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Brain Peptides Controlling 

Adenohypophysial Functions 

In the early 1950's, data from several 

groups in the United States and Europe 
showed that the endocrine secretions of 
the anterior lobe of the hypophysis- 
well known by then to control all the 
functions of all the target endocrine 

glands (thyroid, gonads, adrenal cortex) 
plus the overall somatic growth of the in- 
dividual-were regulated by some in- 

tegrative mechanism located in neuronal 
elements of the ventral hypothalamus 
(/). Because of the peculiar anatomy of 
the junctional region between ventral hy- 
pothalamus (floor of the third ventricle) 
and the parenchymal tissue of the ante- 
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rior lobe of the pituitary (Fig. 1), the 
mechanisms involved in this hypotha- 
lamic control of adenohypophysial func- 
tions were best explained by proposing 
the secretion of products from (unchar- 
acterized) neuronal elements of the ven- 
tral hypothalamus. Such products would 
somehow reach the adenohypophysis by 
way of the capillary vessels that ap- 
peared to join the floor of the hypothala- 
mus to the pituitary gland. The concept 
of neurosecretion, or the ability of some 
hypothalamic neurons to secrete pro- 
teins related to the posterior pituitary 
hormones, had been proposed earlier by 
E. Scharrer and B. Scharrer (2). 

The concept of a humoral hypotha- 
lamic control of adenohypophysial func- 
tions was ascertained by means of simple 
experiments with combined tissue cul- 
tures of fragments of the pituitary gland 
and of the ventral hypothalamus (3). At- 
tempts to characterize the hypothetical 
hypothalamic hypophysiotropic factors 
started then. Simple reasoning and early 
chemical confirmation led to the hypoth- 
esis that these unknown substances 
would be small peptides. After several 
years of studies in several laboratories in 
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the United States, Europe, and Japan, it 
became clear that characterizing these 
substances would be a challenge of origi- 
nally unsuspected proportions. Entirely 
novel bioassays would have to be de- 
vised for routine testing of a large num- 
ber of fractions generated by the chem- 
ical purification schemes, and enormous 
amounts of hypothalamic fragments 
(from slaughterhouse animals) would 
have to be obtained if we were to have 
available a sufficient quantity of starting 
material to attempt a meaningful pro- 
gram of chemical isolation. The early 
pilot studies had indeed shown the hy- 
pothalamic substances to be extremely 
potent and, on the basis of simple as- 
sumptions, to be present in each hy- 
pothalamic fragment only in a few nano- 
gram quantities. 

Essentially one, then two groups of in- 
vestigators approached the problem with 
enough constancy and resolution to stay 
with it for the 10 years that it took to pro- 
vide the first definitive solution, that is, 
the primary structure of one of the hypo- 
thalamic hypophysiotropic factors. My 
own group, then at Baylor College of 
Medicine in Houston, Texas (with an 
episode at the College de France in 
Paris), organized the collection over sev- 
eral years of more than 5 million sheep 
brains, handling in the laboratory more 
than 50 tons of hypothalamic fragments. 
Schally and his collaborators, after he 
had left my laboratory at Baylor, collect- 
ed also very large numbers of porcine 
hypothalamic fragments. Late in 1968, 
from 300,000 sheep hypothalami, Burgus 
and I isolated 1.0 milligram of the first 
of these hypothalamic hypophysiotropic 
peptides, the thyrotropin-releasing fac- 
tor (TRF), the molecule by which the 
hypothalamus regulates through the pi- 
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tuitary the functions of the thyroid gland 
(4). 

The following year, after overcoming 
more technical difficulties, we estab- 
lished the primary structure of ovine 
TRF by mass spectrometry as that of the 
deceivingly simple tripeptide (pyro)Glu- 
His-Pro-NH2. The material of porcine 
origin was shown by Schally and his col- 
laborators to be identical. The synthetic 
replicate, rapidly available in unlimited 
quantities, was shown to be highly po- 
tent in all vertebrate species and particu- 
larly in man; it is now widely used 
throughout the world in a highly sensi- 
tive test of pituitary function and as an 
early means of detection of pituitary tu- 
mors in man. 

The isolation and characterization of 
TRF was the turning point which sepa- 
rated doubt-and often confusion-from 
unquestionable knowledge in this field. It 
was of such heuristic significance that I 
can say that neuroendocrinology became 
an established science on that event. 
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Purification, Isolation, and 

Characterization of TRF 

The characterization of the molecular 
structure of TRF was achieved in an un- 
conventional manner (5). In January 
1969, with the latest supply of highly pu- 
rified ovine TRF available-1.0 mg ob- 
tained from 300,000 sheep hypothalamus 
fragments-amino acid analysis of hy- 
drolyzates of this preparation in 6N hy- 
drochloric acid revealed only the amino 
acids, glutamic acid (Glu), histidine 
(His), and proline (Pro), in equimolar ra- 
tios and accounting in weight for 81 per- 
cent of the preparation [theoretical con- 
tribution for a tripeptide monoacetate is 
86 percent (6)]. Furthermore, the ul- 
traviolet, infrared, and nuclear magnetic 
resonance spectra obtained with that 
preparation of TRF were consistent with 
those of a polypeptide and, upon close 
examination, most of the characteristics 
of those spectra could be accounted for 
by the structural features of the amino 
acids found in the hydrolyzates of TRF. 
The solubility properties and the lack of 
volatility were consistent with those of a 
polypeptide; also, the lack of effect of 
classical proteolytic enzymes could be 
related to the particular amino acids ob- 
served. With the analyses of the more 
highly purified material unmistakably 
showing the amino acids to account for 
the total weight of the preparation, an 
earlier hypothesis that TRF could be a 
heteromeric polypeptide was therefore 
abandoned in favor of the possibility that 
it might be a cyclic or a protected pep- 
27 OCTOBER 1978 

e f 
Fig. 1. (a) Diagrammatic representation of the pituitary gland and the innervation of the neuro- 
hypophysis by nerve fibers from the nucleus paraventricularis (PVN) and supra-opticus (SON). 
(b) Localized lesions in the hypothalamus produce changes in the pituitary secretion of the 
various adenohypophysial hormones (increase , or decrease I ). (c) Diagrammatic represen- 
tation of the hypothalamo-hypophysial portal system. (d) Photomicrograph of the hypothalamo- 
hypophysial portal system after injection with an opaque dye. (e) Diagrammatic representation 
of the hypophysiotropic area. (f) Changes in pituitary secretion of various adenohypophysial 
hormones (increase ' , or decrease I ). 

tide, a view compatible with failure to 
detect an NH2-terminus (6-12) or a 
COOH-terminus (5, 11), and with resist- 
ance of the biological activity to pro- 
teases. 

We then reexamined, as Schally had 
done in 1968, derivatives of synthetic 
polypeptides containing equimolar ratios 
of these amino acids with a view to find- 
ing possible models for the methodology 
to be used in the characterization of 
ovine TRF. We tested for TRF activity 
six tripeptide isomers containing L-His, 
L-Pro, and L-Glu synthesized upon our 
request by Gillessen et al. (13) (contain- 
ing only the peptides involving the a-car- 
boxyl group of glutamic acid). The tri- 
peptides proved to be devoid of TRF ac- 
tivity, confirming the earlier results of 
Schally et al. (10, Il). Our response to 
these negative results differed, however, 
from that of Schally et al. (11), in that I 
proposed treating each of the six tripep- 
tides with acetic anhydride in an effort to 

protect the NH2-terminus as in natural 
TRF. 

The acetylation mixture from one, and 
only one of the peptides, namely H-Glu- 
His-Pro-OH, yielded biological activity 
qualitatively indistinguishable from that 
of natural TRF. It was active in vivo and 
in vitro in assays specific for TRF, and 
its action in vivo was blocked by prior 
injection of the animals with thyroxine 
(14). The specific activity of the material 
obtained was lower (about 1 x 10-3) than 
that of purified natural TRF. The nature 
of several possible reaction products was 
considered: mono- or diacetyl deriva- 
tives, polymers of Glu-His-Pro, and cy- 
clic peptide derivatives, or derivatives 
containing pyroglutamic acid [(pyro)Glu] 
as the NH2-terminus. Subsequently we 
reported (14, 15) that the major product 
by weight of this procedure was indeed 
(pyro)Glu-His-Pro-OH. The material 
was isolated from the reaction mixture 
and its structure was confirmed by mass 
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spectrometry of the methyl ester, by 
comparing it with authentic (pyro)Glu- 
His-Pro-OH (13), by thin-layer chro- 
matography and infrared spectroscopy 
and by its intrinsic biological activity 
in vivo. 

This was the first demonstration of a 
fully characterized synthetic molecule, 
on the basis of the known composition of 
natural TRF, reproducing the biological 
activity of a hypothalamic releasing fac- 
tor. 

Because of the differences between 
the specific biological activities of 
(pyro)Glu-His-Pro-OH and natural ovine 
TRF and the different behavior of these 
two compounds in various chromato- 
graphic systems, it was evident that TRF 
was not (pyro)Glu-His-Pro-OH as such. 
From knowledge of the primary struc- 
tures of other biologically active poly- 
peptides (vasopressins, oxytocin, gas- 
trins, for example), Burgus proposed 
that a likely candidate for the structure 
of the natural material would be 
(pyro)Glu-His-Pro-NH2, and synthesis 
of this material was approached through 
the simple procedure of methanolysis of 
the methyl ester, (pyro)Glu-His-Pro- 
OMe (15-17). 

The ester, prepared by treatment of 
the pure synthetic (pyro)Glu-His-Pro- 
OH with methanolic HC1, was purified 
by partition chromatography and identi- 
fied as (pyro)Glu-His-Pro-OMe on the 
basis of its behavior on thin-layer chro- 
matography, its infrared spectrum, and 
by mass spectrometry (16, 17). Its bio- 
logical activity in vitro and in vivo now 
approached half of the specific activity of 
isolated ovine TRF. Ammonolysis of the 

methyl ester in methanol produced a ma- 
terial which upon partition chromatogra- 
phy gave a small yield of a substance, 
presumably (pyro)Glu-His-Pro-NH2, oc- 
curring in a Pauly-positive zone sepa- 
rated from the starting material, which 
had a specific activity in vivo or in vitro 
statistically identical to that of ovine 
TRF. Among the derivatives tested, the 
properties of native ovine TRF most 
closely matched that of the amide, failing 
to separate from the synthetic compound 
in four different systems of thin-layer 
chromatography when run in mixtures. 
The infrared spectra of several of the 
more highly purified preparations of the 
amide, including (pyro)Glu-His-Pro-NH2 
now prepared by total synthesis (13), 
were almost identical to that of ovine 
TRF, showing only minor differences in 
two regions of the spectra. These new 
observations, together with the demon- 
stration that the specific activity of 
(pyro)Glu-His-Pro-NH2 was not statisti- 
cally different from that of natural ovine 
TRF, led us to reconsider (16, 18) an ear- 
lier hypothesis (15) that ovine TRF may 
have a secondary or tertiary amide on 
the COOH-terminal proline, rather than 
correspond to the primary amide of the 
tripeptide (pyro)Glu-His-Pro. 

Availability of large amounts of the 
synthetic tripeptides made possible a se- 
ries of experiments with Desiderio, of 
Horning's group at Baylor, to modify the 
design of the direct probe of the then 
available low resolution mass spectrom- 
eter and simultaneously to obtain vola- 
tile derivatives of the peptides that 
would give clear mass spectra on only a 
few micrograms of the peptides. Once 

this was achieved, we obtained evidence 
that the native ovine TRF preparation 
originally obtained in late 1968 was es- 
sentially homogeneous and had unques- 
tionably the structure (pyro)Glu-His- 
Pro-NH2. Both synthetic (pyro)Glu-His- 
Pro-NH2 (16-18) and the highly purified 
ovine TRF (6) were introduced by direct 
probe into a low resolution mass spec- 
trometer as the methyl or trifluoroacetyl 
derivatives (Fig. 2). All preparations 
gave volatile materials in the temper- 
ature range of 150? to 200?C (< 10-6 torr). 
Several mass spectra taken throughout 
the range of the thermal gradient (seven 
in the case of the isolated ovine TRF) 
showed fragmentation patterns corres- 
ponding to a single component. Although 
none of the spectra revealed a molecular 
ion, fragments arising from the struc- 
tures (pyro)Glu, methyl-(pyro)Glu, His, 
methyl-His, Pro, Pro-NH2, CONH2, 
(pyro)Glu-His, and His-Pro-NH2 were 
observed. The low resolution mass 
spectra of the corresponding derivatives 
of synthethic (pyro)Glu-His-Pro-NH2 
and TRF were essentially identical. 
Fragments arising from unsubstituted 
(pyro)Glu or His were observed in the 
spectra of both types of derivatives. 

The elemental compositions of these 
fragments were confirmed by high reso- 
lution mass spectroscopy of the methyl 
derivatives (16, 18). 

Thus, the structure of ovine TRF as 
isolated from the hypothalamus was 
established as (pyro)Glu-His-Pro-NH2 
(Fig. 3). However, we did point out (18) 
the possibility that, as opposed to the 
isolated material, the native molecule of 
TRF might occur as Gln-His-Pro-NH2 
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(where Gin is glutaminyl) either free or 
conjugated to another structure such as a 
protein, which would not be necessary 
for biological activity in vivo or in vitro. 
We and others are still looking for a hy- 
pothetical prohormone of TRF. 

The structure of porcine TRF was 
shown by Schally and his collaborators 
to be identical with that of (pyro)Glu- 
His-Pro-NH2; mass spectrometry was al- 
so the method of ultimate proof used by 
Nair et al. (19). 

It was rapidly shown that TRF shows 
no evidence of species specificity for its 
biological actions, (pyro)Glu-His-Pro- 
NH2 being readily active in humans (20, 
21). 

Purification, Isolation, and 

Characterization of LRF 

In the early 1960's, several investiga- 
tors reported experimental results that 
were best explained by proposing that 
crude aqueous extracts of hypothalamic 
tissues contained substances that specifi- 
cally stimulated the secretion of lute- 
inizing hormone (LH), and that were 

probably polypeptides (22-24). The ac- 
tive substance was named LH-releasing 
factor or LRF. Preparations of LRF, ac- 
tive at 1 microgram per dose in animal 
bioassays, were soon obtained by gel fil- 
tration and ion-exchange chromatogra- 
phy on carboxymethylcellulose (11, 25). 
In spite of the vagaries of the various 
bioassay methods available, several lab- 
oratories reported preparations of LRF 
of increased potency. Several of these 
early reports, however, contained con- 
tradictory statements regarding puri- 
fication and separation of LRF from a 
follicle-stimulating hormone (FSH) re- 
leasing factor (11,25-27). 

Two laboratories independently re- 
ported in 1971 the isolation of porcine 
LRF (28) and ovine LRF (29), both 
groups concluding that LRF from either 
species was a nonapeptide containing, 
on the basis of acid hydrolysis, His, 1; 
Arg, 1; Ser, 1; Glu, 1; Pro, 1; Gly 2; Leu, 
1; Tyr, 1. Earlier results with the pyrroli- 
done-carboxylpeptidase prepared by 
Fellows and Mudge (30) had led us to 
conclude (31) that the NH2-terminal resi- 
due of LRF was Glu in its cyclized py- 
roglutamic [(pyro)Glu] form, as in the 
case of hypothalamic TRF [(pyro)Glu- 
His-Pro-NH2]. The total amount of the 
highly purified ovine LRF that we had 
isolated from side fractions of the TRF 
program and that was available for 
amino acid sequencing was about 80 
nanomoles (as measured by quantitative 
dansylation). 
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Fig. 3. The primary structure of TRF (ovine) 
with the fragmentation points of mass spec- 
trometry indicated (A to G). R, and R2 repre- 
sent the methyl derivative prepared for mass 
spectrometry; in the native molecule R = 
R2 = H. 

It is to the credit of Schally's group 
that porcine LRF was first reported (32) 
to contain one residue of tryptophan 
(Trp) in addition to the other amino acids 
earlier observed by acid hydrolysis. On 
the basis of experiments conducted on 
about 200 nmole of peptide and which in- 
cluded enzymatic hydrolysis with chy- 
motrypsin and thermolysin, and analysis 
of the partial sequences of their decapep- 
tide by Edman degradation-dansylation 
and selective tritiation of COOH-termi- 
nals, Matsuo et al. (33) proposed the se- 
quence (pyro)Glu-His-Trp-Ser-Tyr-Gly- 
Leu-Arg-Pro-Gly-NH2 for porcine LRF 
as that best compatible with the partial 
sequence data. They also stated that syn- 
thesis of that particular sequence had 
given a material with biological activity. 
A few weeks later, we reported the syn- 
thesis by solid-phase methods of the 
decapeptide (pyro)Glu-His-Trp-Ser-Tyr- 
Gly-Leu-Arg-Pro-Gly-NH2; after isola- 
tion from the reaction mixture it had 
quantitatively the full biological activity 
in vivo and in vitro of ovine LRF (34). 

Shortly thereafter, we reported (35) 
the amino acid sequence of ovine LRF 
obtained on 40 nmole of peptide by anal- 
ysis of hydrolysis products after diges- 
tion with chymotrypsin or pyrrolidone- 
carboxylpeptidase. For this analysis 
we used Edman degradation followed by 
determination of NH2- and COOH-termi- 
nals by a quantitative 14C-dansylation 
technique. Confirmation of the positions 
of some of the amino acid residues ob- 
tained by combined gas chromatograph- 
ic-mass spectrometric analysis of phe- 
nylthiohydantoin (PTH) derivatives (36, 
37) resulting from Edman degradations 
was described. We also reported results 
obtained by degradation of the synthetic 
decapeptide, since they confirmed and 
clarified some peculiarities observed up- 
on enzymatic cleavage of the native pep- 
tide (38). 

The amino acid sequence of ovine 
LRF was found to be identical to that of 
the material of porcine origin. 

Of considerable interest was the ob- 
servation that the synthetic replicate of 
LRF, now available in large quantities, 
stimulated the secretion of both LH and 
FSH in vivo and in vitro. This confirmed 
the earlier results obtained with the mi- 
nute quantities of the isolated ovine or 
porcine LRF (28, 29) and cast doubt on 
earlier reports (11, 39, 40) that LRF free 
of FSH-releasing activity had been ob- 
tained. 

There is now no solid evidence of an 
FSH-releasing factor existing as a specif- 
ic entity, discrete from the decapeptide 
LRF [but see (41)]. All analogs of LRF 
that have been synthesized release LH 
and FSH with the same ratio of specific 
activity when this is related to the activi- 
ty of LRF in the particular assay in- 
volved. Also, the two gonadotropins 
(LH and FSH) occur primarily in the 
same secretory granules of the same pi- 
tuitary cell (42). 

Later on, Schally's group (43) and our 
group (44) confirmed the primary struc- 
ture of, respectively, porcine and ovine 
LRF, using larger quantities of native 
material. 

Purification, Isolation, and 

Characterization of Somatostatin 

Although it has been generally accept- 
ed that control of the pituitary secretion 
of growth hormone (GH) is exerted by a 
hypothalamic hypophysiotropic releas- 
ing factor, no such factor has yet been 
isolated. The "GH-RH" characterized 
by Schally et al. (45) as H-Val-His-Leu- 
Ser-Ala-Glu-Glu-Lys-Glu-Ala-OH (where 
Val is valine; Leu, leucine; Ser, serine; 
Ala, alanine; and Lys, lysine), was found 
to be a decapeptide fragment of the NH2- 
terminal of the /-chain of porcine hemo- 
globin (46) that was inactive in stimulat- 
ing secretion of immunoreactive GH, as 
was a tetrapeptide reported by Yudaev 
et al. (47). 

In searching for this still hypothetical 
somatotropin-releasing factor in the 
crude hypothalamic extracts used in the 
isolation of TRF and LRF, we regularly 
observed that their addition in minute 
doses (< .001 of a hypothalamic frag- 
ment equivalent) to the incubation fluid 
of dispersed rat pituitary cells in mono- 
layer cultures (48) significantly de- 
creased the resting secretion of immuno- 
reactive GH by the pituitary cells. This 
inhibition was related to the dose of hy- 
pothalamic extract added and appeared 
to be specific. It was not produced by 
similar extracts of cerebellum, and the 
crude hypothalamic extracts that inhib- 
ited secretion of GH simultaneously 
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stimulated secretion of LH and thyrotro- 
pin. The inhibition of GH secretion 
could not be duplicated by addition to 
the assay system of Args-vasopressin, 
oxytocin, histamine, various polyamines, 
serotonin, catecholamines, LRF, or TRF. 
We decided to attribute this inhibitory 
effect on the secretion of GH to a soma- 
totropin release inhibiting factor, which 
we later named somatostatin. 

Inhibition of secretion of GH by crude 
hypothalamic preparations had been re- 
ported by others (49), but the active fac- 
tor had not been characterized. Starting 
with the chloroform-methanol-glacial 

acetic acid extract of about 500,000 
sheep hypothalamic fragments (35, 38) 
that we had used in characterizing the 
gonadotropin releasing factor, we at- 
tempted to isolate the factor that inhib- 
ited somatotropin release. The extract (2 
kilograms) had been partitioned in two 
systems; the LRF concentrate was sub- 
jected to ion-exchange chromatography 
on carboxymethylcellulose. At that 
stage, a fraction with GH release inhib- 
iting activity was observed well sepa- 
rated from the LRF zone; it was further 
purified by gel filtration (Sephadex G-25) 
and liquid partition chromatography (n- 

butanol, acetic acid, and water, 4:1:5 
by volume). Thin-layer chromatography 
and electrophoresis of the final product 
showed only traces of peptide impu- 
rities. the yield was 8.5 mg of a product 
containing 75 percent of amino acids by 
weight; we will refer to this material by 
the name somatostatin which was ac- 
tually given to it only after it had been 
fully characterized. 

Analysis of amino acids obtained from 
somatostatin after acid hydrolysis in 6N 
HCI-0.5 percent thioglycollic acid gave 
the molar ratios Ala, 0.9; Gly, 1.1; Cys 
(cysteine), 0.2; Cys-SS-Cys, 1.0; Lys, 
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are: (A) H-Tyr-Gly-Gly-Phe-Met-Thr-Ser for the NH2-terminal fragment; (B) H-Ser-Gln-Thr-Pro-Leu-Val-Thr-OH for the COOH-terminal frag- 
ment. 

394 SCIENCE, VOL. 202 

LOSS OF CH3(CD3 _- -- _---_-_-_- 

o00 

8C 

1010 1221 

(1054) (1224) 
1051 122 

LOSS OF 30 

(1086) (1256) . ,, 
1083 1253 1312 

CM-CH - N-CH-C-'-OCH. 

CH2 (CM2)4 

CH; N-CH. 

Ca0 C0-0 

OCHs CH3 

8C 

6C 

4C 

_)2 

. 11111 

H 
I 

m/e 220 240 260 280 300 320 340 360 380 400' 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 

w 
z 

z 

m/e 640 660 680 700 720 740 760 780 800 820 840 860 
I - I 



2.0; Asp (aspartic acid), 1.0; Phe (phen- 
ylalanine), 3.3; Trp, 0.5; Thr (threonine), 
2.0; Ser, 0.8; and NH3, 1.1. Enzymic hy- 
drolysis gave the ratios Ala, 0.9; Gly, 
0.9; Lys, 2.0; Phe, 3.4; and Trp, 0.9; Asn 

(asparagine), Thr, and Ser were not well 
resolved, giving a total of about 3.6 moles 
per mole of peptide. Edman degradation 
of the carboxymethylated trypsin digests 
of somatostatin and mass spectrometry 
led to the final demonstration of the fol- 
lowing primary structure for somatosta- 
tin: H-Ala-Gly-Cys-Lys-Asn-Phe-Phe- 
Trp-Lys-Thr-Phe-Thr-Ser-Cys-OH, in 
the oxidized form (50). 

This peptide, which was soon synthe- 
sized by the Merrifield method (51), was 
biologically active in vivo and in vitro 
(52-54) and, unexpectedly, the reduced 
form was as active as the oxidized form. 

Endorphins: Opiate-Like Peptides of 

Brain or Pituitary Origin 

The demonstration some years ago of 
(synaptosomal) opiate receptors in the 
brains of mammals (55) led to the search 
of what have been termed the endoge- 
nous-ligands of these opiate receptors. 
The generic name endorphins (from en- 
dogenous and morphine) was proposed 
for these (then hypothetical substances) 
by Eric Simon and will be used here. 
Some time in the summer of 1975 I be- 
came interested in these early observa- 
tions largely because of the possibility 
that, like morphine, the endorphins might 
stimulate the secretion of GH. The iso- 
lation of these endogenous ligands of the 
opiate receptors proved to be relatively 
simple and was achieved in less than 3 
months. 

Dilute acetic acid-methanol extracts 
of whole brain (from ox, pig, and rat) 
contained substances, presumably pep- 
tidic in nature, with naloxone-reversible, 
morphine-like activity in the bioassay 
with the myenteric plexus-longitudinal 
muscle of the guinea pig ileum. Our find- 
ings were in agreement with the earlier 
results of Hughes (56), Terenius and 
Wahlstrom (57), Teschemacher et al. 
(58), and Pasternak et al. (59). In search- 
ing for an enriched source of endorphins 
in concentrates remaining from the iso- 
lation of corticotropin-releasing factor, 
TRF, LRF, and somatostatin, I recog- 
nized that acetic acid-methanol extracts 
of porcine hypothalamus-neurohypoph- 
ysis contained much greater concen- 
trations of the morphine-like activity 
than extracts of whole brain. From such 
an extract of approximately 250,000 frag- 
ments of pig hypothalamus-neurohy- 
pophysis we isolated several oligopeptides 
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(endorphins) with opioid activity (60- 
62). For the isolation procedure we used 
successively gel filtration, ion exchange 
chromatography, liquid partition chro- 
matography, and high-pressure liquid 
chromatography (60-62). By that time, 
had appeared the evidence for the isola- 
tion and primary structure of methi- 
onine-5-enkephalin (Met5-enkephalin) 
and leucine-5-enkephalin (Leu5-en- 
kephalin) (63). Hughes et al. (63) had al- 
so observed that the amino acid se- 
quence of Met5-enkephalin was identical 
to the sequence Tyr61-Met65 of /3-lipo- 
tropin (3-LPH), a polypeptide of ill-de- 
fined biological activity, isolated and 
characterized in 1964 by C. H. Li et al. 
(64). 

The primary structure of a-endorphin 
was established (60, 62) by mass spec- 
trometry and classical Edman degrada- 
tion of the enzymatically cleaved peptide 
and is H-Tyr-Gly-Gly-Phe-Met-Thr-Ser- 
Glu-Lys-Ser-Gln-Thr-Pro-Leu-Val-Thr- 
OH (Fig. 4, A and B). The primary struc- 
ture of y-endorphin was similarly estab- 
lished by mass spectrometry and by Ed- 
man degradation: y-endorphin has the 
same primary structure as a-endorphin 
with one additional Leu as the COOH- 
terminal residue in position 17. 

Thus it became apparent that Met5-en- 
kephalin is the NH2-terminal pentapep- 
tide of a- and y-endorphin which have, 
respectively, the same amino acid se- 
quences as /3-LPH(61-76) and f- 
LPH(61-77). 3-LPH(61-91), a fragment 
of f,-LPH isolated earlier on the basis of 
its chemical characteristics (64, 65) was 
shown also to have opiate-like activity 
(61, 66, 67) and was named /3-endorphin 
(64). Using the same starting material 
from which we originally isolated a- and 
y-endorphin, we have recently isolated 
two peptides characterized by their hav- 
ing the same amino acid composition as 
/-endorphin [/8-LPH(61-91)] and 8-en- 
dorphin [I/-LPH(61-87)]. 

Experimental and Clinical Studies with 

TRF and LRF 

After large quantities of TRF and LRF 
were obtained by synthesis, they were 
studied extensively in the laboratory and 
in clinical medicine (20, 21, 68, 69). It 
was soon discovered that synthetic TRF 
and LRF, both characterized only from 
tissues of ovine and porcine origin, and 
the synthetic replicate of somatostatin, 
as characterized from ovine brains, were 
biologically fully active in all species of 
vertebrates studied, including man (Figs. 
5 and 6). 

In 1972, our laboratory reported the 

synthesis of the first partial agonist-an- 
tagonist analogs of LRF (70), all having a 
deletion or a substitution of His2 or Trp3 
in the (otherwise identical) amino acid 
sequence of LRF. These were antago- 
nists of low activity and of no practical 
value as clinically significant inhibitors 
of LRF. They showed, however, that an- 
alogs as competitive antagonists of the 
decapeptide LRF could be prepared, and 
to this day the most potent antagonist an- 
alogs of LRF have the deletion or sub- 
stitution of His2 or Trp3. 

It was originally observed by Tashjian 
et al. (71) that TRF stimulates the secre- 
tion of prolactin by the cloned line GH3 
of pituitary cells. This observation was 
confirmed by others and found to apply 
also to normal pituitary tissues in vitro 
and in vivo, including the human pitui- 
tary. TRF can thus be considered to par- 
ticipate in the control of the secretion of 
thyrotropin and of prolactin. Of the 
many analogs of TRF which have been 
synthesized and studied biologically, on- 
ly one has a significantly increased spe- 
cific activity over that of the native com- 
pound. Described by our group and syn- 
thesized by Rivier et al. (72) a few years 
ago, it is the analog [3N-methyl-His]- 
TRF. Its specific activity is approximate- 
ly ten times that of the native molecule, 
on the secretion of thyrotropin as well 
as of prolactin. Of the several hundreds 
of TRF analogs synthesized, none has 
been found to be even a partial antag- 
onist. They are all agonists with full 
intrinsic activity but variable specific ac- 
tivity. 

In contrast, antagonist as well as po- 
tent agonist analogs of LRF have been 
prepared by a number of laboratories. 
There are now available preparations of 
a series of what we may accurately call 
"super-LRF's," analogs which have as 
much as 150 times the specific activity of 
the native compound. In fact, in ovula- 
tion assays, they may have 1000 times 
the specific activity of the native peptide. 
All the agonist analogs or super-LRF's 
possess structural variations around two 
major modifications of the amino acid se- 
quence of native LRF. They all have a 
modification of the COOH-terminal gly- 
cine, as originally reported by Fujino et 
al. (73). The Fujino modification consists 
of deletion of Glyl?-NH2 and replace- 
ment by primary or secondary amide on 
the (now COOH-terminal) Pro9. In addi- 
tion to the Fujino modification, they 
have an additional modification at the 
Gly6 position by substitution of one of 
several D-amino acids as originally dis- 
covered in our laboratories (74). The 
most potent of the LFR-analog ago- 
nists prepared are [D-Trp6]-LFR; des- 
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Fig. 5. Testing of the ability of the anterior pituitary to secrete GH, thyrotropin (T2 
(PRL), LH, and FSH in normal human subjects. Stimulation of the secretion of G 
by intravenous administration of arginine; stimulation of the secretion of thyrotro 
LH, and FSH is produced by intravenous injection of a solution in saline of synthetic 
and synthetic LRF (150 u/g). Note that arginine infusion stimulates secretion of G 
tin. All pituitary hormone plasma concentrations were measured by radioimmunoi 
Yen et al. (68)] 
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t- In an assay in vitro in which the pep- 
tides stimulate release of LH and FSH 
by surviving adenohypophysial cells in 
monolayer cultures, these analogs of 
LRF have a specific activity 50 to 100 

40 -_ times greater than that of the synthetic 
replicate of native LRF. There is no evi- 

0 dence of dissociation of the specific ac- 
tivity for the release of LH from that of 
FSH. All agonist analogs release LH and 
FSH in the same ratio (in that particular 
assay system) as does native LRF. Prob- 
ably because of their much greater spe- 
cific activity, when given in doses identi- 
cal in weight to the reference doses of 
LRF, the super-LRF's are remarkably 
long-acting in vivo. While the increased 
secretion of LH (or FSH) induced by 
LRF is returned to normal in 60 minutes, 
identical amounts in weight of [D-Trp6- 
des-Gly10]-N-ethyl-LRF lead to statisti- 
cally increased concentrations of LH for 
up to 24 hours in several species, includ- 

* ing man. These analogs effectively stim- 

30 ulate ovulation (75) and, according to 
=- Marks and Stern (76), are considerably 

20 E more resistant than the native structures 
10 to degradation by tissue enzymes. 
-o : Injection into laboratory animals of 

large doses of the super-LRF's (that is, 
several micrograms per animal as op- 

), prolactin posed to several nanograms, which 

H is achieved would be in the physiological range) has 
pin, prolactin, been shown by several groups to have 
TRF (250 /g) profound antigonadotropic effects, both 

H and prolac- in males and females; moreover, when 
assays. [From [ such large doses of the super-LRF's are 

injected in the early days of pregnancy in 

50 lug rats, they consistently lead to resorption 
of the fetus (77). These results are best 
explained by the current concepts of 
negative cooperativity between the pep- 
tidic ligands involved and their receptors 
at the several target-organ sites. 

All of the antagonist LRF analogs 
found by our group (70) or by others 
have a deletion or a D-amino acid sub- 

'S^It^ ~ stitution of His2. For reasons not clearly 
understood, addition of the Fujino modi- 
fication on the COOH-terminal (73) does 
not increase the specific activity of the 

antagonist analogs. Administered simul- 
taneously with LRF the antagonist ana- 
logs inhibit LRF in weight ratios ranging 

---s-- 

12 
I 2 3 

]5E 

0 
Fig. 6. Effects of the administration of syn- 
thetic somatostatin in normal human subjects. 
There is complete inhibition of the increase in 
GH secretion normally produced by infusion 
of arginine or oral administration of L-dopa, 
when somatostatin is administered prior to or 
concurrently with the stimulating agent. 
Plasma concentrations of pituitary hormones 
were measured by radioimmunoassays. 
[From Yen et al. (68)] 
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from 3:1 to 15:1. The most potent of 
these antagonists inhibit activity of LRF 
not only in vitro, but also in various tests 
in vivo. They inhibit the release of LH 
and FSH induced by a single dose of 
LRF; they also inhibit endogenous re- 
lease of LH-FSH and thus prevent ovu- 
lation in laboratory animals. 

Biological Activity of Somatostatin 

It is now recognized that somatostatin 
has many biological effects other than 
the one on the basis of which we isolated 
it in extracts of the hypothalamus, that 
is, as an inhibitor of GH secretion (52). 
Somatostatin inhibits the secretion of 
thyrotropin, but not prolactin, normally 
stimulated by TRF (78); it also inhibits 
the secretion of glucagon, insulin (79), 
gastrin, and secretin by acting directly 
on the secretory elements of these pep- 
tides. I have shown (80) that somatosta- 
tin also inhibits the secretion of acetyl- 
choline from the (electrically stimulated) 
myenteric plexus of the guinea pig ileum, 
probably at a presynaptic locus, thus ex- 
plaining at least in part the reported in- 
hibitory effects of somatostatin on gut 
contraction, in vivo and in vitro (see Fig. 
7). 

In addition to being found in the hypo- 
thalamus (see Fig. 7), somatostatin also 
occurs in neuronal elements and axonal 
fibers in multiple locations in the central 
nervous system, including the spinal 
cord (81), and in discrete secretory cells 
of classical epithelial appearance in all 
the parts of the stomach, gut, and pan- 
creas (82, 83) in which it was first recog- 
nized as having an inhibitory effect. 

Somatostatin does not inhibit indis- 
criminately the secretion of all poly- 
peptides or proteins. For instance, it 
does not inhibit the secretion of prolactin 
(78), the gonadotropins LH or FSH, cal- 
citonin, or adrenocorticotropin (ACTH) 
in normal animals or from normal pitui- 
tary tissues in vitro; it also does not in- 
hibit the secretion of steroids from adre- 
nal cortex or gonads (52). Although 
somatostatin will inhibit hormone secre- 
tion from abnormal tissues such as pitui- 
tary adenomas, gastrinomas, and in- 
sulinomas, it is not expected to diminish 
tumor growth, because of its locus of ac- 
tion relating to that of adenosine 3',5'- 
monophosphate (53). 

The powerful inhibitory effects of 
somatostatin on the secretion not only of 
GH but also of insulin and glucagon have 
led to studies of a possible role of soma- 
tostatin in the management or treatment 
of juvenile diabetes (Figs. 8 and 9) and 
have proved useful in studying the physi- 
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Fig. 7. Multiple locations of somatostatin and 
multiple effects of somatostatin. 

ological and pathological effects of these 
hormones on human metabolism. Such 
studies, showing that somatostatin 
lowers plasma glucose concentrations in 
normal man despite its inhibitory effect 
on insulin (84-86) have provided the first 
clear-cut evidence that glucagon has an 
important physiological role in human 
carbohydrate homeostasis. Somatostatin 
itself has no direct effect on either hepat- 
ic glucose production or peripheral glu- 
cose utilization, since the decrease in 
plasma glucose concentrations can be 
prevented by exogenous glucagon (85). 

In juvenile-type diabetics, somatosta- 
tin diminishes fasting hyperglycemia by 
as much as 50 percent in the complete 
absence of circulating insulin (85). Soma- 
tostatin impairs carbohydrate tolerance 
in normal humans given oral or intra- 
venous glucose by inhibiting insulin se- 
cretion; however, carbohydrate toler- 
ance after ingestion of balanced meals is 
improved in patients with insulin-depen- 
dent diabetes mellitus through the sup- 
pression of excessive glucagon re- 
sponses (85). The combination of soma- 
tostatin and a suboptimal amount of 
exogenous insulin (which by itself had 
prevented neither excessive hyper- 
glycemia nor hyperglucagonemia in re- 
sponse to meals) completely prevents 
plasma glucose concentrations from ris- 
ing after meal ingestion in insulin-depen- 
dent diabetics (85). Through its suppres- 
sion of glucagon and GH secretion, 
somatostatin has also been shown to 
moderate or prevent completely the de- 
velopment of diabetic ketoacidosis after 
the acute withdrawal of insulin from pa- 

tients with insulin-dependent diabetes 
mellitus (85). 

In view of its ability to inhibit the se- 
cretion of various hormones, somatosta- 
tin may eventually be of therapeutic use 
in certain clinical conditions such as ac- 
romegaly, pancreatic islet cell tumors, 
and diabetes mellitus. However, the 
multiple effects of somatostatin on hor- 
mone secretions and its short duration of 
action make its clinical use impractical at 
present (86); moreover, its long-term ef- 
fectiveness and safety have not been es- 
tablished. For this reason, attempts are 
being made to synthesize "improved" 
analogs of somatostatin having a longer 
duration of activity than the native form. 
Other analogs have been sought that 
might have dissociated biological activi- 
ty on one or more of the multiple recog- 
nized targets of somatostatin. The first 
such analog, found by the group at the 
Wyeth Research Laboratories, was [des- 
Asn5]-somatostatin. This analog has ap- 
proximately 4, 10, and 1 percent of the 
activity of somatostatin in inhibiting, re- 
spectively, the secretion of GH, insulin, 
and glucagon (87). Although such an ana- 
log was not of clinical interest, it showed 
that dissociation of the biological activi- 
ties of the native somatostatin on three 
of its receptors could be achieved. Some 
of the most interesting analogs with dis- 
sociated activities and of potential clini- 
cal use have been prepared in our labora- 
tories; they are [o-Serl3]-somatostatin, 
[o-Cys'4]-somatostatin, and [D-Trp8,D- 
Cys'4]-somatostatin. When compared to 
somatostatin, this last compound has ap- 
proximately 300, 10, and 100 percent of 
the activity of somatostatin in inhibiting 
the secretion of, respectively, GH, in- 
sulin, and glucagon (88, 89). 

Biological Studies with the Endorphins 

All the morphinomimetic peptides that 
have been isolated from natural sources 
on the basis of a bioassay or dis- 
placement assay for 3H-labeled opiates 
on synaptosomal preparations, and that 
have been chemically characterized, 
have been related to a fragment of the 
COOH-terminus of the molecule of /3- 
LPH, starting at Tyr6i (where Tyr is 
tyrosine). In the case of Leu5-enkepha- 
lin, the relation still holds for the se- 
quence Tyr-Gly-Gly-Phe; no /3-LPH 
with a Leu residue in position 65 has 
been observed. 

/3-Lipotropin has no opioid activity in 
any of the tests above. Incubation of 3- 
LPH at 37?C with the supernatant pre- 
pared by centrifugation at 105g of a neu- 
tral sucrose extract of rat brain generates 
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opioid activity, thus suggesting the pres- 
ence of peptidases in the rat brain that 
could cleave /3-LPH and result in a pep- 
tide with opioid activity. Thus, ,3-LPH 
may be a prohormone for the opiate-like 
peptides (61). This implies that the biogen- 
esis of endorphins may be similar to 
that of angiotensin, with cleaving en- 
zymes being available in the central ner- 
vous system (CNS) or in peripheral 
blood. There is also good evidence from 
immunocytochemistry (90) and biosyn- 
thesis studies (91, 92) that 3-endorphin 
exists as such and as part of a larger pre- 
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rsor in discrete pituitary cells. Indeed, 
. have recently shown (93) that P- 
dorphin and ACTH are secreted si- 
ultaneously in vivo or in vitro under all 
rcumstances tested thus far (Fig. 10). 
In all biological assays tested, /3-en- 
rphin is considerably more active on a 
)lar ratio than either enkephalin; the 
ration of activity of /-endorphin is al- 
much longer than that of the enkepha- 
s. A very large number of analogs of 

enkephalins has been prepared by to- 
synthesis, in a number of laborato- 

s. Several of these, involving sub- 
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Fig. 8. Effect of mul- 
tiple doses of somato- 
statin decreasing the 
plasma concentra- 
tions of GH, insulin, 
and glucagon in a pa- 
tient with acromegaly 
and diabetes. [From 
Yen et al. (68)] 
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stitution with D-amino acids, have much 
greater specific activities than the native 
molecule (94, 95). 

Considerable efforts are being devoted 
to clarifying the biosynthetic origin of 
Leu5-enkephalin. Of interest are results 
observed with analogs of a-, 3-, y-, and 
8-endorphins in which a Leu residue has 
been substituted for methionine in posi- 
tion 5 from the NH2-terminus (95, 96). 
[Leu5]-3,-endorphin and [Leu5]-y-endor- 
phin are more potent than their native 
congeners in the brain synaptosome as- 
says, though not in the guinea pig ileum 
assay. One may thus speculate that the 
brain variety of endorphins might con- 
tain a Leu residue in position 5. Proof of 
such a hypothesis would require isola- 
tion and characterization of such mole- 
cules. To this date, no [Leu65]-/,-lipo- 
tropin has been identified. Leu5-en- 
kephalin might come from an allele of 3- 
lipotropin of brain origin. It is also quite 
possible that Leu5-enkephalin of brain 
origin derives from a larger molecule 
with no relation to /3-lipotropin (other 
than the common tetrapeptide Tyr-Gly- 
Gly-Phe). Recent studies in collabora- 
tion with Bloom and Rossier (97, 98) 
have indeed shown remarkable dis- 
sociation in the distribution of neurons 
containing either /3-endorphin or en- 
kephalins. 

It has long been known that the pitui- 
tary hormones, particularly GH and pro- 
lactin, are rapidly released after injec- 
tions of morphine. We have shown (99) 
that /3-endorphin is a potent releaser of 
immunoreactive GH and prolactin when 
administered to rats by intracisternal in- 
jection. These effects are prevented by 
prior administration of naloxone. The 
endorphins are not active directly at the 
level of the pituitary cells: they show no 
effect, even in large doses, when added 
directly to monolayer cultures of (rat) pi- 
tuitary cells. Thus, the hypophysiotropic 
effects of the endorphins, like those 
of the opiate alkaloids, are mediated 
by some structure in the CNS and not 
directly at the level of the adenohy- 
pophysis. Similar results have been ob- 
served by several groups of investiga- 
tors. /3-Endorphin is also a potent 
stimulator of the secretion of vasopres- 
sin, possibly acting at a hypothalamic 
level, since it is not active on the isolated 
neurohypophysis in vitro (100). 

The effects of the opiate-like peptides 
on neuronal activity, together with the 
biochemical and histochemical evidence 
for their existence in the brain, are con- 
sistent with the hypothesis that these 
peptides are neurotransmitters in the 
CNS. Indeed, iontophoretic studies have 
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Table 1. Summary of neuronal effects of opioid peptides and morphine. In each category the total number of cells tested and the percentage of this 
total that was inhibited or excited is shown. [From Nicoll et al. (105)] 

Met-enkephalin /3-Endorphin Normorphine 

Region Cell type Percentage Percentage Percentage 
N N _N 

Excited Inhibited Excited Inhibited Excited Inhibited 

Cerebellum Purkinje 34 18 21 13 23 23 5 20 60 
Cerebral cortex Unidentified 58 1 79 44 25 49 27 26 52 
Brainstem Lat. Ret. Nuc. + 113 3 47 35 23 45 20 10 75 
Caudate nucleus Unidentified 83 0 83 35 10 86 20 9 73 
Thalamus Unidentified 15 0 100 5 0 100 4 0 100 
Hippocampus Pyramidal 19 90 5 14 86 7 12 92 0 

shown that the enkephalins can modify 
the excitability of a variety of neurons 
in the CNS. Most neurons tested were 
inhibited by these peptides (101-103), al- 
though Renshaw cells responded with an 
excitation (104). Recently, investigators 
have explored systematically the sensi- 
tivity of neurons to the endorphins or 
have made systematic regional surveys 
of neurons responsive to the peptides 
(105). 

A surprising finding in the study of Ni- 
coll et al. (105) was the potent excitatory 
effects of the peptides and normorphine 
on hippocampal pyramidal cells (Table 
1). The regional specificity of this ex- 
citatory action could be clearly demon- 
strated with the same electrode by re- 
cording from cells in the overlying cere- 
bral cortex and the underlying thalamus 
during a single penetration. No tachy- 
phylaxis occurred in response to either 
the excitatory or inhibitory action of the 
peptides in any of the regions examined, 
even though the peptides were often ap- 
plied repeatedly to the same cell for peri- 
ods in excess of 1 hour. When the specif- 
ic opiate antagonist naloxone was admin- 
istered either by iontophoresis from an 
adjacent barrel of the microelectrode or 
by subcutaneous injections, both the ex- 
citations and the inhibitions were antago- 
nized. 

The pharmacological properties of 
endorphins have thus far been screened 
by tests in vitro or in vivo previously 
used to characterize opiate agonists and 
antagonists. 

When injected into the cerebrospinal 
fluid, endorphins affect several behavior- 
al and physiological measures, as well as 
responses to noxious agents, and each of 
the peptides exhibits different dose-ef- 
fect profiles on these measures. /3-En- 
dorphin induces a marked catatonic state 
lasting for hours (106) at molar doses 
1/100 those at which Met5-enkephalin tran- 
siently inhibits responses to noxious 
agents (107-109). 

In terms of molar dose-effectiveness 
on the various parameters examined, 3- 
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endorphin is clearly the most potent sub- 
stance tested, suggesting that its regula- 
tion could have etiological significance in 
mental illness. Rats given seven daily in- 
tracisternal injections of 14.9 x 10-9 
mole of 3-endorphin continued to show 
the full set of responses and duration of 
action. The catatonic state induced by /3- 
endorphin was not observed with the 
other endorphin peptides, even at con- 
siderably higher doses'. At very high 
doses of a-endorphin, y-endorphin, or 
Met5-enkephalin, transient losses of 
corneal reflexes were observed, and a- 
endorphin seemed more potent in this re- 
gard than either y-endorphin or Met5-en- 

kephalin. No significant depressions of 
responsiveness to tail-pinch or pinprick 
stimuli were observed with Met5-en- 

kephalin, a-endorphin, or y-endorphin, 
but such effects (66, 108, 110) could have 
been missed by the 5-minute interval af- 
ter injection and before testing began. In 
contrast to the syndrome induced by /3- 
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Fig. 10. Concomitant increase in plasma con- 
centrations of ACTH and /3-endorphin upon 
acute exposure to stress applied at time zero. 
(Peptides measured by radioimmunoassay.) 
Solid line shows plasma corticosterone con- 
centrations measured by fluorometry. 

endorphin, rats given y-endorphin 
showed consistent increases in rectal 
temperature (about 2.0 + 0.2?C at 30 
minutes after injections of 281 x 10-' 
mole), and sometimes exhibited some 
degree of hyperresponsivity to sensory 
testing and handling, although there 
were individual variations in this re- 
sponse. 

All of our observations suggest that 
normal variations-either qualitative or 
quantitative-in the homeostatic mecha- 
nisms regulating the postulated (61) con- 
version of 3-LPH as a prohormone to its 
several endorphin cleavage products 
could constitute a system fundamentally 
involved in maintaining "normal" be- 
havior; alterations of the mechanisms 
normally regulating the homeostasis of 
/3-lipotropin and endorphins could lead 
to signs and symptoms of mental illness. 
Such a potential psychophysiological 
role of endorphins could be tested 
through the therapeutic administration of 
available opiate antagonists. This has al- 
ready been attempted in several clinical 
centers throughout the world; results ob- 
tained have been interpreted differently 
and, in my own mind, are too prelimi- 
nary to warrant any conclusions. The ul- 
timate identification of endorphin-sensi- 
tive behavioral events and specific treat- 
ment of their dysfunctional states may 
require the development of more specific 
"anti-endorphins" than those now avail- 
able; other naturally occurring brain pep- 
tides, such as substance P, have already 
been reported to be endorphin antago- 
nists in some assay systems (///). 

Endocrine and Paracrine Secretions 

of the Brain: Hormones and Cybernins 

Although TRF, LRF, and somatosta- 
tin, all originally isolated from extracts 
of the hypothalamus, actually occur 
throughout the CNS, including the spinal 
cord, this does not imply that these pep- 
tides are randomly distributed. Several 
groups have shown that each of these 
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Fig. 11. Presumptive nerve terminals are somato-dendritic terminals around pyramidal cells of 
the hippocampus of the rat brain. Immunocytochemistry with antiserums to somatostatin. 
[From Petrusz et al. (119)] 

compounds has a unique distribution 
pattern, and they have been separately 
identified by immunocytochemistry in 
axonal tracts and neuronal bodies in 
well-characterized anatomical forma- 
tions of the CNS (112). 

This information led a few years ago 
to the solution of one of the most puz- 
zling dilemmas in this field, and this solu- 
tion had far-reaching consequences. It 
was difficult to reconcile the short bio- 
logical half-life of somatostatin (less than 
4 minutes) when injected in the blood- 
stream, and its effects on the secretion of 
glucagon and insulin, with the hypothe- 
sis that hypothalamic somatostatin was 
involved in the physiological control of 
the secretion of pancreatic glucagon and 
insulin. Luft in Stockholm and I inde- 
pendently wondered whether somatosta- 
tin could be delivered to the endocrine 
pancreas by means other than the gener- 
al circulation, possibly by nerve fibers, 
known to innervate the islets of Langer- 
hans. It was then demonstrated by 
means of immunocytochemistry that the 
endocrine pancreas in all vertebrates 
studied contains a discrete population of 
cellular elements containing somatosta- 
tin (82, 83). The somatostatin-containing 
cells belong to the D cells of the pan- 
creas, long known to morphologists to be 
different from the A cells containing 
glucagon and the B cells containing in- 
sulin, but for which no specific secretory 
products had previously been recog- 
nized. Moreover, in the early studies a 
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large number of secretory cells contain- 
ing immunoreactive somatostatin were 
found throughout the gastrointestinal 
tract, and it has now been shown that 
somatostatin can inhibit the secretion of 
gastrin, secretin, cholecystokinin, pep- 
sin, and HCl by acting directly at the lev- 
el of the gastric mucosa (113). TRF has 

recently been reported in extracts of the 
stomach and of the duodenum. Neuro- 
tensin and substance P have also been lo- 
cated in the hypothalamus and through- 
out the gastrointestinal tract in specific 
cells and in crude extracts-as had been 
known in the case of substance P since 
1931 from the work of Gaddum and von 
Euler. 

There is now evidence that other pep- 
tides originally characterized from ex- 
tracts of tissues of the gastrointestinal 
tract occur in the brain, for example, 
gastrin-cholecystokinin, vasointestinal 
peptide, and gastric inhibitory peptide 
[for a review, see (114)]; this is also true 
for the endorphins and enkephalins and 
for several of the small peptides such as 
bombesin, caerulein, and physalamine 
that were isolated years ago from ex- 
tracts of the skin of several species of 
frogs. There are remarkable analogies 
and homologies between the amino acid 

sequences of several of these peptides of 
CNS and gastrointestinal origin, as well 
as those isolated from frog skin. 

These peptides have been found by 
immunocytochemistry in essentially two 
types of cells: (i) in axonal and dendritic 

processes of neurons in brain, spinal 
cord, spinal ganglia, and the myenteric 
plexus; and (ii) in typical endocrine cells, 
for example, in the pancreatic islets of 
Langerhans, the enterochromaffin cells 
of the gut, and the adrenal medulla. Neu- 
roblastomas have been reported to con- 
tain high concentrations of the vasointes- 
tinal peptide (115). 

An interesting concept formulated 
some 10 years ago by Pearse (116) brings 
together these rather startling observa- 
tions. Pearse observed that neurons and 
some endocrine cells producing poly- 
peptide hormones shared a set of com- 
mon cytochemical features and ultra- 
structural characteristics. He thus for- 
mulated the APUD theory, APUD being 
an acronym for amine precursor uptake 
and decarboxylation. Pearse postulated 
that these endocrine cells were derived 
from a common neuroectodermal ances- 
tor, the transient neural crest, and that 
other endocrine cells would eventually 
be found sharing these common proper- 
ties when further studies were made of 
the adult endocrine tissues derived from 
the neural crest. Recent observations, 
particularly those of Le Douarin on topi- 
cal chimeras with chromosomal mark- 
ers, have led Pearse to modify the origi- 
nal APUD concept in a remarkable man- 
ner: It is now postulated that all peptide 
hormone-producing cells are derived 
from the neural ectoderm (114), as are all 
neurons. With such ontogenic common- 
ality, it is thus less surprising to recog- 
nize the presence of gastrointestinal pep- 
tides in the brain, and of brain peptides 
in the gastrointestinal tract. 

Corticotropin, 8/-endorphin, and GH 
of pituitary origin, cholecystokinin, se- 
cretin, and gastrin of gastrointestinal ori- 
gin are well-recognized hormones that 
satisfy all definitions of the word (117), 
particularly as it implies their action on 
distant target cells. The release of TRF, 
LRF, or somatostatin by hypothalamic 
neurons at the level of the hypothalamo- 
hypophysial portal vessels, and their hy- 
pophysiotropic activities, can also be 
considered as hormonal in nature; how- 
ever, the distances traveled by the hy- 
pophysiotropic peptides to their target 
pituitary cells are measured by a few mil- 
limeters. Furthermore, there is no gener- 
ally accepted evidence that the hypotha- 
lamic hypophysiotropic peptides enter 
the general circulation for any length of 
time or in physiologically meaningful 
concentrations. 

When we consider these same pep- 
tides in parts of the brain other than the 
hypophysiotropic hypothalamus, the sit- 
uation is even more restrictive. Studies 
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with both the optic and the electron mi- 
croscope, combined with data from im- 
munocytochemistry, indicate very punc- 
tual localizations which imply similarly 
punctual roles-that is, to be played over 
distances measured in angstroms. Schar- 
rer (118) has for some time described 
what she calls peptidergic synapses. 
Moreover, recent studies with antibodies 
to somatostatin have yielded photo- 
graphs that have been interpreted by Pet- 
rusz et al. (119) as showing the local- 
ization of immunoreactive somatostatin 
in multiple dendritic endings. Some of 
these photographs are spectacular (see 
Fig. 11). Their most heuristic inter- 
pretation is that each dark point is that of 
a dendritic contact either with another 
dendrite or abutting on a specialized 
locus of the axon or of the soma of recip- 
ient neurons. Clearly these recipient 
neurons do not seem to contain immuno- 
reactive somatostatin. The cells of origin 
containing and sending the presumptive 
somatostatinergic terminals have not yet 
been characterized. Similar photographs 
have been observed in multiple locations 
in the brain and for several immuno- 
reactive peptides. In this context, these 
peptides that we called hormones earlier 
do not fit the definition of a hormone any 
more; they seem to be candidates for the 
definition of neurotransmitters. Hokfelt 
(112) has concluded that some neurons 
may contain both peptides and one of the 
catecholamines, a classical neurotrans- 
mitter. 

It is obvious that we are only begin- 
ning to learn of the physiological signifi- 
cance of these peptides in the brain. 
Their local punctual release and the 
short distance they travel make them fit 
what Feyrter called earlier the paracrine 
secretory system. Feyrter evolved his 
concept of paracrine secretion while 
studying with simple morphological tools 
the very cells of the gastrointestinal tract 
and of the pancreas that we know now to 
secrete the very peptides discussed in 
this lecture. I proposed earlier the gener- 
ic name cybernin for these substances; 
the etymology of the word implying local 
information. It is difficult not to hypothe- 
size that these peptides play some role in 
the functions of the brain. Once this 
simple proposal is made, and with the 
recognition that the existence of these 
substances in the CNS is not mentioned 
in any of the classical texts of neuropsy- 
chiatry, one cannot but be optimistic 
that the early observations summarized 
in this article will lead to profound reap- 
praisals of the mechanisms involved 
both in the functions of the normal brain 
and in mental illness. 
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NEWS AND COMMENT 

Harvard Public Health Dean 
Hiatt Meets His Runnymede 

NEWS AND COMMENT 

Harvard Public Health Dean 
Hiatt Meets His Runnymede 

The departmental barons of Harvard's 
School of Public Health rose up last sum- 
mer and tried to depose their dean. 

For 56 years the school has been run 
as a federation of departments under a 
lax administrative rule. That system is 
being challenged now by an aggressive 
dean-Howard Hiatt-appointed in 1972 
by the then new president of Harvard, 
Derek Bok. 

When Bok came into office, he de- 
cided that the School of Public Health 
needed radical improvement. He chose 
Hiatt to do that job, despite the objec- 
tions of the public health professors, be- 
cause Hiatt had already done a job of in- 
stitutional renovation at Beth Israel Hos- 
pital in Boston, where he was chief of 
medicine from 1963 to 1972. Hiatt was 
trained at Harvard Medical School, 
whose faculty and students have always 
been disdainful of their counterparts at 
the School of Public Health. The latter 
reciprocate by insisting that only people 
with a "public health background" can 
understand public health. The feeling at 
Harvard is that Hiatt made little effort to 
conceal his low opinion of the school he 
was chosen to overhaul, an insult that 
has never been forgotten. The story is 
colored also by the belief, passed along 
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colored also by the belief, passed along 

by one professor, that some of Hiatt's 
severest critics are pretenders to the 
deanship. 

In the last few years, Hiatt has been 
gathering up the reins that control funds, 
appointments, promotions, and curricu- 
lum and centralizing authority in the 
dean's office. This "meddling" in depart- 
mental affairs and Hiatt's alleged "in- 
temperate behavior" have deeply embit- 
tered the older faculty. 

While Hiatt was on vacation last June, 
17 of the 34 tenured professors wrote to 
Bok demanding that Hiatt be fired for 
"administrative ineptitude." Hiatt's in- 
tegrity was attacked as well. This con- 
fidential indictment (five pages, single- 
spaced) somehow fell into a reporter's 
hands, stirring up the kind of publicity 
Harvard most dearly wishes to avoid. It 
looked as though the dean really had lost 
his grip, the best evidence being the fac- 
ulty revolt itself. 

Hiatt came home and appealed to Bok 
for help. Briefs for and against were 
filed. Hiatt's friends argued that he was 
being undermined by a faculty that had 
never accepted his ideas, never made an 
effort to cooperate, and was desperately 
trying to stop Hiatt just as he was gaining 
the upper hand. According to these 
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younger faculty members, Hiatt is trying 
to redefine the public health profession 
in ways that are alarming to the people 
who have made it their life's work. In 
Hiatt's vision, his friends say, a public 
health school should be a place where 
one studies health problems that con- 
front a whole society and where one 
learns how to resolve government di- 
lemmas on issues that are not clear-cut. 
For example, according to this view, a 
public health school should not simply 
do research to identify toxic substances 
in water; it should also help society de- 
cide whether or not it makes economic 
sense to remove those substances. Hiatt 
has brought economists, sociologists, 
businessmen, lawyers, and government 
officials to teach new courses in policy- 
making and management. The anti-Hiatt 
faction regards much of this as flimsy 
stuff, but insists that this is not the issue. 
The real problem, they say, is that Hiatt 
is not fit to do his job. 

Bok Steps In 

Bok listened to all of this for weeks, 
then decided firmly in the dean's favor. 
Just before the fall term, on 24 August, 
he delivered a stern lecture to the public 
health faculty, telling them he was not 
persuaded by the five-page indictment or 
by the unwritten complaints he had 
heard since June. He conceded that 
Hiatt was not a lovable dean, but said 
that "Those who are willing to take on 
the lonely, painful task of carrying out 
reform are rarely perfect diplomats nor 
can they be expected to have unswerving 
patience in dealing with their critics." 
He reminded the audience that although 
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in water; it should also help society de- 
cide whether or not it makes economic 
sense to remove those substances. Hiatt 
has brought economists, sociologists, 
businessmen, lawyers, and government 
officials to teach new courses in policy- 
making and management. The anti-Hiatt 
faction regards much of this as flimsy 
stuff, but insists that this is not the issue. 
The real problem, they say, is that Hiatt 
is not fit to do his job. 

Bok Steps In 

Bok listened to all of this for weeks, 
then decided firmly in the dean's favor. 
Just before the fall term, on 24 August, 
he delivered a stern lecture to the public 
health faculty, telling them he was not 
persuaded by the five-page indictment or 
by the unwritten complaints he had 
heard since June. He conceded that 
Hiatt was not a lovable dean, but said 
that "Those who are willing to take on 
the lonely, painful task of carrying out 
reform are rarely perfect diplomats nor 
can they be expected to have unswerving 
patience in dealing with their critics." 
He reminded the audience that although 
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