brainstem centers.
Although most reports have stressed an
interaction between substance P (which
has been shown to be a sensory transmit-
ter released by certain classes of afferent
neurons) and enkephalin and related
opioid peptides, whose inhibitory effects
on dorsal horn neurons may explain their
analgesic action, it should be stressed
that a number of peptides are present at
all the different levels of the pathways
subserving pain (56). In addition to sub-
stance P, somatostatin, VIP, CCK-8,
and angiotensin have been demonstrated
in primary sensory neurons. Within the
dorsal horn, neurons containing enkeph-
alin, substance P, CCK-8, somatostatin,
neurotensin, bombesin, and pancreatic
polypeptide have been described. Sub-
stance P, TRH, enkephalin, oxytocin,
vasopressin, and angiotensin are present
in the descending supraspinal pathway to
the dorsal horn. Interactions of these
peptides in pain perception appear to be
extremely complex.

Memory, learning, and behavior.
Available data suggest that fragments of
ACTH and o-MSH (the ACTH se-
quences 4 to 7 and 4 to 10), which are
devoid of hormonal effects, as well as -
endorphin and the enkephalins, facilitate
acquisition of avoidance behavior, an
effect interpreted as memory formation.
In addition, these peptides also can in-
hibit the extinction of avoidance behav-

ior on stimulus withdrawal, an effect
interpreted as persistence of a learned
response (57, 58). Products of B-endor-
phin, such as a- and +y-endorphin [B-
endorphin (1 to 16) and (1 to 17), respec-
tively], have opposite behavioral effects,
a-endorphin being excitatory whereas vy-
endorphin is neuroleptic. In some in-
stances, the ACTH(4 to 7)-like peptides
and B-endorphin have opposite effects
on various types of behavior. Since all of
these peptides are derived by processing
from the POMC precursor molecule, this
raises the question as to whether differ-
ent types of processing occur in different
terminal areas, and whether the different
peptides may interact with each other as
a local feedback modulatory system.

Vasopressin has also been reported to
have similar effects on acquisition and
extinction (59), although it has been pro-
posed that this peptide is involved in
long-term memory, in contrast to the
effect of the ACTH fragments, which is
postulated to be on short-term memory
processes. Oxytocin is reported to have
behavioral effects opposite to those of
vasopressin (60). It has been suggested
that the effects of vasopressin are medi-
ated by its interaction with central cate-
cholaminergic systems. Others have in-
terpreted the behavioral effects of vaso-
pressin as secondary to its action on
blood pressure regulation, with the cen-
tral catecholaminergic effects occurring
in response to such changes rather than
their representing direct central nervous
system effects of vasopressin (57).

There are preliminary data that the
recently discovered CRF may produce
central behavioral activation (61). The
relation of such effects to alterations in
brain concentrations of POMC-related
peptides and those of vasopressin, pre-
sumably by stimulating adrenal medul-
lary catecholamine secretion, remains to
be investigated.

Although the preceding studies sug-
gest a role for peptides in cognitive func-
tion, the specificity of these responses,
the question of their central as compared
to their peripheral actions, and their bio-
chemical and physiological bases require
further investigation. In clinical studies,
there are both positive and negative re-
ports that systemic administration of

‘ACTH(4 to 10) can increase attention

and visual discrimination (58, 62). Most
such studies have been performed in
young, healthy volunteers; it may well
be that studies in elderly persons whose
cognitive functions are disturbed may
provide more significant information.
Administration of both lysine vasopres-
sin to elderly subjects and a synthetic
analog of vasopressin (1-des-amino-D-
arginine-8 vasopressin) to young control

subjects (63, 64) was associated with
improved performance in tests measur-
ing long-term memory. Vasopressin has
also been reported to improve memory
in patients suffering from retrograde am-
nesia (65). Still unexplained is the long
duration of the effect of a single dose of
vasopressin on the behaviors tested.

Psychiatric disease. Although early
studies had suggested that TRH adminis-
tration might be effective for treating
depressed patients, such reports have
not been substantiated (66). There has
been considerable recent interest in the
role of endogenous opioids in psychiatric
disease. This has been occasioned by the
discovery of the endogenous opioid li-
gands, detection of opiate receptors in
the limbic system (an area implicated in
emotional behavior), the demonstration
of interactions between opioid systems
and the monoamine systems which had
previously been implicated in psychiatric
disease, and reports of behavioral effects
of central administration of opioids.

Studies performed in schizophrenic
subjects has suggested the presence of
both increased and decreased opiate ac-
tivity. Terenius (67) has reported the
presence of fractions containing in-
creased opioid-like activity in CSF ob-
tained from unmedicated schizophrenic
subjects, such activity being in fractions
other than those that would contain B-
endorphin and the enkephalins. Such in-
creased levels decreased in some pa-
tients who manifested clinical improve-
ment on therapy. There have also been
reports in which no alterations in CSF
opioid levels were detected in schizo-
phrenic patients. Many reported studies
have not adequately characterized the
opioid being measured, nor has there
been adequate diagnostic definition of
the psychiatric subgroup studied.

On the basis of the suggestion that
increased opioid activity is present in
schizophrenia, naloxone (an opioid an-
tagonist) has been administered thera-
peutically, with reports of decreased hal-
lucinations following high-dose naloxone
administration (68). In studies based on
the hypothesis that an opioid deficiency
exists in schizophrenic subjects, the
therapeutic response to intravenous ad-
ministration of B-endorphin has been
studied, with inconclusive results (69).
De Wied et al. (70) have suggested that
schizophrenics cannot convert B-endor-
phin to des-tyrosine y-endorphin, postu-
lated by them to normally function as a
neuroleptic agent. Although this group
has reported encouraging clinical re-
sponses utilizing des-tyrosine vy-endor-
phin for treatment of schizophrenia, neg-
ative results have been reported by oth-
ers (71).



Feeding. Previous studies of central
nervous system regulation of ingestive
behavior had indicated the presence of a
medial hypothalamic satiety center re-
ceiving stimulatory serotonergic and in-
hibitory adrenergic inputs, and a lateral
hypothalamic ‘‘feeding center’’ receiv-
ing a prominent dopaminergic input. Re-
ciprocal interactions appear to occur be-
tween these two areas, characterized by
mutual inhibition; that is, activation of
one area results in inhibition of the other,
whereas suppression of one results in
activation of the other. More recently,
peptide involvement in the regulation of
feeding behavior has been described.
For example, various studies suggest
that opioids participate in regulation of
events that result in ingestive behavior;
for example, (i) administration of opioid
peptides into discrete central nervous
system regions will stimulate feeding
(72); (ii) higher levels of brain endorphin
are present in the obese Zucker rat (73);
and (iii) fasting is associated with de-
creased hypothalamic B-endorphin con-
centrations (74). Since B-endorphin can
modulate the turnover of central mono-
amines, which, as noted above, affect
feeding behavior, this action may repre-
sent the basis for the opiate effect.

A large number of other peptides ap-
pear to suppress feeding behavior, per-
haps by inhibiting such opioid stimula-
tion. CCK-8, the predominant form of
CCK present in brain, and which is also
present in intestinal tract, appears to
decrease feeding behavior after either its
parenteral or central administration (75).
Other peptides, such as insulin (when
administered centrally), bombesin, calci-
tonin, CRF, and TRH, also depress feed-
ing behavior. Their site of action has
been presumed to be within the central
nervous system, with controversy over
whether their effects are mediated via
interactions with catecholaminergic sys-
tems. In addition, a number of these
peptides have also been described as
having effects on glucoregulation; hypo-
glycemia is known to be a potent stimu-
lus to feeding behavior, and hyperglyce-
mia may be associated with satiety.

The only clinical correlate of these
studies has been with regard to CCK-8,
for which it has been reported that its
peripheral administration decreases food
intake in obese males (76).

Temperature. Recent studies have im-
plicated a number of brain peptides in
the regulation of body temperature (77).
In many instances, information is lacking
as to their specific locus and mode of
action (that is, whether they act by way
of alteration of the central set-point at
which heat loss or conservation is elicit-
ed, via activation of efferent thermoregu-

‘latory pathways involved in heat produc-

tion or heat loss, or by altering behavior-
al mechanisms which involve a choice of
alternative thermal environments). Intra-
cranial injection of TRH is associated
with hyperthermia (78), whereas admin-
istration of an antiserum to TRH into the
lateral ventricle is associated with a de-
crease in core body temperature (79).
These effects of TRH are also observed
in hypophysectomized animals, implying
a central rather than a peripheral effect
secondary to increased thyroid hormone
release. Hyperthermia induced by TRH
is prevented by indomethacin, suggest-
ing the involvement of endogenous pros-
taglandins, which are thermogenic.
[Such an effect may be mediated via the
facilitative mitochondrial calcium uptake
produced by prostaglandins, since a de-
crease in local calcium concentrations
elevates core temperature (80).] A hypo-
thermic effect of B-endorphin and other
opioids has also been reported. Such
effects are dose-dependent, high doses
producing hypothermia and low doses
producing hyperthermia (8/). Naloxone
reverses some of the thermoregulatory
effects of B-endorphin, but not of en-
kephalins. Naloxone can also produce
disordered thermal regulation in animals
exposed to cold or hot environments,
suggesting a role of endogenous opioids
in temperature adaptation (82). Concen-
trations of a-MSH in the septum rise
during fever (83), and central or periph-
eral administration of a-MSH and ACTH
induces hypothermia or produces -anti-
pyresis, an effect present in adrenalecto-
mized animals (84). Vasopressin release
in the septal area after induction of fever
has also been demonstrated (85). There
appear, however, to be species differ-
ences regarding the efficacy of vasopres-
sin as an antipyretic agent (86).

Blood pressure. There is a consider-
able body of evidence that, in addition to
adrenal, renal, and dietary factors, the
central nervous system occupies an im-
portant role in blood pressure control.
Since all of the components of the renin-
angiotensin system appear to be present
in brain, a natural area of inquiry was the
role of this central system in blood pres-
sure regulation, in comparison to that of
its peripheral counterpart. Central ad-
ministration of angiotensin increases
blood pressure, an effect blocked by
central angiotensin receptor blockade
with saralasin. Intraventricular sarala-
sin, as well as an angiotensin-converting
enzyme inhibitor, will decrease blood
pressure in the spontaneously hyperten-
sive rat of a stroke-prone strain (87).
There are no data on possible interac-
tions between the peripheral and the
central angiotensin systems. As in all of

the other homeostatic systems, opioids
have also been implicated in the control
of blood pressure. Consideration will be
given only to their possible central role,
although effects of peripheral opioids,
especially the adrenal medullary enke-
phalins, have also been described. Much
of the evidence for a central role of
opioids comes from studies in which the
opiate antagonist naloxone has been
used to reverse the manifestations of
various forms of hypotensive shock,
such as endotoxic shock, hemorrhagic
shock, or spinal shock (88). Even more
than naloxone, TRH can also reverse the
hypotensive manifestations of various
forms of shock (89). Clonidine, an «-
adrenergic agonist which increases cen-
tral B-endorphin levels (90), can reduce
blood pressure of spontaneously hyper-
tensive rats (91). These findings may
have clinical applicability. There are re-
cent reports that continuous naloxone
infusion was associated with reversal of
hypotension in a ventilator-dependent
patient (87), and transient increases in
blood pressure have been reported after
naloxone administration to patients with
septic shock (92).

Overview of functions of brain pep-
tides. From the foregoing, it is apparent
that given behaviors are governed by
multiple peptides. The hierarchy of such
involvement and the interrelations of the
various components affecting a given be-
havior still remain to be determined.
Reports that the multiple peptides in-
volved in the expression of the behavior-
al patterns associated with egg-laying are
all part of a single gene family (93) raise
the possibility that a similar explanation
may exist for some of the multiple pep-
tides involved in a given homeostatic
system. For many of the peptides de-
scribed in brain, their major functional
role is unknown, and for some no role
has yet been defined. With additional
knowledge of the central nervous sys-
tem, active forms of these peptides
(which may differ from their forms in
other tissues), their physiological regula-
tion, and the physiological effects of an-
tagonists thereto, new insights should be
forthcoming.

Alterations of Concentrations of

Brain Peptides in Disease

Alterations in concentrations of brain
peptides are being studied for their use
as possible markers in a number of neu-
rological diseases. This field is still in its
scientific infancy. Nevertheless, inter-
esting findings have been reported to
date in two major degenerative neurolog-
ical diseases of unknown etiology: Alz-



heimer’s disease and Huntington’s dis-
ease (an autosomal dominant hereditary
disorder). In Alzheimer’s disease, there
appears to be a decrease in concentra-
tions of somatostatin within the cerebral
cortex in the areas affected by the neurit-
ic plaques and neurofibrillary tangles
which are characteristic of this disease,
although levels of two other peptides
with prominent cortical distribution
(CCK-8 and VIP) appear to be normal
(94). In Huntington’s disease, which is
associated with marked neuronal loss in
the basal ganglia, concentrations of
CCK-8, substance P, and enkephalin are
reported to be decreased in this area,
while somatostatin concentrations are
increased (95), so that the peptide losses
noted do not wholly appear to be a
consequence of neuronal loss. CCK re-
ceptor binding is also reduced in both the
basal ganglia and cortex of patients with
Huntington’s disease, whereas it is nor-
mal in patients with Alzheimer’s disease
9I1).

There have also been two clinical re-
ports implicating endorphin in diseases
with altered central nervous system
function. Naloxone administration was
associated with improvement in a syn-
drome associated with obesity, abnormal
temperature control, respiratory depres-
sion, decreased pain perception, and al-
terations in sleep and mood. In this in-
stance, Met-enkephalin and immunore-
active B-endorphin in CSF were normal
(96). In another case of subacute necro-
tizing encephalopathy, characterized by
periods of prolonged apnea, uncon-
sciousness, hypothermia, and restless-
ness, such symptoms were reversed on
some occasions after naloxone adminis-
tration. Analysis of CSF demonstrated
an increase in uncharacterized opioid-
like activity, while determination of opi-
ate concentrations in brain (autopsy per-
formed 26 hours after death) revealed
that Met- and Leu-enkephalin concentra-
tions were increased in the cortex but
not in other central nervous system areas
examined, while B-endorphin concentra-
tions were normal (98).

The role of any of these described
alterations in peptide concentrations as
primary events in the etiologies of the
diseases noted, or whether they are sec-
ondary to other neurotransmitter distur-
bances, still requires clarification.

From the foregoing, it would appear
that peptides have the potential for ther-
apeutic intervention in diseases charac-
terized by malfunctioning of a number of
body homeostatic systems. The observa-
tion that multiple neuroactive substances
appear to be involved in the regulation of
a given system and the observation that a
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given peptide has multiple effects pose
some problems in the development of
possible therapeutic agents. Develop-
ment of analogs that may provide speci-
ficity for a given effect, of long-acting
agonist derivatives (in view of the very
short half-life of the naturally occurring
substances), and of modified peptide
structures which can circumvent the
blood-brain barrier present for a given
peptide represent some possible ap-
proaches. Development of peptide an-
tagonists may be required in instances in
which an action of a given peptide may
be excessive.

Conclusion

A large number of peptides are present
in the central nervous system, some of
which also have been shown to be syn-
thesized within the brain. Some of these
peptides have been described previously
as occurring in other tissues or in other
species, raising questions as to their evo-
lutionary origin and significance. These
peptides are believed to function as neu-
rotransmitters, although the mechanism
of action for many of these peptides is
still unclear, as is their functional role.
Their involvement in the regulation of a
number of homeostatic systems appear
to occur in concert with that of the other
previously described neurotransmitters
(for example, catecholamines and acetyl-
choline). Delineation of such interac-
tions should aid in the understanding of
the intricacy of central nervous system
function. Additional physiological and
pharmacological studies are necessary to
assess the role of these peptides, both in
health and in disease, and to offer thera-
peutic approaches in a variety of disease
states. As stated by Scharrer, ‘‘Neurons
and endocrine cells specializing in pep-
tide production are not too far apart. The
search for general principles has re-
vealed a remarkable degree of unity as
well as diversity in the organization of
the family of peptidergic neural media-
tors and their cellular sources. A solid
foundation has been created on which
future basic and clinical research efforts
can be built’’ (99).
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