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Occurrence of indolealkylamines in nature
By
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With one Figure

1. Introduetion

Quantitative data on the occurrence of 5-HT and related indolealkylamines
in nature are presented in Tables 1—23 of this chapter and in Tables 1—6 of
chapter 13. The interest of these data is obvious, especially for the interpretation
of the physiological significance of indolealkylamines in their different localizations.
However, it seems opportune to call attention at once to a few points.

The occurrence of 5-HT or another indolealkylamine in a tissue does not of
necessity imply that the amine has particular importance in this tissue. In fact, it
is obvious that one is authorized to surmise that a given localization of an indole-
alkylamine has a general biological significance only if this localization occurs in
all or in a great number of species.

Quantitative data on the concentration of indolealkylamines in a tissue
reflect only a static situation, and they give no indication of the rapidity of
synthesis and metabolism of the amines. There is no doubt that knowledge of the
turnover rate of the amines in a tissue is considerably more important, from every
point of view, than knowledge of the content of the amines at a given moment.

To give only one example, it is probable that the amount of 5-HT synthetized
and destroyed in a 24-hour period in the rat brain is considerably larger than that
metabolized in the skin of Bombina variegala pachypus or Discoglossus pictus.
Yet, it will be seen that the first tissue contains as little as 0.4—0.6 ug/g 5-HT,
the second 200—450 ug/g. Obviously, the functional significance of 5-HT in
these two localizations cannot be the same.

II. Vertebrates

1. Gastro-intestinal fract

Found for the first time in extracts of rabbit’s gastric mucosa (ViaLrr and
ErspaMER 1937, ErsPAMER 1940b), 5-HT has since been recognized in extracts
of the gastrointestinal mucosa of all examined vertebrates, as well as of ascidians
(ErSPAMER 1946, 1953 b, 1954 a, 1954 b, FELDBERG and ToH 1953, DALGLIESH et al.
1953). At variance with previous negative results, small amounts of 5-HT could
be detected also in gastrointestinal extracts of Telostes (ERsPAMER unpublished
observations).

The general occurrence of 5-HT within the gastrointestinal mucosa of all
vertebrates represents the most convincing proof of the general biological signifi-
cance of the 5-HT of enterochromaffin origin. It has been conclusively demon-
strated that, with a few exceptions, the alimentary canal is the only source of
the 5-HT found in blood of vertebrates.
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Table 1. The 5-HT content of rat extracerebral tissues

Tissue : 5-HT content (in pug/ml or ug/g)
Blood
Whole blood . . . . . 0.311; 0.432; 0.87 - 0.073; 0,73 4+-0.064; 1.04°
Serum . . . Coe 0 57—1.728; 0.657; 0. 03—0 828; 0.4—0.6%; 0.3—0.5410
Platelet protem (1 mg) 1.0—2.01t
Plasma (platelet free) . 0.00832
Spleen . . . . . . .. 2.86; 2.157; 1.9—3.08%; 2.512; 2,99 +0.164; 0.8 +-0.113;
1. 8—2 25 4431 0. 4431 3 29,234
Gastrointestinal tract . . 2.17; 1.87 2 4520
Stomach . . . . . . . 1.48; 1. 40——0 071; 1.8F, 2.1P15; 5.61%; 3.9P18 1.9P17;
931 0.7P31; 068 009F 080 0.19 pss
Small intestine . . . . 1.25;4.185; 6. 016 2.810.617; 1.06—1.3519; 5.04 - 0.231; 2.919;

1. —4021 348 0.25%8

cranial third . 5.615; 2.918; 2. 340.1320; 6.26 - 0.48%1; 3.28 4-0.523
medium third . 3.215; 1.618 , 20
caudal third . . . . 5.5, 3.31 } 2.57+:0.16
Large intestine . 3.815; 4.75—6.0%; 5.9 - 1.4 5.761%; 6.324-0.5%
Liver 0.1415; 0.27—0. 408 0.187; 0. 65 - 0. 0831 0.48—0.6838
Lung 1.1612; 1.0%; 055__0 1622' 3.915; 273, 521, 1.9—3.38%; 1.37;
243 - = 0. 2591
Heart . 0.157; 05819 0.7—0.8%
Uterus e 0.15-1-0.051
Testicles . . . . . . . . 0.057
Kidney . . . 0.087
Thyroid gland 2.5—5.0%; 3.55%
Salivary glands . . 0.56 (parotld) 0.25 (submaxill.), 0.8 (sublingual)
Uvea and retina . . . . 2.70—35.20%3
Lid . .. ....... 1.533%
Skin
ear . . . . . . . . 1.02%; 3.20 (base), 1.40 (margin)?®; 1.91%; 0.32—0.678; 0.557
groin . . . . . . . 1.52%; 4.36%
throat . . . . . . . | 4.26%
abdomen. . . . . . 1.32%; 1.91%; 0.66—1.56%¢; 0.8—1.1%
tail © .o L. L 0. 3324 0.9
feet . . . .. ... 0.724; 1515 1.5—4.0%; 0.75%
Paws . . . e 0.347; 0. 150.44°
Adipose tissue
interscapular brown fat 1.04 1L 0.05438
epididymal white fat . | 0.154+0.0183

P = pyloric or glandular stomach; F = fundic stomach.

References to Table 1. ' SKILLEX et al. (1961a). — 2 Gorpox (1961). — 3 ErRsHOFF and
GaL (1961). — ¢ ErsHOFF et al. (1962). — 3 GarL and DrEWES (1961). — ¢ ERsPAMER (19544,
1954b). — 7 ErspAMER and BERTAcCINT (1962). — 8 BErTACCINT (1960). — ° ScHMIDT et al.
(1960). — 10 Cass and MARSHALL (1962). — 11 SHORE et al. (1956). — 2 PARRATT and WEST
(1957a). — 13 Bor£rs and WESTERHOLM (1962). — * N1xopwsevi¢ and Trasrov (1963). —
15 TeLForD and WesT (1960). — 16 Tom (1960). — 17 REsyick et al. (1961). — 8 NoB1L,
unpublished data. —® ScEONE and LINDNER (1960). — 2° BERTACCINI and ERSPAMER (1962).
21 WETSSBACH et al. (1958). — 2 KixDwaALL et al. (1962). — 23 PAAsoNEN (1958). — 2¢ PARRATT
and WEesT (1956a). — 2° PARRATT and WEsT (1958). — 26 BROCKLEHURST et al. (1960), —
27 Jornaxssox (1960). — 28 MORsDORF (1959, 1961). — 29 SUpPEK et al. (1961). — 3 SKILLEN
et al. (1962). — 31 Utrspid and Uvuspii (1962). — 32 KARKT and PaasoNeEN (1960). — 33 Le-
VENE (1962). — 3¢ VaARAGIC et al. (1963). — 35 MoraN and WEesTERHOLM (1963). — 3¢ Bogas
et al. (1963). — %7 Macvs et al. (1964). — 38 Srock and WESTERMANN (19632, 1963 b).

In the mucosa of the digestive tract 5-HT is localized, to a great extent at
least, in the enterochromaffin cells, which the writer considers to constitute a
‘“diffuse endocrine organ”’, in the sense of FEYRTER (1953), designed for the produc-
tion and storage of 5-HHT. The abundant evidence definitely supporting this view
has been discussed elsewhere (see pages 138, 140 and 203).
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From the enterochromaffin cells 5-HT is released into the circulatory stream,
where most of it is taken up by the platelets (Tor 1954, ErsPAMER and TESTINI
1959, Apams 1960, BErTAccINT 1960, KARKI et al. 1960a).

It has been claimed that elevation of the intraluminal pressure and/or motility
of an isolated or in situ loop of the guinea-pig intestine causes the appearance in
the intestinal lumen of detectable amounts of 5-HT (BULBRING and CREMA 19594,
1959Db) and similarly that a fraction of the 5-HT released by HCl from the wall
of an obstructed loop of the rat intestine can be recovered intraluminally (REs-
NIcK and GrAy 1962). Although an external secretion by the enterochromaffin

Table 2. The 5-HT content of dog and cat extracerebral tissues

5-HT content (in pg/ml or ug/g)
Tissue
Dog ! Cat
Blood i
Whole blood. . . . . . . 0.2—0.81 0.9—4.5%; 1.82
Serum . . . . . . . .. 0.08—0.573; 0.2—0.61; 0.554 1.2—7.43%; 0.3—5.71; 4.32
0.285; 0.2—0.6°8
Plasma (platelet free) . . | 0.002—0.0055; < 0.0067
Spleen . . . . . . .. .. 0.61-—2.53; 4.6° 5.7—10.53; 8.5°
Gastrointestinal tract
Stomaech . . . . . . .. 5.2%; 1.6—2.38 0.453; 0.528
Small intestine ‘
crapial half . . . . . . 2.08; 3.73 i 1.48%; 0.93
caudal half . . . . . . 1.78; 4.33 : 1.08; 0.58
Large intestine . . . . . 1.58; 2.88 1.78; 1.23
Tung. . . . . . . . ... 0.11; 0.26° . 0.21; 0.62°
Liver . . . . . . . . .. 0.542 i 0.56°
Heart . . . . . .. ... 0.02—0.2612 =
Skin . . . . ... .. .. < 0.03° ‘ 0.08—0.13?
Salivary glands
parotid . . . . . . . . 0.01710 | =
submaxillary . . . . . 0.01219; 0.35—1.411 | =
Thyroid gland . . . . . . . 0.025%0 |

References to Table 2. 1 SANDERS et al. (1959). — 2 SmrTH and SmITH (1955). — 3 ERSPAMER
(1954a, 1954b). — % RosENBERG et al. (1960). — 5 CamBRIDGE and Horcate (1958). —
¢ ErspAMER and TESTINI (1959). — 7 Tor (1956). — 8 NoBILI, unpublished data. — ® PARRATT
and WEST (1957a). — 10 PAasoNEN (1958). — 1! JTACHELLO et al. (1962). — 12 BHATT et al.
(1963).

cells cannot be excluded (the chromaffin cells of the posterior salivary glands of
octopods, for example, possess both an internal and an external secretion) there
is as yet no decisive evidence that the enterochromaffin cells discharge, under
strict physiological conditions, part of their 5-HT into the intestinal lumen.

Evidently, the problem is whether the delicate intestinal epithelium may be
considered completely normal in isolated or obstructed intestinal loops. Moreover,
it should not be forgotten that the typical normal enterochromaffin cells of the
pancreatic islets of some mammals and of the thymus of some birds lack the
anatomical possibility of an external secretion.

Administration of a diet of meat or liver or of a diet containing added trypto-
phan to rats or mice produces an increase in the 5-HT content of the small
intestine (STackY and Surrivan 1957, EBeEr and LemMBECK 1958, SULLIVAN
1960). The opposite can be observed in rabbits, guinea-pigs, rats and mice on
feeding a low-tryptophan diet (EBER and LEMBECK 1958, ZBINDEN et al. 1958,
Gavr and DrEwEs 1962). This observation points to the decisive role of trypto-
phan in the biosynthesis of 5-HT.
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Of interest is the finding of BEAvER and WostMaNN (1962) that the 5-HT
content of the intestines may vary conspicuously (up to 100%) in different mouse
strains kept on the same diet.

5-HT levels in the intestinal wall of conventional animals having a normal
intestinal flora are lower than those found in the intestinal wall of germ-free

Table 3. The 5-HT content of quinea-pig and rabbit extracerebral tissues

5= HI‘ content (in ,ug/ml or ;zg/g)
Tissue ae o — —_ e s
Gumea plg Rabblt
Blood . . e
Whole blood . . . . . |0.2! 3.2—6';4—62; 3.5%; 2.52 +0.34
Serum . . . . . . . ]0.07—0.275; 0.15—0.7¢ 1.8—5.6%; 4.4%; 2.07; 3.3—108
Platelets . . . . . . . 0.3—0.5 ,ug/mg platelet 2.7 per 10° platelets!?
protein®
Plasma (platelet free) . | = 0.01—0.0711
Spleen. . . . . . .. . 1 0.25—1.6%; 1.112; 3.7+ 0.51% 16.4—22.55; 11.714; 24312
Gastrointestinal tract
Stomach . . . . . | 1.45%; 3.915; 1.1516 0.85P,4.9F%;0.9P, 5.7F18; 6,214
Duodenum . . . . . |7 215 3.316 3.218
Jejunum. . . . . . |3.0%; 6.215; 2,016 3,3%; 1.816
Tleum . . . . . . . |3.45%;4.5%;2.0; 3.613 3.75; 1.5
Caecum . . . . . . {0 815 0.91¢ 0.716
Large intestine . . . | 0.75; 0.81%; 0.451¢ 2.75; 2.218; 3,514
Intestine ( oL 04172 171; 5.917
Liver . . . ... 00212 0 0.5512; 2.31; 0.2714; 0.617
Lung . . . . . . . . . ]0.06%2; 0.2—0.82; 0.2%; 0.21%% 1.6%%;1.2—4,7!; 5—5.52; 0.1314;
0. 117 177,118
Uterus . . . . . . . . | <0.0031
Heart . . . . . . . . . |= . 041 < 0.17; 0.0214
Kidney . . . . ... . |= <0. 11" 0.0914
Thyroid g]and e ] = 0.09—0.29 20, 0.0914
Salivary glands . L] = 0.13—0.1620; 0.0714
Skin. . .. ... ... < 0.02—0.1812; < 0.0113 - < 0.04—0.1112; << 0.041°
Thymus, pancreas, bladder,
skeletal muscle . . . = < 0.1
Uvea and retina . . . . |1.5—2.12% 0.45—1.3%
Lid.......... 0.9221 - 0.242
Adipose tissue . . . . . | 0.015—0.03% =

P = pyloric stomach; F == fundic or glandular stomach.

References to Table 3. * WaaLKES and CoBURN (1959, 1960a, 1960b). — 2 WEIssBACH et
al. (1957, 1958). — 3 SHORE et al. (1956). — ¢ CErEOVA (1962). — 5 ERSPAMER (19544, 1954Db).
6 MacHAFFIE et al. (1960). — 7 VANE (1958). — 8 DavIs et al. (1961). — ® HAVERBACK et al.
(1957). — 1 WoorLeY and EpErMax (1958). — 1 KARKI et al. (1960a). — 12 PARRATT and
WEsT (1957a). — 1® Bortus and WESTERHOLM (1962). — * HaeMULLER et al. (1961). —
15 GARVEN {1956). ~— 16 NoBILI, unpublished data. — 17 KarimoTo and ARMSTRONG (1962). —
18 SaxvaL and WesT (1958). — 19 WaarkES and CoBURN (1960b). — 20 PaasoNeN (1958). —
21 LevENE (1952). — 22 RoBILLARD and ALARIE (1963). — 23 Stock and WESTERMANN (1963b).

animals. BEAVER and WosTMaNN (1962) have observed 20—40% differences in
rats, and 30—90% differences in mice, PHILLIPS et al. (1961) 10—55 % differences
in chickens. Oral administration of antibiotics causes a significant increase in
intestinal 5-HT in mice, whereas in rats the increase is not considered to be sig-
nificant. Sterilization of the gut acts probably by preventing bacterial metabolism
of dietary tryptophan (STACEY and SuLrivan 1957, SurLivan 1961). With the
exception of neomycin, antibiotics only affect the 5-HT content of the intestine
in mice.
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The 5-HT content of the stomach and the duodenum of the hedgehog shows
no statistically significant differences during activity and hibernation (Uuspii
1963).

The small intestine of thiamine-deficient rats presents, like blood and spleen,
reduced levels of 5-HT; that of starved rats normal levels (GAL and DREWES

Table 4. The 5-HT content of hamster and mouse extracerebral tissues

5-HT content (in ug/ml or pg/g)
Tissue —— - —— - —_— —- —
Hamster : Mouse
Blood
Whole blood . . . . . . . = 1.8—4.61
Serum . . . . . . . .. . 10372 1.482
Spleen . . . . . . .. .. . | 205312 1.82; 2.73; 5.94; 3.5%
Gastrointestinal tract
Stomach . . . . . . ... | L.7-3.78; 0.8512 25P, 2.15F¢; 8.852; 5.27; 1.112
Small intestine . . . . . . 1.62; 3.5—4.51; 3.14; 2.8—3.7°
cranial third . . . . . . | 0.95° - 2.58; 2.87
medium third. . . . . . ]| 0.95% 1.7¢
caudal third . . . . . . | 0.85% 0.7%; 2.67
Caecum . . . . . . . .. ] 0.73¢ 2.18; 2,27
Colon . . . . . . . .. . ] 1.38 4,5%; 8.77; 3.12
Liver . . . . . . .. ... 10228 0.6—1.11; 0.245
Lung. . . . . .. e .. | 2758 1.4—61; 2.74; 2.59 4-0.3710; 1,98
Kidney . . . . . . . . = 1.3¢4
Skin. . . .. .. ... .. 10.08%12; < 0.08%3 . 0.37 (abdomen), 1.12 (ears)3
Adipose tissue . . . . . . . | = 0.12 (interscapular),
. 0.025 (epididymal)i4
Placenta . . . . . e e = 0.14—0.5215
Whole body . . . . . . .. = 151

P = pyloric stomach; F = fundic stomach.

References to Table 4. 1 WaaLkes and CoBURN (1959, 1960a). — 2 ErspaMrr (1954a,
1954b). — 3 PARRATT and WEsT (1957b). — ¢ DONALDSON et al. (1960). — 5 MELCHING et al.
(1960). — © NosiLz, unpublished data. — ? Ha¢MULLER et al. (1961). — ® WEISSBACH et al.
(1957). — ® SmrrH (1960). — 10 KInD et al. (1961). — 11 SyorrDSMA et al. (1957). — 12 WEST
(1958b). — 13 CExEco BrawceI et al. (1963). — 4 Stock and WESTERMANN (1963b). —
15 RoBsoN and SENIOR.

Table 5. The §-HT' content of the gastrointestinal tract of some large domestic mammals
(FausTINI 1955)

5-HT content (in ug base per g fresh tissue)

Stomach Intestine o
L) ! Small intest. Large intest.

R’ | Reti- ' { Ab- i T

umenl culum } masum‘yomasum proximal | distal proximal | distal

! ; T

ox...|l 0 | 0 | o I 1.6 51 | 16 1.2 l 4.9
Calf . .| 0 | 0 + 2 | 12 36 | 30 37 | 45
Goat . . o ! o | 1 | 32 4.1 2.0 2.5 | 2.9
Hog . .| — 0.5 — 4.0 0.5 03 | 05
Horse. . | —— ? 0.7 0.3 05 | 1.0

1961). Pyridoxine-deficiency causes in chickens a fall in the 5-HT content of the
intestine from 5.0 to 1.2 ug/g, possibly owing to lessened activity of dopade-
carboxylase (UDENFRIEND et al. 1957). Chronic administration of ethanol to
mice and guinea-pigs, up to 3—7 months, does not produce significant changes
either in the number of enterochromaffin cells or in the 5-HT content of the
gastrointestinal tract (HAGMULLER et al. 1961).
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Table 6. The §-HT content of the gastrointestinal tract of other vertebrate species
(in ug 5-HT base per g fresh tissue)

. . B Smarlliintestine o Large Refer-
Animal species Stomach proximal medium distal Intestine | ence
Monkey (Papzo hamadryas) 1.2—1.5 2.1 1.65 1.4 18251 1
Marmot . . 0.2 1.1 0.6 0.9 1.1—2 2
Hedgehog . . . . 6.3 ———28- —- - 3.9 3
Bat ( Rhmolophus ferrum
equinum) . . —— e ——— 1.6 —mm - 3
Chicken . . . . . . . . .| 0—0.635 2.0 34 1.0 13—19] 1t
14 4.9 4.5 4.1 3
83+13 6.1+08 4
Pigeon . . . . . . .. .]03-07 0.7 0.8 1.0 13—19] !
Duck . . . . . . . ... = 3.1 4.1 3.6 3
Tortoise . . . . . . . . . R & — — 3
Rana pipiens L. 3.0 - 54,1420 -—- = 6,7
Hyla cinerea . . . . . . . 3.6 - 48— - — - = 8
Hyla radiana . . . . . . _ e -0 —- 5
Hyla faber . . . . . . . . - e e ~06 — e 5
Pleurodema tucumana . . . - - - —— ~—08--— - - — 5
Calyptocephallela gayi . . . e 03 — — - — 3
Phyllomedusa sauvagi . . . ———— - --08-———- - 5
Leptodactylus ocellatus . e B B - - 5
Leptodactylus chaquenszs . - —— 15— - 5
Leptodactylus bufonius . . - 07— —— - 5
Leptodactylus pentadactylus
labyrinthicus . . . . —_— — - 1.0; 49— - S —- 1
Leptodactylus laticeps . . . ———— = LT o 5
Bufo bufo bufo . . . . . . 2.2 — e 1B — e e 3
Bufo americanus . . . . . 2.6 —— 81— — = 6
Bufo marinus . . . . . . 2.7 _— 71— — = 6
Bufo marinus . . . . . . —————— - - 04,077 - — —- — 5,7
Bufo arenarum . . . . . . e e - - 18 -~ i
Bufo spinulosus . . . . . ——— e — == 07— - 5
Bufo granulosus major . . e = 20— 5
Odontophrynus americanus . _ 30— ———— 3
Bombina variegata pachypus 1.0 —_— 075 - - — 3
Desmognatus fuscus 3.0 —- 5.0 -— = 6
Ambystoma tigrinum . 1.1 -— 2.1 — = 6
Necturus maculosus . . . . | 1.8,0.28 — 14,026 — - = 6,7
Scyliorhinus canicula . 0.6 —— 26— - = 3
Secyliorhinus stellarts 0.3 — -23— e 3
Torpedo marmorata . 1.35 —- 25— — 3
Acipenser naccarii 0.3 - — === 034— — 3
Acipenser sturio - — 0.38 —- - — 3
Ameturus catus, Anguzlla
anguilla, Tinca tinca . . _— - ——— <0.2—0. 4( 7) - e 3
Carassius auratus . . . . . 1.1 ] - —1 s ] = 6
Amia calva . . . . . .. 1.6 —_— 12 - - - = 6
(mucosa)
Ameiurus nebulosus . . . . {0.15—0.36 - 04074 — —-- = 7
Petromyzon planeri . . . . —_——ee 0.2 - — e e 3

References to Table 6. * NoiLr, unpublished data. — 2 BErTAccINT, unpublished data. —
3 ERSPAMER (1954 a, 1954b). — 4 PHILLIPS et al. (1961). —  RosEGHINT, unpublished data. —
8 BogpaxskI et al. (1963), BropIE et al. (1964). — 7 WELsH (1964).

Quantitative data on the occurrence of 5-HT in foetal tissues have been col-
lected in bovine foetuses by Faustini (1955) and by BErTACCINI et al. (un-
published observations). They are shown in Table 7.
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It clearly appears from the tabulated data that small amounts of 5-HT are
detectable very early in the intestinal tract of bovine foetuses, at the time of the
first appearance of the enterochromaffin cells in the mucosa and, similarly, that
spleen tissue contains considerable amounts of 5-HT from the time of its first
differentiation.

Table 7. Occurrence of 5-HT in some tissues during foetal life (bovine foetuses)
(FausTInNi 1955, BERTACCINI et al. to be published)

Content of 5-HT base (in ug per g fresh tissue)
Gestation time A . i ,
Gastrointestinal tract * ; Spleen ‘ Brain
up to 30 days non detectable ‘ = =
30—60 days trace amounts P = =
60—90 days 0.35—0.7 . 3—3.3 | =
90—120 days 0.65—0.7 [ 3. 1—3 3 | =
120—150 days 0.7 ‘ =
A09-2; S06—16; L09—2 | 17—27‘ 0.2—0.4
150—180 days | A 1.6—1.7; S 2.6—3.4; L2735 22—50 0.15—0.25
180—210days | A 2.7; S 2.4; L22 ‘ ; 0.16
240 days A l16; S1.6; L20 | 5 8 0.12

* A = abomasus, S = small intestine, L = large intestine.

In guinea-pigs, 5-HT first appears in the small intestine in measurable amounts
after 30—40 days of intrauterine life, i.e. only half way through the gestation
period. Thereafter the concentration in the gut rises rapidly till at birth it reaches
a level about 60% of the adult. The rise in concentration of the 5-HT in the
platelets follows the rise in the intestine, a result which supports the view that
platelet 5-HT is derived from the intestine (STacEY and Youna 1964).

Data on the subcellular localization of 5-HT in the enterochromaffin cells and
on the turnover rate of 5-HT in the gastrointestinal tract are presented in
Chapter 5.

2. Blood

As early as 1912, O’CoNNOR, as a result of his careful experimental observa-
tions, supposed that the serum vasoconstrictor did not pre-exist in the circulating
plasma, but was released, during coagulation or defibrination of the blood, from
the blood cells or, more probably, from the platelets. The hypothesis of the
thrombocytic origin of the serum vasoconstrictor was later supported, with ever
more convincing evidence, by ZUCKER and STEWART (1913), JANEWAY et al.
(1918), Hrrose (1918), FrEUND (1920a, 1920b), Smmox (1938, 1939), ZUCKER
(1944, 1947, 1951), Bracco and CurtI (1953, 1954), Bracco ef al. (1956) and
finally by Raxp and REeip (1951, 1952) and by ZuckEr and RapporT (1954)
and ZUCKER et al. (1954). By fractional centrifugation of ox blood rendered non-
coagulable with sodium citrate, RaNp and REID succeeded in establishing de-
finitively that the presence of platelets at the time of clotting was a necessary
condition for the appearance of 5-HT in the serum. ZUckKER and co-workers, in
their turn, found that the content of 5-HT in bovine platelets was more than
sufficient to account for all the 5-HT present in bovine serum. No other indolic
or phenolic substances were found in the platelet extracts.

It is evident that the thrombocytes contain substances or active groups
capable of anchoring 5-HT with especial selectivity and tenacity. This anchoring
is very important in that, amongst other things, it provides a defence for 5-HT
against amine oxidase and other enzymes, to which the substance would otherwise
inevitably be exposed.
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HumpurEY and Ton (1954) first demonstrated that washed dog platelets
possess the capacity of absorbing 5-HT from their suspending medium and these
results have since then been confirmed, both in vitro and in wvivo, by a number
of research workers. From all the studies on this topic it clearly emerged on the
one hand that there exists for every animal species a definite limit to the capacity
of the thrombocytes to take up 5-HT and, on the other hand, that the absorption
capacity of 5-HT by the thrombocytes is by no means saturated under normal
conditions.

In fact, the maximum uptake of 5-HT observed by Borx and Girrsox (1959)
for human platelets was 1.08 ug per 108 platelets, the normal content being
0.025—0.038 ug.

In fractioning experiments, carried out on suspensions of destroyed human
thrombocytes, 95% of the platelet 5-HT was found by ScHULTZ et al. (1964) in
the hyalomer fraction and only 5% in the granulomer fraction.

5-Hydroxy-a-methyltryptamine is taken up by ox platelets in the same way
as 5-HT and the uptake is inhibited competitively by «-methyltryptamine (Loxe
1962). Tryptamine is taken up by the platelets by a different mechanism and
in the presence of tryptamine the uptake of 5-HT is depressed. Tryptophan, 5-HTP
and DOPA do not affect 53-HT uptake by the platelets (Stacey 1961).

Specific hetero-antibodies (anti-human-platelet serum prepared in the rabbit)
and iso-antibodies (serum from patients who have received multiple blood
transfusions) strongly inhibit the in vitro uptake of 5-HT by platelets (BriDGES
et al. 1963).

When thrombocytes disintegrate, in the spleen, in other tissues or in the blood
itself, 5-HT is of necessity set free either into the plasma or inside the macro-
phages. The further fate of the substance may then be very different inasmuch
as, according to the circumstances, it may either be taken up by other thrombo-
cytes, or undergo enzymatic inactivation, or finally act on the effector structures
to provoke its peculiar biological actions.

There is at present no doubt that platelet 5-HT is of intestinal origin, with
the possible partial exception of the few animal species containing 5-HT in their
mast cells. Mature platelet is, in fact, not capable of forming 5-HT from its
precursor 5-HTP (Gappum and GiarmMaN 1956).

Through the use of radioactive tryptophan it has been calculated that the
half-life of platelet 5-HT is 24 to 73 hours, i.e. that the platelets lose their 5-HT
only when disintegrating (UDENFRIEND and WEIssBacH 1958; MErLMON and
SJOERDSMA 1963).

Assuming in man a daily production of 5—20 mg 5-HT — as inferred from
the urinary excretion of 5.-HIAA (ErspaMER and TesTINI 1959) — and a total
5-HT content in the platelets of 0.5—1 mg 5-HT (ToprICK et al. 1958), it should
be concluded either that the turnover rate of 5-HT in the platelets is considerably
faster than that calculated or that barely 2.5—20% of the 5-HT produced by the
enterochromaffin cells is absorbed by the platelets.

Recent studies have concordantly shown that platelet 5-HT exchanges with
other body depots of the amine and that it may be re-utilized after release from the
platelets (PARKER-WTLLIAMS et al. 1963 ; JACKSON et al. 1963, ZUCKER et al. 1964).

If we allow that thrombocytic 5-HT has its origin in the enterochromaffin
cells of the gastrointestinal mucosa, then it must of necessity be admitted that
a part of the 5-HT, though perhaps a very small part, does exist and circulates
free in the plasma. In fact, the exchange of 5-HT between thrombocytes and
enterochromaffin cells can take place only through the mediation of plasma, and
the substance released following damage or lysis of the platelets must obviously
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penetrate, at least in part, into the plasma. The well-known extreme fragility
of thrombocytes accounts for the circumstance that unambiguous quantitative
data on plasma 5-HT are very difficult to collect.

HumpEREY and JAQUEs (1954 b) indicate for dog, rabbit, and human plasmas

a possible 5-HT content of 2 to 5 ng/ml, ARMIN and GRANT (1957a) a content in
dog plasma of less than

Table 8. The 5-HT content of the serum (or whole blood) and 0.1 ng/ml. It may be in-
spleen of other vertebrates (in ug 5-HT base per g fresh tissue  ferred that normal plasma
or ml serum) 5-HT wvalues exceeding

i ; 8 5 iRefer- 10 ng/ml are to be con-
Animal species | (wholeblooa) . SPleen TS siderge/d erroneous.
I |
For a better under-
Ox. . . . . ... . 1.48 7.8 i R
Giat ........ 2.9 4.8 1 standing of the data shown
Sheep . . . . . .. 0.85 3.8 1 in the Tables 1—4 and 8
E:fse -------- | 8i i ;,ZO - it should be emphasized
= :g R 0.26: 0.4% 12 ' .. thatblood serum contains
Hedgehog . . . . . . 1.8 1.8 1 only part (43—59%) of
Bat (Rhinolophus fer- the 5-HT present in the
Chﬁu{iﬂ equinum) . . . . 83-;3 g 125 1, blood. The remainder is
i ey = L lost during the separation
Turkey . . . . . . . : 0.1 — 1 of serum owing to irrever-
Duck. . . . . . .. i 1.15 S | 1 sible absorption by red
gpose ------- . 350 /‘g/(a‘)%?’%latelets = 14 cells or to enzyme attack
igeon . . . . . .. . =
Seagull . . . . .. 0.7 = 1 (see page 746). .
Stork. . . . . . .. 0.03 = 1 Blood 5-HT is reduced
gmpigonotus natric . 8%1 8(1)6 i in thiamine-deficient rats
estudo graeca . . . . K .01
Rana esculenta . . . . 0.18 0.08 1 (frgm. 1'(24 t(; 0'};7 ,ug(én;l)
Bujo bufo bufo . . . . 0.02 = |1 and 1n tryptophan-dei-
Scyliorhinus canicula < 0.02 <006 1 cient rats (from 0.86 to
Scyliorhinus stellaris . << 0.04 < 0.06 L 0.12 pg/ml), but not in
Torpedo marmorata . <0.02 <0.06 1 starved rats (GAL and
Acipenser naccarii . . 0.01 0.03 1 D 1961. 1962). Si
Acipenser sturio . . . 0.025 0.03 1 REWES » & ) Si-
Anguille anguille . . <0.05 L <005 1 milarly, there is a very
Tinca tinca . . . . . ‘ < 0.04 L <005 ! conspicuous reduction of
Ameiurus catus . . .| <005 | = 1} the5-HT level in blood of
Petromyzon planeri . . < 0.05 i = 1 idine-deficient chick
Petromyzon marinus . < 0.03 = L pyriaine-delicient — chick-

References to Table 8.  Erspamer (1954a, 1954b). — e{}s (from 5.5 t°1%§7"‘g/ ml)
2 GrETTE (1957). — 3 WEISSBACH et al. (1958). — 4 Bracco (UDENFRIEND )-
and Curtr (1954). Removal of the large

intestine in rats does not
cause any change in serum 5-HT levels, in spite of reduced biosynthesis of
5-HT. On the contrary, total removal of the gastrointestinal tract produces
a conspicuous decrease in the serum 5-HT content. Decrease is of 50% after
24 br, and of 85% after 3 days (BErraccINI 1960). A similar 90% decrease of
platelet 5-HT has been described by HaveErRBACK and Davipsox (1958) in a
patient with resection of large and small intestine.
This demonstrates unequivocally that the enterochromaffin cells of the gastro-
intestinal mucosa represent both in man and in the rat the main, if not the only,
source of blood 5-HT.

Data on the content of 5-HT in foetal blood are scanty, but it may be sup-
posed that, as in spleen tissue, 5-HT in blood makes its appearance rather early.
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PepEU and GrarmaN (1962) observed that whereas in the goat foetal blood
contains more 5-HT than maternal blood (1.83—8 ug/ml as compared with 0.27
to 4.2 ug/ml) in the rabbit the level of 5-HT in maternal blood is almost twice
as high as that found in foetal blood (1.2—2.5 ug/ml as compared with 0.53 to
2 pg/ml).

3. Spleen

5-HT is regularly present, in considerable amounts, in spleen tissue. The
substance is contained to the greatest extent in the thrombocytes and thrombo-
cyte fragments caught in the spleen. Mast-cell 5-HT contributes scarcely, even in
rats and mice, to the total spleen 5-HT (PaRrATT and WEsT 1957b). Generally,
the amine is particularly abundant in the spleen tissue of animal species whose
blood is rich in 5-HT (ERSPAMER 1940b, 1954 b, c).

FavsTiyt (1955) has been able to establish that 5-HT appears in the spleen
from the earliest stages of its embryonic development (cf. Table 7).

4, Mast cells

The occurrence of 5-HT in mast cells was first demonstrated by BENDITT et al.
in 1955 (b). Since then, considerable work has been dedicated to the study of
this peculiar localization of 5-HT in the mammalian organism and some fundamen-
tal facts may now be considered as firmly established:

a) Only rat and mouse mast cells contain important amounts of 5-HT. The
amine is not detectable in the mast cells of other mammalian species, either under
normal or pathological conditions (BEATTACHARYA and LEwIs 1956, PARRATT
and WEsST 1957a, Apams-Ray et al. 1964). The consequence of this statement is
that, from a general biological point of view, 5-HT in the mast cells of the above
rodents is little more than a biochemical rarity, and exactly the same may be
said of the occurrence of 5-HT in the hypobranchial body of some molluses or in
the coelenteron tissue of some coelenterates.

It is obvious that those animal species which contain 5-HT in their mast cells
display considerable 5-HT levels in nearly all their parenchymatous tissues (cf.
Tables 1 and 4). However, a correlation between mast-cell population and
5-HT concentration is not always evident, i.e. mast cells do not necessarily contain
the same quantity of 5-HT in the different rat tissues, nor is the 5-HT/histamine
ratio everywhere the same (BHATTACHARYA and LEwis 1956). PARraTT and
WEsT (1957a), for example, maintain that the abundant 5-HT which is found in
the outer layer of the rat skin is not held in mast cells, at least in the typical
metachromasia-yielding mast cells. This opinion is shared by SmiTe and LeEwis
(1961) on the basis of results obtained in rats treated with an anti-mast-cell serum,
which caused no fall of skin 5-HT at the time when histamine and mast cells in
the skin were very low. Similarly, mast-cell origin is doubtful in the case of
the 5-HT found in the rat thyroid gland.

GREEXN et al. (1960a, 1960b) found that heparin from rat tissues and from a
mouse mastocytoma yielded, on fractionation, an unusual heparin fraction. They
suggest that the anomalous occurrence of 5-HT in the mast cells of rats and mice
may be explained by the presence of this unique heparin.

b) In the mouse 5-HT is present not only in normal mast cells, but also in
neoplastic mast cells, namely in those of mastocytoma and of mast cell leukaemia.

Moreover, during chemical skin carcinogenesis in the mouse the 5-HT content
of the skin at different stages of papilloma formation rises from 0.3 to 4£.5ug/g.
5-HT is apparently contained in cells giving a golden-yellow fluorescence with no
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or very little metachromasia (RILEY 1958, CovPLAND and RiLEY 1960, FIoRE-

Dowartr et al. 1962).

On the contrary, animals lacking 5-HT in their normal mast cells do not show
any detectable 5-HT either in tissues abnormally rich in mast cells (masto-
cytosis) or in mastocytomas (Table 9).

Table 9. The 5-HT content of mast cells

Animal species and mast cell type

Content of 5-HT base ‘

Reference

Rat Normal mast cells
peritoneal cavity
peritoneal cavity
peritoneal cavity .
feet, areolar tissue . . .
feet, dermis
back, areolar tissue. . .
back, dermis. . . . . .

Mouse Mastocytoma,
tumoral tissue

tumoral cells in culture .

Mast cell leukemia . . .

Dog Mastocytoma
tumoral tissue

tumoral tissue

Cow Mastocytoma
tumoral tissue

Man Mastocytoma ..
Urticaria pigmentosa . .

Spleen mastocytosis .
Liver mastocytosis . . .
Cutaneous mastocytosis

!
1

- << 0.25 ugfg skin

" no 5-HT detectable
i <C0.05 ug/g skin or ml

630—700 pug/ml cells

780 ug/ml cells

. 800 ug/ml cells

1150 ug/ml cells
6—T714 ug/e tissue
0.06—1.5 ug/10° cells
7.74 pg/ml blood

<< 0.2 ug/g fresh tissue

0.32—0.83 ug/g lyophilized |
tissue i

no detectable 5-HT

no detectable 5-HT

no increase in 5-HT level

blister content

|
. ! BENDITT et al. (1955b)
. 0.35—0.46 ug/10° cells |

. 1.02—1.59 ug/108 cells |
760 pg/ml cells

KerLLer (1957)
Moraw et al. (1962, 1963)
BexpITT (1957)
BexpIiTT (1957)
Benprrr (1957)
BewnprTT (1957)

FurtH et al. (1957)
SJoERDSMA et al. (1957a)
Owo et al. (1959)
SCHINDLER et al. (1959)
GrEEN and Day (1960Db)
Oxo et al. (1959)

SJoERDSMA et al. (1957a)
PARRATT and WEesT (19574a)
Mezer (1959)

ParrATT and WEsT (1957a)

© ParraTT and WEsT (1957a)

ParraTT and WEsT (1957a)
SJOERDSMA et al. (1957a)

. Expr and CEERNTSS (1958)
i GARDNER and TycE (1958)

SturM and STOTTGEN (1962)

Rice and MiTcHENER (1961) claim to have obtained histochemical evidence

of the occurrence of 5-HT in a dog mast cell tumour. Unfortunately, the in-
vestigators were unable to support their not completely persuasive histochemical
data (variable silver reaction!) with any biochemical or biological evidence.

ExErRBACK (1963) in his turn affirms that mast cells occurring in human car-
cinoid tumours exhibit histochemical reactions suggesting that they contain
5-HT and that a large number of mast cells with positive enterochromaffin reac-
tions may occur even in so-called anargentaffin carcinoids.

Apart from the fact that it is difficult to accept, in the case of a neoplastic
tissue, the statement of ENERBACK that a cell which contains metachromatic
granules must be a mast cell (why not an enterochromaffin cell with abnormal
content in metachromatic granules ¢) the above finding demonstrates only that
under conditions of enhanced 5-HT secretion, human mast cells are capable of
“storing” 5-HT. Biosynthesis of 5-HT has never been demonstrated in human
mast cells.

Similarly, the possible occurrence of 5-HTP in extracts of human skin affected
by mastocytosis, as described by SturM and STUTTGEN (1962) in a single clinical



Other extracerebral tissues of mammals 143

case, awaits confirmation. Perplexity seems justified not only by the meagre
direct evidence, but even more by the lack of detectable 5-HT in the extracts.

It should be stressed at this point that, in a study by MEIER (1959), eight canine
mastocytomas revealed only negligible quantities of 5-HT ( %), averaging 0.49 ug
per g dry lyophilized tumour material, although histochemically large amounts
of indole compounds could be demonstrated, and that Fiore-DoNaTrI et al. (1963)
were unable to find any increase of 5-HT during chemical skin carcinogenesis in
the hamster.

¢) 5-HT in the mast cells is probably of completely autochthonal origin, i.e. it
may be synthesized from L-tryptophan within the mast cells themselves. This has
been shown by SCHINDLER et al. (1959) and by Day and GREEN (1959) and GREEN
and Day (1960b), who found that neoplastic mast cells obtained from a mouse
mastocytoma after many generations in culture maintained, or even increased,
their high intracellular level of 5-HT. Of necessity, 5-HT is formed at the expense
of the L-tryptophan in the cultural medium.

The above statement does not exclude the possibility that exogenous 5-HT
may contribute to the store in mast cells. In fact, mast cells from the peritoneal
fluid of the rat are capable of taking up 3-HT and histamine (not dopamine and
noradrenaline) both in vitro and in vivo. The distribution ratios of 5-HT and
histamine between cells and medium are 78 and 9.2, respectively (Furaxo and
GREEN 1964).

d) The turnover rate of mast-cell 5-HT is not known. Indirect evidence
supports the view that under normal conditions it is probably rather slow, but
that in the case of mastocytoma it may become more rapid. In fact, BERTAC-
ciN1 (1960) has shown that removal of the entire gastrointestinal tract in rats
causes the practical disappearance of 5-HIAA in urine, while leaving largely
unaffected the mast-cell 5-HT in the skin, which accounts for more than 50% of
the total 5-HT in the body. On the other hand, SsoErDsSMA et al. (1957) have
found that mouse mastocytoma provokes not only a huge increase in the 5-HT
content of the mouse body (from 1.5 to 20 pug/g) but also a similar increase in the
urinary 5-HIAA (from 6 to 70 ug/ml).

Stork (1963) has described in the lizard a mast cell reaction during chemical
skin carcinogenesis identical, in every detail, to that seen in the mouse by F1orE-
Doxarr et al. (1962). This raises the problem of the occurrence of 5-HT in mast
cells of vertebrates other than mammals.

Lewis (1957) considers each mast cell of rats and mice to be a minute pharma-
cological armamentarium destined not only to serve as outer defence in the body
defence mechanism against tissue injury, but also as a store-house of vasoactive
substances which may well be released physiologically to control the vasculature
of the connective tissue. This view has recently been strengthened by the ob-
servation that mast cells may contain not only histamine and 5-HT bust, at least
in ungulates, dopamine also (CovpLAND and HeaTH 1961).

5. Other extracerebral tissues of mammals

Concerning unusual localizations of 5-HT in animal species not containing
5-HT in their mast cells, two seem of particular interest: that in the rabbit lung
and that in the sheep thyroid gland.

The 5-HT in the rabbit lung clearly originates from blood platelets, as shown
by the fact that during anaphylactic shock, in which circulating platelets are
caught in the lung, lung 5-HT may increase by 5 to 10 times (WAALKES and
CoBUurN 1959).
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The origins of the 5-HT contained in the sheep thyroid gland (2.4—7.5 ug/g
fresh tissue) and the rat thyroid gland (2.4—5 ugfg) are unknown. The rabbit
thyroid contains 0.09—0.29 ug/g 5-HT, the dog thyroid only 0.025 ug/g Paa-
SONEN 1958). Farck (1962) has recently shown that in the rat thyroid gland
5-HT may be localized in peculiar fluorescent cells. It would seem advisable to
extend the search for typical enterochromatfin cells or fluorescent 5-HT-containing
cells to the thyroid gland of the sheep and other animal species.

No significant changes in the 5-HT content of the rat thyroid gland are seen
following single doses of methimazole or potassium thiocyanate. Repeated ad-
ministration of methimazole, however, produces a significant increase of the total
5-HT in the gland (PaasoNEN and PELTOLA 1960). Asexpected, the 5-HT level in
the rat thyroid gland is raised also by administration of iproniazid and 5-HTP
(PAASONEN et al. 1961).

Table 10. The 5-HT content of miscellaneous vertebrate tissues

Tissue Content of 5-HT base

(ug/g fresh tissue) Reference
Man Placenta . . . . 0.13 4-0.04 Kuriakr and INnovz (1956)
Lung . . . . .. 0.1 SANDERS et al. (1959)
Skin . . . . .. 0.03 PArrATT and WEsT (1957a)
JoraNssoN (1960)
Monkey Uvea and retina . 0.15—0.97 LEVENE (1962)
Lid....... 0.25 LeveNE (1962)
Goat Placenta . . . . 0.25—0.27 PeprU and GIARMAN (1962)
Lung . . . . . . 0.8—2.2 PrpEU and GIARMAN (1962)
Sow Urinary tract . . 0.13 (mucosa) ‘
0.02 (muscular | KoceE and ENGELHARDT (1959)
layer)
Hedgehog Liver . . . . . . 1.46—2.79 . Uvuspii (1963)
Lung (perfused). . 0.71—0.94 - Uvuspii (1963)
Kidney Ce e 0.21—0.59 i Uuspii (1963)
Pigeon Liver . . . . . . 0.22—0.48 APRISON et al. (1962)
Heart . . . . . . 0.11—0.30 i APRISON et al. (1962)
Lung . . . . . . 0.08—0.26 APRISON et al. (1962)
Ameturus nebulosus (fish) Skin < 0.02 | WELsH (1964)

Minute amounts of 5-HT have been described in a variety of tissue extracts
(see Tables 2, 3 and 10) but very often one cannot avoid the impression that this
5-HT may be referred to the blood contained in the tissues (GARVEN 1956), or
that colour reactions, fluorescence reaction or pharmacological effects considered
specific for 5-HT may in reality depend on substances other than 5-HT. It is
hoped that the histochemical fluorescence method of FarLck (1962) will be of de-
cisive importance, owing to its extreme sensitivity and high specificity, in solving
many of the present doubts.

The 5-HT content of nearly all rat tissues shows a progressive increase during
postnatal development. For example, the lung, liver and gastrointestinal tract of
male rats weighing 36 g contains 0.52, 0.03 and 1.45 ug/g 5-HT, respectively; the
same organs of rats weighing 300 g 2.02, 0.14 and 2.8 ug/kg, respectively (BERTAC-
CINT 1958).

It is interesting to note that two days after weaning, the 5-HT and histamine

values for ears, abdominal skin and skin of feet are about double those found in
the unweaned rats of the same age. No detectable difference has been found in
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the 5-HT content of tissues secured from male and female rats of similar age
(PARRATT and WEST 1956b).

Several parenchymatous tissues (lung, liver, kidney) contain apparently small
amounts (0.05—0.2 ug/g) of tryptamine (Hess and UDENFRIEND 1959, HEss
et al. 1959). This is all we know at present about the occurrence and distribution
of this amine in the mammalian organism.

6. Central and peripheral nervous system

The occurrence of 5-HT in the CNS was first demonstrated by AyIx et al.
(1954) and by Twarog and PacGEe (1953) and was soon confirmed by numerous
other research workers. It may be seen from Tables 11 and 12 that all vertebrate
species examined contain 5-HT in the brain. This fact represents again, as in
the case of gastrointestinal mucosa, strong evidence that 5-HT in the brain has
a general biological significance.

Table 11. The 5-HT content of the ceniral nervous system of the rat

The 5-HT content (in xg per g fresh tissue) as estimated by

Bioassay Spectrofluorometric method

Whole brain . Rat uterus: 0.23—0.381;
0.26—0.502; 0.25—0.523;
0.41—0.48%; 0.2—0.2510

Rat stomach: 0.35%; 0.346 -+
0.01%; 0.286 - 0.057

Venus heart: 0.34—0.428;
0.21-—0.459; *0.3610; *0.36 =
0.00711; *(0.38 - 0.0212

0.413; 0.5411; 0.48—0.531%5; 0.41—

0.7716; 0.4—0.4517; 0.6+ 0.175;
0.63 --0.1419; 0.58 -- 0.01420;
0.78 £0.121; 0.532%; 0.472; 0.412¢;
0.5—0.825; 0.47426; 0.371 -
0.04877; 0.81 - 0.05%; 0.54
0.082%; 0.5732; 0.49—0.623%; 0,58~
0.03334; 0.78-—0.80%°

*0.54—0.5910; *0.43—0.5211;

*0.52 -+ 0,0212
°0.62(r.h.)—0.60 (L.h.) %2

Frontal cortex 0.162 - 0.01431

Cerebellum .. 0.029 +0.0023%; 0,312
Hippocampal gyrus . 0.328 - 0.0731
Hypothalamus . 0.429 -0.123%
Anterior hypothalamus 3.841.43
Midbrain = stem 0.942
Pons -+ mesencephalon
-+ diencephalon . 1.07—1.34%°
Whole brain
bound 5-HT . 60—75% 3%; 85% %6; 70% 37; 829 3;
55% 41
free 5-HT 25—40%; 15%; 30%; 18%; 39%

c

r.h. = right hemibrain; Lh. = left hemibrain.
* Comparative assays with the Venus heart method and the spectrofluorometric method.

References to Table 11. * BERTACCINI (1959). — 2 BErRTACCINT (1960). — 3 ERSPAMER and
BERTACCINI (1962). — % BERTACCINT and ErRSPAMER (1962). — 3 PaasoNEN and KARxT (1959).
8 Kivaro et al. (1961). — 7 GOrOG and SzPorNI (1962). — 8 BONNYCASTLE et al. (1957). —
9 P2aasoxEN and GIARMAYN (1958). -— 10 FREEDMAYN (1961). — 11 BONNYCASTLE et al. (1962). —
12 AXDERSOYN et al. (1962). — 13 BogpaxskI et al. (1956). —  PLETSCHER (1956), PLETSCHER
et al. (1956). — 15 Maas and Nnvo (1959). — 16 TaBacENIcK and Rusiy (1959). — 17 UDEX-
FRIEND et al. (1958). — 18 REsNICK et al. (1961). — 19 SKILLEX et al. (1961). — 20 YUWILER
and LouttiT (1961). — 2 ScHWABE et al. (1961). — 22 MoorE and Bropy (1961). — 2 Emn.
RINGER et al. (1961). — 2! GaL and DREwES (1961). — 2 HEess and DoEPFNER (1961). —
26 GrREEX et al. (1962). — 27 MAYNERT et al. (1962). — 28 ErsHorF and GAL (1961), — 2 Ers.

HOFF et al. (1962). — 3 Quay and HaLevy (1962). — 3! JovcE (1962). — 22 SCHOKE and
LixDYER (1960). — 33 PrT and HocExHUIS (1962). — 3t TowyE et al. (1962). — 3 WHITTAKER
(1939). — 38 GrrexMax (1960). — ¥ ScHaNBERG and Graryax (1962). — 328 GREEN and

SAwWYER (1962). — 3 Maas (1963). — % Waraszex and Asoop (1959). — *! CARLINT and
GREEN (1963). — > HARVEY et al. (1963).

Handb. d. exp. Pharmakol., Erg.-Werk Bd. XTX 10
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Table 12. The 5-HT content of the whole brain in representatives of different vertebrate classes

Animal species 5-HT content (in ug per g fresh tissue)

Rhesus monkey . . . . ' 0.43—0.5322

Rabbit. . . . . . . . . 0.57 - 0.08%; 0.46 4- 0.032; 0.45—0.67%; 0.35 +0.014¢

Guinea-pig . . . . . . . 0.46 +0.052; 0.65; 0.44 +19%; 0.4287; 0.68—0.722
0.56 - 0.23%7; 0.49 4-0.24%8

Mouse . . . . . . .o 0.85—1.08; 0.48—0.62%; 0.66 1 0.011%; (.82 - 0.0211;
0.59 + 0.0412; 0.52 + 0.0523; 0.78—0.9324; 0.53 + 0.034; 0.3215

Marmot . . . . . . .. 0138

Hedgehog . . . . . . . - 0.56—0.9624

Goat . . . . .. . . . | 0.08—0.12 parietal and frontal lobes, 0.11—0.12 hippocampus

 and basal ganglial?

Chicken . . . . . A 1.1318; 1.023; 0.88 --0.08 hemispheres, 0.70--0.10 midbrain,
0.51 4+ 0.96 pons-medulla, 0.16 4 0.05 cerebellum?®

Pigeon. . . . . . . . . . 0.728; 0.78—1.24 telencephalon, 0.6—1.2 diencephalon —+ optic
lobes, 0.12—0.44 cerebellum, 0.93-—1.5 pons-medulla®

Turkey . . . . . . - 041

Water snake . . . . . . 0.219

Sceloporus cyanogenys . . 3.1%

Alligator mississipiensis . 0.21—0.68 telencephalon, 0.46—1.56 diencephalon,

0.3¢—0.69 rhombencephalon, 0.5 cerebellum,
0.51—0.87 optic lobes30

Rana esculenta . . . . . 0.25—0.35%
Rana pipiens . . . . . . 3.7%; 0.23—0.62 telencephalon, 0.756—1.6 diencephalon;
0.32—0.71 rhombencephalon, 1.1—1.6 optic lobes3°
Rana catesbiona . . . . 0.36—0.7 telencephalon, 1.29—1.8 diencephalon,
" 0.36—1.0 rhombencephalon?®
Hyla cinerea . . . . . ' 2.0%
Bufo americanus . . . . | 9.1%
Bufo marinus. . . . . . | 1.5%
Bufo arenarum . . . . . , 0.8—1.3%
Bufo paracnemis . . . . | 0.8%
Leptodactylus chaquensis . 0.6—1.0%
Telmatobrus hauthali . . . 0.57%
Desmognatus fuscus . . . . 2.8%
Ambystoma tigrinum . . : 2.9
Necturus maculosus . . . | 1.1%
Scyliorkinus canicula . . ‘ 0.219
Carassius auratus . . . | 0.15%
Amig calva . . . . . . . | 0.48%

References to Table 12. 1 BRODIE et al. (1956); SHORE and BroDIE (1957). — 2 BoGDANSKI
et al. (1956). — 3 GURsEY et al. (1959), GursEY and OrLsoN (1960). — ¢ HAGGENDAL et al.
(1957). — 3 PLETSCHER (1956a). — 8 WHITTARER (1962). — 7 RyaLL (1962). — 8 PLETSCHER
(1956)b. — ? BaRTLET (1960). — 10 DUBNICK et al. (1960, 1962). — 1 WiEcaND and PERRY

(1961). — 12 WirGaND and ScHERFLING (1962). — 13 LEroy (1962). — ¢ ALBRECHT et al.
(1956). — 13 MELCHING et al. (1960). — ¢ BERTACCINI, unpublished observations. — 17 PEPED
and GIARMAN (1962). — 18 UDENFRIEND et al. (1957). — 1° CoRREALE (1956). — 2 APRISON

et al. (1962). — 2 HAVERBACK et al. (1957). — 22 WEissMAN and FiNcEr (1962). — 2 Bog-
DANSKI et al. (1963), BRODIE et al. (1954). — 24 Uvuspii (1963). — 25 NosBrL1, unpublished
observations. — ?¢ PscHEIDT and HmvwicH (1963) ; PscHEIDT (1964). — 27 Hs14 et al. (1963). —
28 MrcHAELSON and WHITTARER (1963). — 2° DE CaRO and RoseeHINI, to be published. —
30 WeLsH (1964).

Tables 13 and 14 of this chapter and Table 4 of chapter 13 show that, at least
in mammals, 5-HT is preferentially contained in specific areas of the brain (brain
stem structures, rhinencephalic structures, neostriatum) some of which are part of,
or are functionally connected with, the autonomic system or the reticular acti-
vating system.

Although the problem of the origin of cerebral 5-HT is not solved, indirect
evidence seems to support the view that brain 5-HT may originate locally from
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L-tryptophan. We refer to the experiments of BErTAccINt (1960) showing that
5-HT is present, in nearly normal amounts, in the brain of rats deprived operative-

Table 13. Regional distribution of 5-HT in the brain of the dog, cat and rabbit

5-HT content in ug base per g fresh tissue

Rabbit

Dog Cat |
Brain stem. . 0.751; 0.43 1+ 0.103; 1.28'¢  0.791 - 0.651; 0.58—0.72;
0.425-+0.05%
Spinal cord cervical 0.26 £ 0.013 (above Th2)1¢  0.24*
sacral. . 0.25 -+-0.02 (below Th2)4 0.824
Medulla . . 0.55—0.625 0.55—1.25
Area postrema . . . . 0.267
Floor 4th ventricle . 0.17—0.377
Medulla-pons 0.5615 0.881% 0.63°
Pons . . . . . . . .. .]042—0.385 0.33¢%; 0.73
Pontile reticular formation 0,89¢ ‘
Cerebellum. . . . . . . . 0.07—0.095; 0.11 4-0.041¢  0.3—0.275 ' 0.12°
Cerebellar cortex . . . . . 0.007—0.0127
Inferior colliculus 0.768
Midbrain . . . . . . .. }1097—1.0% 1.23—1.73 0.83°
Midbrain reticular formation 2.68
Midbrain-hypothalamus . . | 1.3118 0.5+ 0.0810;
1.45%%
Hypothalamus . . . . 1.75%; 0.378; 1.281¢ 1.78—2.05  0.4340.121
anterior . . . . . 0 2.48
posterior. . . . 2.58
Thalamus . 0.65%; 0.4815 0.785%; 0.43¢%;,
0.9115 i
Basal thalamic area 0.888 ‘
Caudate nucleus . . . . . 0.278; 0.725; 0.48-—0.6312; 1.6%,5;0.8415,
0.6115; 0.5118
Intralaminar and midline
nuclei. . . . . .. 0.56°8
Olfactory bulb . . . . 0.38%; 0.047; 0.088
Septal region 0.468 2.08
Braingyri. . . . . 0.175 0.245
White matter . 0.07—0.13%; 0.028 0.135
Cortical grey matter 0.27—0.345 0.68%
Central grey matter 1.8
Amygdala . . . . . . 2.15; 0.488 - 1.8 ;
Hippocampus 0.645; 0.258%; 0.4615 0.7115 [ 0.33 4-0.0712
Putamen c. . . . . ]0aq1e
Hypnogenic zone of Hess . 1.8¢
Neocortex . . . . . . 0.695
Frontal cortex . . . . 0.055 -+ 0.00211
Auditory cortex 0.418
Pyriform cortex . 0.94%; 0.18—0.488 1.48
Posterior pituitary . . 07
Sympathetic ganglia 07 0.218

References to Table 13. * BRODIE et al. (1959). — 2 SpECTOR et al. (1960). — 3 MAYNERT et
al. (1962). — 4 AxpERsON and Cubpia (1962). — 3 Boapaxskl and UDENFRIEND (1956),
Boapaxskr et al. (1957). — ¢ Ku~tzyax et al. (1961). — 7 PaasoNEN and Voer (1956). —
8 PaasOXEX et al. (1957). — 9 Costa and AprisoN 1958). — 1 ANTONELLI et al. (1961). —
11 JovcE (1962). — 2 AsHCROFT and SHARMAN (1962). — 13 GERTNER et al. (1959). — 14 CARLS-

sox et al. (1963). —

15 PsorEIDT et al. (1964). — 18 TycE et al. (1964).

ly of the whole gastrointestinal tract, and to the occurrence of considerable quan-
tities of 5-HT in ganglia and peripheral nerves of molluscs containing only
traces of the amine in all other tissues.

10*
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Quite recently direct evidence that brain tissue is capable of hydroxylating
L-tryptophan has been furnished by several groups of research workers [e.g.
GrEEN, H., and J. L. SAWYER, Fed. Proc. 24, 604 (1965)].

Concerning the problem of the distribution of 5-HT at cellular and subcellular
levels within the brain tissue, there is still considerable uncertainty and perplexity.
Three main possibilities should be kept in mind, namely that:

a) 5-HT is contained, at least in some areas, in glia cells instead of in true
nervous cells. This possibility is supported, «) by the finding that in autoradio-
graphs of brain tissue obtained after injection of radioactive 5-HTP, the 5-HT
appears to be distributed fairly evenly throughout the brain with no relation
to nervous elements (LEwis 1958), B) by the observation that in the dog whole
CNS the highest concentrations of 5-HT are found in the area postrema which

consists of highly vascular neuroglia
Table 14. Regional distribution of 5-HT in  tissue and only some nervous cells
the bm(’gsco]]; E?I‘)"'T ;’fg’ﬁ?{M& JI”C?;%%B)M“M) (STACI'EY 1959), v) by .the ol?servation
that in mount rabbit brain cortex

5-HT content, cultures and subtransplants some glial

in ug base perg . .
fresh tissue * elements and fibers contain yellow
‘ fluorescent monoamines (5-HT ?) (GEI-
Pons-medulla . . . . .. 0.494+0.11 GER et al. 1964), and finally, y) by the
Midbrain (hypothalamus) . 0.77-£0.16 stimulating experimental results of
Caudate . . . . . . . . 0.36 - 0.06 U ho § d th 1
Thalamus . . . . . . . . 0.56 1015  UTLEY (1963), who found that remova
Hippocampus (amigdala) .  0.29 +0.08 in the cat of cortical areas known as
Various cortical structures .  0.17 +0.04 A1, A1, Ep, S1I, temporal and insu-
Temporal pole . . . . . . . 0.20—0.24 : : .
Lenticular thalamic mass . ; 0.29—0.35 lar (which results in retrograde degene

ration and gliosis in all portions of
the principal division of the medial
geniculate body, with a 45% decrease
in weight) produced a 70% increase of 5-HT in the residual atrophic tissue (from
1.2 to 2.05 ug/g). 'This 5-HT concentration persisted even after successive lesions
of the brachium of the inferior colliculus.

JoycEe (1963) has recently shown that glioma tissue contains less 5-HT than
normal surrounding cerebral tissue. However, in the writer’s opinion this ob-
servation, while certainly not in favour of the theory that 5-HT is localized in
glia cells, does not disprove this theory. In fact, data obtained in neoplastic cells
can hardly be transferred to normal cells.

b) 5-HT is present in the body of the nervous cell. This is the opinion shared,
tacitly or expressly, by the majority of research workers. According to WALASZEK
and ABooD (1959) most of the 5-HT present in rat brain is bound to the mito-
chondria, but other investigators (GLUCEMAN 1960, GIARMAN and SCHANBERG
1959, InouvE et al. 1962, KaTaora 1962, CarLINI and GREEN 1963) while
confirming that 60—80% of the brain 5-HT resides in granules, eschew a more
precise definition of the nature of these granules.

¢) 5-HT is contained in the nerve endings, more precisely in the synaptic
vesicles or in particles quite similar to them. This theory, which has been advanced
by WHITTAKER (1959, 1961, 1962) and MicHAELsON and WHITTAKER (1962, 1963)
is at present the most satisfactory and attractive. WHITTAKER suggests that, like
acetylcholine, 5-HT also may be bound to the particles partly in a highly labile
state and partly in a more stable state. Subcellular particles containing 5-HT
are distinet from those storing acetylcholine (cf. also Ryarr 1963, 1964).

CArLssoN et al. (1963) have recently shown that a week after transection of the
rabbit spinal cord at the 2nd thoracic segment the 5-HT in the portion below the

* Spectrofluorometric method.
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section was only about 15% of that found in the cervical portion (0.04-2-0.015 as
compared to 0.32--0.02 pug/g). According to the Swedish investigators this fact
may be interpreted to mean that 5-HT in the cord is mostly localized, like nor-
adrenaline, in the fibres descending from more centrally sited cell bodies. The
interpretation is not in contrast with the WHITTAKER'S theory.

The turnover rate of 5-HT in the CNS is high. With the aid of powerful,
promptly-acting monoamineoxidase inhibitors it has been demonstrated that the
half-life of cerebral 5-H'T is not longer than 10 to 20 min (UDENFRIEXND et al. 1958),
and according to 5-HT estimates in brains of rats anaesthetized with pento-
barbital sodium it is even shorter (2 minutes) (ANDERSON and BOXNNYCASTLE
1960).

ALBRECHT et al. (1936) found that the brain 5-HT level is slightly higher in
female mice than in male adult mice (0.93 and 0.78 ug/g, respectively) and that
a small but significant decrease in 5-HT concentration of brain pools is noted
prior to the usual time of arousal. On the average the concentration of 5-HT in
brain is higher before and around noon than at or after 4.30 p.m. (difference
0.12 ug/g)-

Maas (1963) has recently called attention to the possible existence of neuro-
chemical differences among different strains of mice. He found that whereas the
5-HT in total brain did not differ significantly in the two examined strains
(0.807 and 0.783 ug/g), the 5-HT in pons -4 mesencephalon -+ diencephalon was
1.3440.046 ug/g in strain BABL/CJ and 1.074-0.037 pg/g in strain C57BL/10J.

Data on the appearance of brain 5-HT during embryonic life are still in-
complete and in part contrasting.

Nacumias (1960) found that 5-HT is present in the brain of newborn rats
at about a third of the concentration in adult brain and increases in a linear
fashion thereafter; KARkT et al. (1960, 1962) observed that three days before
birth rat brain 5-HT is about 25% (norepinephrine 15%), at birth 50% (nor-
epinephrine 20%), and two weeks later 70% (norepinephrine 40%) of normal,
with values of the mature animals (0.47+0.02 pg/g) being approached in seven
weeks; finally Waxga et al. (1962) noted, in full confirmation of the above results,
that in rat brain 5-HT increases gradually from birth, attaining 0.454 0.02 ug/g
at 20 days of age and 0.77 +0.03 ug/g at 39 days of age.

Rabbits behave like rats (brain 5-HT levels in newborn and adult rabbits=
0.334-0.05 and 0.604-0.02 ug, respectively), whereas in guinea-pigs the amount
of 5-HT stored in the brain of newborn animals approaches the adult figure
(0.264-0.01 ug/g, as compared to 0.334-0.01 ug/g) (KArkI et al. 1962, SyiTH et al.
1961, PErEU and Grarmax 1960, 1962).

It has been suggested that the above biochemical differences should be cor-
related with differences in the functional development or degree of maturity of the
various species at birth. However, this hypothesis does not seem to have a
general value since in goat foetuses, late in gestation, the 5-HT content of dif-
ferent brain areas is considerably larger than that of the corresponding maternal
brain areas (foetus and mother, respectively: parietal lobe 0.36 and 0.10, occipital
lobe 0.29 and 0.09, hippocampus 0.25 and 0.15, basal ganglia 0.27 and 0.17 ug/g)
(PepEU and GrarmMax 1960, 1962).

The observations on the influence of the diet on brain 5-HT levels in rats are
of considerable interest.

Young rats maintained for 1 to 7 weeks on a diet supplemented with 2-—7 %
phenylalanine regularly present a marked decrease (20—35%) in the brain 5-HT
level. This decrease is even greater (70%) in animals kept on a tryptophan-free
diet. On the contrary, rats kept on a high-tryptophan diet show a consistent
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increase (30—35% ) in 5-HT levels. Finally, rats kept on a diet supplemented with
both phenylalanine and tryptophan present, depending on the ratio between the
two aminoacids, increased, unchanged or decreased 5-HT concentrations in the
brain (WaANG et al. 1961, 1962; Yowmer and LourtIiT 1961; GAL et al. 1961;
SCHANBERG et al. 1962 ; GREEN et al. 1962; GaL and DrEWES 1962 ; CULLEY et al.
1963). The depressive effect of a low-tryptophan diet on brain 5-HT has been con-
firmed by ZBINDEN et al. (1958) in the guinea-pig and in the mouse, that of a
high-phenylalanine diet by Hsia et al. (1963) in the guinea-pig.

Excess dietary tyrosine (7%) causes little or no change in brain 5-HT, excess
valine (6—9%) a 17% decrease of the amine, phenylacetic acid (5%) a 22%
increase (Bocas et al. 1963).

The mode of action of tryptophan excess or deficiency is obvious; phenyl-
alanine is believed to act as a depressor of dopadecarboxylase via its metabolites.

Table 15. The 5-HT content (in uglg) of the hedgehog brain during activity and hibernation
(Uuspiid 1963)

Summer o Cold season - o

active state active state hibernating
Whole brain . . . . . . 0.56 -+- 0.026 0.85-+-0.056 ' 0.96 4 0.045
Cerebellum. . . . . . . 0.05 +0.004 0.074+0.02 . 0.064+0.02
Medulla and pons. . . . 0.78 - 0.02 1.00£+0.07 | 1214008
Mesencephalon . . . . . 1.37 4+-0.04 1.76 4-0.07 . 1.79-4-0.08
Diencephalon . . . . . 1.00 +-0.05 1.254-0.08 | 1.2240.06
Cerebral hemispheres . . 0.37 -+ 0.04 0.754+0.08 | 0.89+0.06
Olfactory bulbs 0.27 4-0.08 041+0.04 0474004

Uuspii (1963) has carried out a comparative study on the 5-HT content of
the hedgehog brain during activity and hibernation. Results are shown in
Table 15.

It may be seen that whereas an increase in the 5-HT content occurs during
the cold season, this increase seems to be independent of the activity of the
animal. In fact, no significant differences are found in brain 5-HT levels between
hibernating hedgehogs and animals kept at room temperature during the cold
season.

Neither starvation nor thiamine deficiency produces any change in the brain
5-HT levels of rats (GAL and DrREwEs 1961). Pyridoxine-deficiency causes only
a small decrease in the 5-HT concentration of the rat brain (YEH et al. 1959), but
a conspicuous decrease in the brain 5-HT level of chickens (UDENFRIEND et al.
1957).

Tou (1960) observed that the 5-HT content of the brain of rats exposed to
extreme heat or cold was lower (0.20 and 0.24 ug/g) than that of control rats
(0.38 ug/g).

BarcHAS and FREEDMAN (1963) noted that swimming to exhaustion produced
a 13—15% increase in brain 5-HT levels and wheel a 10% increase, whereas a
number of other stressors (exposure to cold, electroshock, 72 hours of food and
water deprivation, anoxia in a nitrogen chamber, adrenalectomy) failed to
evoke significant changes.

TYcE et al. (1962) could not find any change in the brain 5-HT levels of dogs
submitted to hepatectomy or of Eck-fistula dogs.

Results obtained in the rat were at variance. In fact, TYcE et al. (1963)
observed that in this species 24 hr after hepatectomy the concentration of 5-HT
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in the brain showed a twofold, and that of 5-HIAA a 3-fold increase, indicating
a rapid turnover of 5-HT. Tryptophan showed a 4- to 5-fold increase.

Not only 5-11T but also tryptamine must be considered a normal constituent
of brain tissue. The brain content of this amine seems, however, to be rather low
(Hess et al. 1959, HEess and DorrrNER 1961) and information about regional
differences in its distribution is lacking.

Among the metabolites of 5-HT the only one so far detected in brain tissue is
5-HIAA, but there is the possibility that other acidic or basic 5-hydroxyindole
compounds are present (ASHCROFT and SHARMAN 1962).

According to PLETSCHER et al. (1963) rat brains contain 0.37 4+ 0.01 ug 5-HIAA
per g tissue, as compared to the 0.57 + 0.02 ug/g 5-HT found in the same brains.

Among the areas of the

ONS, the pineal gland oc- Table 16. Indole derivatives in the pineal gland
cupies & unique pOSitiOn Content in pg per g fresh tissue Ret
since, in addition to large i sariaa | Mela |5-Meth pove
amounts of 5-HT and ° 7 | tonin |oxyIAA
“'HIA*?’ 1; hco(?mms. (;WIO Steer. . . | 0.2—063 | 2 02 | g |n2ss
unusua’ - o-ydroxyindolc  Monkey . | 1.2-10.1 | s
derivatives: melatonin and  Man .7, . | 0.36—9228 ! } 3
its metabolite 5-methoxy- Rat . . . |1l510—900; 418 |1-3 1 i
indoleacetic acid (LLERNER Goat 561'92_ 772‘6 \ | o
and Case 1960). Table 16 R.f. ) ’..T’bl 561G de (1958)

5. eferences to Table 16. TARMAN and DAy (1958). —
shows that the 5-HT levels 2 GIARMAN et al. (1959). — 3 GIARMAN and FREEDMAN

in the pineal gland are the 1960) 4 Luryrr etal. (1959b), Lurnur et al. (1960). —
highest ever reported in s Quay (1963c, 1964). — ® PEPEU and GIARMAN (1962). —
any neuronal structure of 7 Owman (1963). — ® DE IRALDI et al. (1963).

all species examined. How-

ever, it should be stressed that only part and less than half of the material
that is measured in the rat pineal by the fluorescence method is 5-HT (Quarn
and Harevy 1962).

The content of 5-HT and related indole amines in the rat pineal gland nearly
doubles during the second postnatal week and attains nearly adult levels. Con-
tinuous artificial light for either 41/, or 21/, weeks significantly reduces the amine
content (from 89 to 45.3 ug/g and from 120.7 to 71.7 ug/g, respectively). A similar
reduction is produced by transection of the optical tracts 4], weeks before removal
of the pineals for analysis (Quar and HaLevy 1962).

Dz Iranpr and pE RoBERTIS (1961) suggest that 5-HT is contained, together
with other amines, in the secretory processes of the pinealocyte, and more pre-
cisely in the heterogeneous vesicles of these processes. This suggestion is supported
by the disappearance of the heterogeneous vesicles following reserpine administra-
tion.

However, fluorescence microscopy seems to indicate that in the rat, mouse,
guinea-pig and dog pineal gland indolealkylamines may be contained also in pineal
nerves, more precisely in the network of nerve fibres enclosing the vessels. In cat
and rabbit pincals, on the contrary, the fluorescence reaction in the nerves
indicates the presence of a primary catecholamine. In the rat, an intense trypt-
amine-fluorescence also develops in the parenchymal cells.

After bilateral cervical sympathectomy and after single reserpine injections
no fluorescence occurs in the nerves and the 5-HT of the rat pincal gland is
decreased to 50% (OwmaN 1963).

The decrease in the pineal 5-HIT content following bilateral gangliectomy has
been confirmed by Dr IrRALDI et al. (1963), who similarly suggest, continuing
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their previous studies, that there are probably two different pools of 5-HT in
the rat pineal gland, one located in the parenchymal cells and the other in the
sympathetic nerve fibres and endings.

Of considerable importance are the recent observations of Quay (1963c¢, 1964)
on the existance of a daily cycle or circadian rhythm of surprising amplitude for
the 5-HT, 5-HTAA and melatonin contained in the pineal body of the rat.

Pineal 5-HT rises from a nocturnal minimum of 10 ng/pineal to a midday
maximum of over 90 ng/pineal and falls rapidly at the start of darkness (Fig.1).
If the start of darkness is delayed the nocturnal drop of pineal 5-HT is reduced

i — gy OF €ven abolished. The time
[ at which the lights turn on
in the morning has much less
effect on 5-HT levels.

Pineal 5-HTAA similarly
rises from a nocturnal basal
level of about 4 ng/pineal to
an early afternoon maximum
of about 18 ng/pineal and
again falls sharply at the
gtart of darkness. However,
the time of maximum
5-HTAA content of the pi-
neal is significantly later
than the time of maximum
5-HT content. In sharp con,
trast to 5-HT and 5-HIAA-
pineal melatonin rises on the
start of darkness, from 1 to
3 ng/pineal. 5-Methoxyin-
g | doleacetic acid, averaging

| 0.98 ng/pineal, shows no cir-
— eesssssssssss cadian change.
- o TG:M ’c'-c*li o =0 =4 The physiological mean-

T ing of the circadian rhythm
in pineal 5-HT is not clear.
QuAY suggests that the slow
daily increase in pineal 5-HT may represent an intrinsic rate of continuous
uptake or formation of 5-HT as a precursor to melatonin and related com-
pounds, and that the sharp decline in the pineal 5-HT in the evening may re-
present a triggered release of melatonin-synthesizing activity. The rhythm
in melatonin content of the pineal body is in agreement with the above hypo-
thesis that melatonin is formed from 5-HT at the start of darkness.

The 5-HT, 5-HIAA and melatonin content of the rat pineal is, to a slight but
significant degree, modified by, or shows fluctuations correlated with, the estrous
cycle. Early morning pineal 5-HT, for example, shows a trend of increasing
during the estrous period, and evening 5-HT a trend in reduction. The behaviour of
melatonin is similar, the behaviour of 5-HIAA opposite to that of 5-HT (Quav 1964).

Feeding a high-tryptophan diet leads to a 250% increase in pineal 5-HT
levels, feeding a high-phenylalanine diet to a 30% reduction (Quay 1963b).

Other very important studies on melatonin in the pineal gland were carried
out by AXELROD and co-workers. The main results so far obtained are summarized
below, but research on this topic is still in progress.

Fig. 1. Rat pineal gland. Circadian rhythm of 5-HT
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Exposure to light reduces the ability of the rat pineal gland to synthesize
melatonin (from 5 to 2 ng/hr/pineal) and decreases the weight of the gland (from
1.2 to 0.95mg in female rats weighing 160—180 g). When the sympathetic
nerves to the pineal are cut, light no longer has an effect on melatonin synthesis
or pineal weight. The response of the gland does not require that the gonads or
the pituitary gland be present (WUrTMAX et al. 1964).

In surprising contrast with the rat pineal gland, the hen pineal gland shows a
highly significant decrease in the activity of the melatonin-forming enzyme when
the animals are kept in darkness for 5 days. The activity of hydroxyindole-O-
methyl transferase per mg of pineals in hens is at least 200 times that of the rat
(AXELROD et al. 1964).

The 53-HT content in the vertebrate eye which is, in part. derived from the
central nervous system, has been thoroughly investigated by WELsm (1964).
He found that 5-HT was present in the retina and pigment epithelium-choroid
complex of several representative vertebrates, in amounts ranging from 2—2.5 ug/g
(Pomolabrus pseudoharengus, a fish) to < 0.05 ug/g (retina of Bos taurus). Where
the retina could be cleanly separated from pigmented tissue, the values for the
two layers were about the same. Other values of 5-HT in the retina and pigment
epithelium-choroid complex were as follows: Rana pipiens 0.7—0.8 ug/g, Rana
catesbiana 0.2—0.4 ug/g. Bufo marinus 0.4—0.6 ug/g, Alligator mississipiensis
0.25—0.41 pg/g. Rattus norvegicus 0.22—0.27 ug/g, Lepus cuniculus 0.1—0.2 ug/g.

The problem of whether the autonomic ganglia of mammals contain 5-HT
or are capable of synthesizing the substance cannot be considered solved by the
partially positive results of GERTNER et al. (1959), which contrast with the
negative results of AMix et al. (1954). At any rate no measurable 5-HT appears
in the perfusate from the functioning superior cervical ganglion of the cat in situ
unless iproniazid is added to the perfusion liquid. But even in this case there is a
delay of 2 hr before 5-HT appears in the effluent (GERTNER et al. 1959).

Peripheral nerves apparently do not contain 5-HT (Ayix et al. 1954, GARVEX
1956). However, a melatonin-like substance has been described in some of them
(LERXER et al. 1959).

The occurrence of 5-HT in normal cerebrospinal fluid has never been de-
monstrated with certainty either in man or in the dog. In fact, the values given
by the different investigators (2—20 ng/ml) are beyond the practical limits of
sensitivity of the available biological and fluorometric methods (AMIN et al. 1954;
FELDMAX et al. 1957; TrRNER and MatUss 1959; ASHCROFT and SHARMAN 1960,
1961; DERRY et al. 1961; Bowers 1962; PERRY et al. 1964). This statement is
more relevant when one considers that cerebrospinal fluid may contain substances
disturbing both bioassay (BowEers 1962) and spectrofluorometric estimation of
5-HT (AsHCROFT and SHARMAX 1962).

5-HT is not detectable in cerebrospinal fluid even after MAO inhibitors
(BowEgrs 1962, PERRY et al. 1961) or after intravenous infusion of large amounts
of 5-HT (SourHERX 1960). The same significance has the lack of 5-HT in the
cerebrospinal fluid of carcinoid patients (SsoErRDSMA et al. 1957D).

According to AsHcrorrT and SHARMAXN (1960, 1961) and Roos (1963) the
cerebrospinal fluid contains acidic 3-hydroxyindole derivatives, among which the
most important is 5-HTAA (0.03—0.04 pg/ml).

The occurrence of tryptamine in pooled human cerebrospinal fluid, at a

concentration of about 0.02 ug/ml has been reported by JENSEX (1962), but not
confirmed by PERRY et al. (1964).
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7. Yenom of reptiles

ZArAroNETIS and Kavas (1960) have described the presence of minute amounts
of 5-HT in the venom of certain reptiles: Heloderma horridum, 2,2 ug 5-HT
base/ml venom; Crotalus atrox, 0.15—0.3 ug/ml; Crotalus adamanteus, 0.1 pg/ml;
Agkistrodon piscivorus, 0.35 yg/ml. 5-HT is accompanied by other known
(tryptamine, 5-HIAA, TAA) and unknown indole compounds.

It seems futile to ascribe to these unimportant amounts of indolealkylamines
any significance in the complex action of the snake venom.

8. Amphibian skin

Amphibian skin represents one of the most conspicuous localizations of
indolealkylamines in the living organism. No tissue can compete with the
parotoid glands of some toads as regards the absolute values of indolealkylamines,
and in no tissue is there such a variety of indolealkylamines. It is therefore
conceivable that comparative studies of the skin of adult and larval amphibians
may contribute substantially to a betfer understanding of the metabolic possi-
bilities of these substances in the living organism.

Table 17 shows the indolealkylamine content of the skin of a number of
amphibians studied in the writer’s laboratory since 1957.

In the skin of the following species of amphibians, none of the tabulated indole
derivatives could be found in detectable amounts: Euproctes rusconi, Pleuro-
deles waltlii, Triton cristatus, Ambystoma tigrinum (Axolotl), Leptodactylus cha-
quensis, Leptodactylus ocellatus, Leptodactylus bolivianus, Leptodactylus prognatus,
Leptodactylus bufonius, Physalaemus fuscumaculatus, Physalaemus centralis,
Pleurodema tucumana, Pleurodema cinerea, Pleurodema bibroni, Ceratophrys
ornata, Cycloramphus fuliginosus, Eleutherodactylus ranoides, Corythomantis
brunoi, Trachycephalus nigromaculatus, Gastrotheca boliviana, Batracophrynus
macrostomum, Sphoenorkyncus aurantiacus, Thoropa petropolitana, Telmatobius
hauthali, Elosia aspera, Elosia lateristrigata, Phyllomedusa sauvagi, Phyllome-
dusa annae, Phyllomedusa hypochondrialis, Phyllomedusa burmeisteri, Hyla lanci-
formis, Hyla faber, Hyla radiana, Hyla trachytorazx, Hyla nasica, Hyla raniceps,
Hyla semiguttata, Hyla albomarginata, Hyla ansper, Rana megapoda, Rana li-
mnocharis, Hynobius nebulosus, Triturus pyrrhogaster, Polypedates buergert,
Dicroglossus occipitalis, Racophorus madagascariensis, Rana fuscigola, Chiroman-
tis rufescens, Phyctimantis verrucosus, Ptychadena mascariniensts, Leptopelis
karissimbensis, Arthroleptis adolphi-friederici, Callizalus sp., Chrysobatrachus sp.
Hyla spegazzini, Hyla multilinea, Telmatobius montanus, Lepidobathracus hanensis,
Lepidobathracus salinicola, Eleutherodactylus bufoniformis, Leptodactylus sibilatriz,
Eupsophus roseus, Bupsophus nodosus, Pseudis paradozxa, Physalaemus bresslaus.

It may be seen that nearly all indolealkylamines so far found in the animal
kingdom are present also in the amphibian skin, and it is certain that other indole-
alkylamines will be discovered in the systematic screening of skin extracts from
new amphibian species.

In all probability indolealkylamines in this localization are of completely
autochthonal origin, i.e. they are fully independent, in regard to biosynthesis,
of gastrointestinal mucosa. In fact, whereas the 5-HT content of the gastro-
intestinal mucosa is practically the same in the different amphibian species
(0.5—3 ugfg), that of the skin may vary within extremely wide limits (O to
1000 ug/g)-

Indolealkylamines in the skin of amphibians are destined exclusively for
external secretion and their biosynthesis is therefore strictly connected with the



Amphibian skin

Table 17. The content of indolealkylamines in the amphibian skint
(in ug per g dry or fresh* tissue)

Amphibian species 5-HT N-g?ﬁ}}yl- Bufotenine B u(fi?ltlzm- b]?lgz)ltye(}lri?l:s Bulfl?:l?o' Tryptamine
Bufo bufo bufo* 20 10 450 50 130 260 0
Bufo viridist . . . 5—10 20—30  350—630 30 0 0 (Bufo-

viridine
450—520)
Bufo calamita™ 6—8 13—15 95—110  30—40 0 0 (Bufo-
viridine
220—230)
Bufo arenarum 40—250 40—200 800—2600 40—130 250—700 150—450 0
Bufo paracnemis

whole skin 25—70 10—200 2.8—4.3mg 180—220 120—I180 110—290 [

a) parotoid g szlands 100—150 = 13—20 mg 630—1600 500—700 220—350 0

b) coxal glands . 150 = 16—20 mg 3500—1000 300—400 120 0

¢) remaining skin . 20—70 = 0.4—0.5mg 30—30 30—100  100—270 0
Bufo marinus . . . . . 30—140 40—130 <24 0 2200—6000 30-—375 0
Bufo marinus poeppigi . 160 100—140 0 0 270—1100 210—240 0
Bufo ictericus . . . . 5—70 <4—50 <2—15 0 1800—4500 35—375 0
Bufo granulosus major .. 60—250 25—130 140-—200 0 << 10—1000 300—750 0
Bufo granulosus fernan-

206 . . o e e e e 60—750 300—6350  80—150 0 1200—2400 900—1500 0
Bujo spinulosus spinulo-

SUS. . . . . - 5—30 0 15—230 <3—80 180—4000 360—3600 0
Bufo spinulosus trzfolzuml 0 0 550 100 0 0 0
Bufo terrestris . . . 0 0 0 80 0 0 0
Bufo boreas . . 0 3—10 ~ 230—300 ' 20—30 0 250—360 0
Bufo valliceps . . 1600 traces 0 0 0 0 0
Bufo alvarius . . . . . 4—6 30—40  250—1500 0 0 0 15—30mg

5-Metho-
xy-N,N-
dimethyl-
trypt-
amine
Bufo cognatus . . 600 20 0 0 20 0 0
Bufo speciosus . . 600—4300 80—450 0 0 50—300 0 0
Bufo canaliferus . . . . 3000  120—130 0 80 0 200 0
Bufo debilis* 24—30 30 0 15 (?) 750 450 0
Bufo horribilis 500—3520 300 30 25—30 3000 ?(<30) 0
Bufo typhonius 5—10 0 0 450 630 0
Bufo variegatus . 0 0 8500 750 0 0 0
Bufo woodhousei 500—800 40 0 950—1200 150—200 0 0
Bufo punctatus 0 0 20 0 125—1000 100-—750 0
Bufo haematiticus . 2100 0 0 0 9000 0 0
Bufo americanus + - -+ - -+ -+ 0
Bufo fowlert L - + - -+ 0
Bufo mauretanicus . 150—300 0 0 0 0 0 0
Bujo funereus . . . . 180 0 0 0 0 0 0
Bufo regularis 550—2500 0 0 0 0 0 0
Bufo berghei. . . 150 0 0 0 0 0 0
Bufo kisoloensis . . . 600 0 0 0 0 0 0
Bufo formosus 80—100 60 150 130—150 15—30 300 0
Bufo gargarizans 4 + ? ++ 0

Chan Su
Bufo melanostictus . 125 0 13 1250 8—9 0 0
Pseudobufo subasper . . 8—10 0 0 0 0 0 0
Leptodactylus laticeps 570 0 0 0 0 0 0
Leptodactylus pentadacty-

lus pentadactylus 130—150 0 0 0 0 0 0
Leptodactylus pentadacty-

lus labyrinthicus . . . 100—1800 0 0 0 0 0 0
Leptodactylus pentadacty-

lus denglers . . . . . 40—65 0 0 500—700 3 0 0
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Table 17. (Continued)

Amphibian species 5-HT I\'gf%ﬂ,}yl' . Bufotenine | Bué?égm- b]?;g&%ge Burfl(i);t;gm- | Tryptamine
i } . H

Leptodactylus podicipinus

podictpinus . . . . . 640 0 0 15—20 0 0 0
Leptodactylus podicipinus

peterst . . . . . . . 1—1.5 0 0 2.6—3 0 0 0
Leptodactylus rubido cope 7 0 0 40—45 0 0 0
Leptodactylus melanonotus ; 35 10 0 25 0 0 0
Odontophrynus americanus 300—1700 0 0 0 0 0 0
Odontophrynus occidentalis 500 0 0 0 0 0 0
Scaphiopus hammondi . 550-—600 0 0 70 0 0 0
Scaphiopus couchi . . . 320 0 0 0 0 0 0
Xenopus laevist . . . . 100—200 0 0 600—1800 0 0 0
Melanophryniscus mo-

reirae . . . . . . . 40—70 0 2400—3000 30 0 0 0
Thoropa miliaris . . . 2-—10 0 0 0 0 0 0
Osteocephalus taurinus . 2—3 0 0 0 0 0 0
Bombina variegata pachy-

pust . . .. . . . . 400—450 0 0 0 0 0 0
Bombina bombina .. 4 0 0 0 0 0 0
Discoglossus pictus™ . . 200—350 0 0 0 0 0 0
Rana esculentat . . . . 20—40 0 0 0 0 0 0
Rana temporaria® . . .  20-—200 3—10 7—100 0—22 0 0 0
Rana latastes~ . . . . . 416 2—-10 12—95 10—15 0 0 0
Rana dalmatina 100 ? 1900 200 0 0 0
Rana japonica . . . . 60-—70 0 0 0 0 0 0
Rana nigromaculata . . 70—80 0 0 0 0 0 0
Rana rugosa. . . . . . 750 0 0 0 0 0 0
Rana palmipes . . . . 4—60 0 0 0 0 0 0
Rana pipiens . . . . . 3—60 0 0 0 0 0 0
Rana clamitans . . . . ? 0 0 0 0 0 0
Rana palustris . . . . -+ 0 0 0 0 0 0
Rana madagascariensis . + 0 0 0 0 0 0
Rana labrosa . 4 0 0 0 0 0 0
Pleurodema bufonina

coxal glands . . . . 230--250 0 0 0 0 0 0

remaining skin . . . 0 0 0 0 0 0 0
Phyllomedusa rohdei . . 0 0 7—25 0 0 0 0
Hyla caerulea . . . . . 200 0 0 0 0 0 0
Hyla infrafrenata . . . 500 0 0 0 0 0 0
Hyla arborea {europea)t  10—100 0 0 0 0 0 0
Hyla arborea (japonica) . 10 0 0 0 0 0 0
Hyla fuscovaria . . . . . 10—15 0 0 0 0 0 0
Hyla peroni . . . . . . 250 12 15 0 0 0 0
Lepidobathracus asper . 5 0 0 0 0 0 0
Salamandra salamandra+ 10 0 0 0 0 0 45
Selamandra atrat . . . 10 0 0 0 0 0 2.5

= not detectable (<<2—3 ug/g).

t ErsPAMER (19542, 1954b), ERSPAMER, CEI and co-workers (to be published).

biosynthesis of the other constituents of the *cutaneous venom .
that, in spite of all appearances, the turnover rate of the amines in the skin must

be very slow.

This suggests

The biological significance of the indolealkylamines in the amphibian skin
is largely obscure. It may be that they play some part in the defence of the
animal, but it is also possible that they simply constitute metabolic end products.

Before concluding it should be emphasized that amphibian skin may represent
a formidable store-house not only of indolealkylamines, but also of phenyl-
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alkylamines, imidazolealkylamines and highly active polypeptides (ErsPAMER
1958 ; ErsPAMER et al. 1962a, 1962b, 1963).

9. Fish tissues and venoms

Male reproductive tract of the dogfish. The undiluted secretion of clasper siphons
of sexually mature specimens of Squalus acanthias (250 mg of fluid per pair of
clasper siphons) contains, according to Maxx (1960), the tremendous amount
of 25—34 mg 5-HT base per g secretion; the siphon tissue itself (2.8—3.6 g per kg
body weight) 1.2 mg 5-HT per g wet tissue. This would correspond to not less than
10 mg 5-HT per animal weighing 1 kg. 5-HT is absent or present only in traces
in the sperm removed directly from the seminal ducts and in the so-called seminal
vesicles. Clasper siphons of immature males, weighing 100 mg, contain only
0.07—0.2 mg 5-HT per g tissue.

It has been suggested that the 5.-HT present in a secretion which represents
an integral part of semen might play a part in the reproductive process, either by
affecting the mechanism of copulation and ejaculation in the male, or by eliciting
contractions of the female reproductive tract, thus influencing passage of sperm
and fertilization.

Fish venoms. The dried venom obtained from the dorsal spines of the lesser
weever-fish, Trachinus vipera, contains about 1—20 ug 5-HT per mg. According
to CARLISLE (1962) the 5-HT appears to be responsible for the immediate pain
about wounds inflicted by this fish.

10. Urine

Table 18 summarizes the most important available data on the occurrence
of indolealkylamines and indole acids in normal urine.

The origin of the 5-HT found in normal human urine is obscure. A first
possibility is that urinary 5-HT originates from plasma 5-HT either by glomerular
filtration or tubular excretion; a second possibility that at least part of the 5-HT
in urine is contributed directly by kidney metabolism (RoDXIGHT 1956, ATRAK-
sivex and Uvpii 1961). This would, however, require the presence of 5-HTP in
the blood or in kidney tissue.

In the chicken, exogenous 5-HT is excreted by tubular excretion. In fact,
80 ug of 5-HT base given to normal chicken or to chicken pre-treated with a
MAQO inhibitor by unilateral leg vein infusion produces an ipsilateral excess of
excretion of 5-HT of such magnitude that it proves a tubular excretion of the
compound (SAXXNER and WoORTMAN 1962).

Apparently 5-HT is transported in the chicken tubule by the ordinary organic
base system (SANNER 1963).

According to DEsrororLos (1956, 1957) 5-HIAA is excreted by the kidney
both by glomerular filtration and by tubular excretion, and this opinion is shared
by Barac (1961). In fact, the intravenous administration of 2 g of probenecid
to patients with a high rate of excretion of 5-HIAA is followed by a decrease in
the rate of excretion of 5-HIAA and an increase in its concentration in plasma.

Neither in man nor in the rat is there any significant change in the excretion
rate of 5-HIAA with varying urinary pH. The mean excretion rate in human
acid urine (pH 5.5—6.5) is 240 ugfhr, and in alkaline urine (pH above 7.8) 280 ug/hr
(M1LNE et al. 1960, DEGrRWITZ et al. 1962).

Data on the diurnal rhythm in the excretion of urinary 5-HIAA are at variance.
According to JoHNSEN et al. (1958) and SocHOR and LAkaTvA (1964) the peak
in the daily 5-HIAA excretion occurs in the 3-hour period on either side of
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Table 18. Indolealkylamines and indole acids in urine
Indolealkylamines Indole acids
5-HT | Tryptamine 5-HIAA Other acids
Man 20—100%,  20—100%, |2—97; 3.2—13.78, 1.3— | indoleacetic, indolelac-
45——120/1g/1 451202, |5.6%; 2—710; 574 1.411; tic, indoleacetylglut-
24 hr2; i 25—2503% 4.7740.3212; 3.54 + amic, indole-3-carb-
0.01—0.73,{ 30—1205, 0.183mg per day oxylie, indoleacrylic,
0.23ug/mlt | 30—126ug/ | 22914; 20315, 240—2801¢; | indoleglycolic acids;
- 24 hre 23817; 206453 ug per | indoleacetylglut-
hour?® | amine; acetyltrypto-
3.9mg per g creatininel® phan??; indoleacet-
amide 20,21
Rat. . . . 44—82ug |1462%; 145—200%; 113— | 166ug JTAA per 100mg
per 10 mg 13324;110—14025;1302%%; | creatinine?®
creatinine® | 250—280%7 ugfkg/24 hr
Guinea-pig. 0.6 mg/24 hr/| 60--150 ug/day/animal3
animal2®
Mouse. . . 6 ug/ml132; 130—157 ug/kg/
16 hr3
Monkey . . 1.6—19.4 ug/hr3t
Dog. . . 40—120 ugfkg/24 hr3o
Cow 3.34 -+ 0.24 ug/ml3s

References to Table 18. 1 Davigs et al. (1954). — 2 Rop~NIgHT (1956). -—— * LEMBECK and
NrvnoLDp (1955). — 4 KUriaxkt and Inove (1956). — ® SJoERDsMA et al. {1959, 1960).
¢ BRoNE and HimwicH (1961). — 7 UDENFRIEND et al. (1955), STOERDSMA et al. (1956).
8 MACFARLANE et al. (1956). — ® Nixxira (1958). — 19 PErToLA and LeppANeEN (1960).
11 OLsoxN et al. (1960). — 12 BARBEAU and Jasmin (1961). — ¥ ScEWEMMLE et al. (1961).
U Korin (1959). — 15 FELDSTEIN et al. (1959). — 18 MILNE et al. (1960). —1? PErRMAN (1961).
18 DEGEWITZ et al. (1962). — 19 PARE et al. (1960). — 2® ARMSTRONG et al. (1958). — 2! SPRINCE
et al. (1961). — 22 FERRARI et al. (1957). — 2 BErTacoINI (1960). — 2 BERTACCINI and
Nosrr (1961). — 25 Berraccint and ErsPaAMER (1962). — 28 Kivaro et al. (1961). — 27 Cass
and MarsHALL (1962). — % DoNaALDsON (1962), DONALDSON et al. (1961). — 2° HEss et al.
(1959). — 3% ErsPAMER and TESTINI (1959). — 3! ANDERSON et al. (1958). — 32 SJOERDSMA et
al. (1957). — 33 BarTLET (1963). — 3 KrUGER and SmiTH (1960b). — 35 GOoTTFRIES and
Magnusson (1962). — 36 BErTacCINT and CHELI (1963).

noon, according to PELTLOLA and LEPPANEN (1960) between 5 p.m. and 9 p.m.,
according to BETTENDORF et al. (1962) between 1 p.m. and 4 p.m.

Prrrora and LEPPANEN (1960) found that on the average one half of the daily
amount of 5-HTAA is excreted during the night, ScaweMMLE et al. (1961) and
Deewrtz et al. (1962, 1964) that nocturnal excretion of 5-HIAA is approximately
15% less than diurnal, finally BETTENDORF et al. (1962) that 50% of the total
5-HIAA is excreted between 10 p.m. and 7 a.m.

Administration of tap water by stomach tube or of isotonic NaCl solution
orally or subcutaneously produces a conspicuous increase in the urinary excretion
of 5-HIAA in the rat. The same increase can be observed after administration
of water plus posterior-pituitary antidiuretic hormone. Tap water is less effective
than physiological saline; the latter, in its turn, is more effective by the sub-
cutaneous route than by mouth. Increase of 5-HIAA may be, for short periods,
as high as 3 times normal. The minimum oral dose of tap water causing a signifi-
cant increase in urinary 5-HIAA is 2 ml/kg, that of physiological saline 1 ml/kg.
Generally excess 5-HIAA coincides with excess urine elimination, but there is
no obligatory correlation of the intensity of the two phenomens (BERTAcCOCINT
and ErspaMER 1962). The above observation have been essentially confirmed
in man (BErTACCINI and co-workers, unpublished observations; DEerwWITZ et al.
1962), but the mechanism of action of water or saline remains still to be elucidated.
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Removal of large segments of the intestine is followed both in the experimental
animal and in man by a more or less conspicuous reduction in the urinary ex-
cretion of 5-HIAA. This is a direct consequence of the removal of an important
part of the 5-HT secreting tissue (BErTaccINI 1960, HAVERBACK and Davipsox
1958, BerTaccixt and CHIEPPA 1960).

Administration of excess dietary tryptophan or of a tryptophan load is followed
by a conspicuous increase in the urinary excretion of 5-HIAA, in all probability
depending on accelerated biosynthesis of 5-HT. In the rat the minimum oral
dose of r-tryptophan producing a significant increase in urinary 5-HIAA is
100 mg/kg; 200 mg/kg may cause a 300% increase for a 4-hour period (BErTaC-
crxt and Nosint 1961).

Conversely, in the rat the absence of tryptophan from the diet is reflected in a
50% fall of urinary 5-HIAA, within 3 days (TowsEND et al. 1958).

Neither nicotinic acid deficiency in the dog, nor pyridoxine or riboflavine
deficiency in the rat causes any significant change in the urinary excretion of
5-HTAA (FErrARI et al. 1957, Harpixe-GaupIix 1961, EDELSTEIXN et al. 1962).

The statement of PicEAUD etal. (1958) that 5-HIAA excretion increases
during pregnancy was not confirmed by ScuweMMLE et al. (1961).

The urinary excretion of 5-HIAA in the rat is increased from 157 to 250--265
pg/kg/24 hr after 2—3 weeks of exposure of the animal to cold (6°), and this
increase persists as long as exposure is continued, up to 12 months. According to
LeBraxc (1963) the changed excretion of 5-HIAA may not be specific to cold
and may parallel the increased metabolic activity.

In the presence of a localized area of intestinal stasis produced in rats surgically
by the creation of midintestinal diverticula, the excretion in the urine of 5-HT,
tryptamine and 5-HIAA is not altered, whereas that of indican and TAA, free
and conjugated, is significantly increased (DoxaLpsox et al. 1961, DoxaLDpsoOXN
1962).

11. Biologieal fluids and liquids other than urine

Mammalian semen. The statement by Katsu (1959) that human seminal
plasma contains as much as 135 ug/ml 5-HT has not been confirmed. Hawker
et al. (1960) and Ertassox (1961) could not find any 5-HT either in human or in
ram semen and MANN et al. (1961) assessed by spectrofluorometric estimation the
following ““5-HT equivalents in the semen of mammals: man 0.15 ug, bull 1 ug,
ram 0.5 ug, boar 0.05 ug, dog 0.15 ug/ml.

Ammiotic fluid. The amniotic liquid of the goat and the rabbit contains, if
any, only traces of 5-HT': 0.006—0.03 and < 0.05 ug/ml, respectively (PEPEU
and GIARMAXN 1962, BERTACCINI unpublished data).

In human amniotic liquid the 5-HT content was found by KoRrEK et al. (1961)
to vary between 0 and 0.38 ug/ml. However, the credibility of these values is
impaired by the apparent unsuitability of the chemical assay procedure employed
(1-nitroso-2-naphtol reagent).

Allantoid fluid. According to PEPEU and Grarmax (1962) the 5-HT con-
centration in the allantoid fluid of the goat ranges between 0.12 and 0.4 ug/ml.

I11. Invertebrates

So far 5-HT has been detected in particularly large amounts in some venom
apparatuses of molluscs, scorpions, insects and coelenterates (Table 19) and in
much less conspicuous but important amounts in the nervous tissue of molluscs
(Table 20).
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Table 19. Occurrence of 5-HT and related indole derivatives in invertebrate tissues other than

nervous tissue

Animal species and tissue 5-HT %t,et;eie:;g(‘i’glse R:lfgé
Molluses
Posterior salivary glands
Octopus vulgaris (Bari). . . 300—500 ug 1
Octopus vulgaris (Bermudas) . 68—72 ug 2
Octopus macropus —0.5 ug L
Octopus bimaculata present 3
Eledone moschata . . . 280—750 ug 1
Median salivary glands
Loligo pealit . . . . 0.38 ug 2
Anterior salivary gland
Octopus vulgaris (Bermudas) . 0.48—2.4 pug 2
Hypobranchial body
Murex trunculus . 80—290 ug 4
Murex brandaris . present 4
Gills
Mytilus edulis . 0.1—1.0 ug 5-HTP 5
1.45 ug 0.056—0.5 ug 6
Modriolus demissus 0.3 ug 8
Tissues from different
molluscan species 2
Intestine 0.6—0.7 ug
Heart . 0.2—0.5 ug
Kidney . 0.3—2.0 ug
Musculature . 0.08—1.0 ug
Connectives . 2.2 ug
Skin 0.04 ug
Crustaceans
Green glands 0.06—1.0 ug 2
Pericardial organ . 17 pg 5,6-dihydroxy- 2.7
tryptamine
Heart 6-HT 17, 19
Insects
Acanthoscurria atrox 0.058 ug per mg dry venom 18
Acanthoscurria sternalis . 0.14 ug per mg dry venom
Pterinopelma vellutinum 0.033 ug per mg dry venom
Lycosa erythrognatha 0.014 ug per mg venom gland
Phoneutria fera 0.52—2.65 ug per mg dry
i venom
Polybia occidentalis . . 0.28 ug per abdomen
Polistes versicolor . i 1.04—1.2 ug per sting
|  apparatus
Polistes versicolor vulgatus . : 1.94 ug per sting apparatus
Polistes gallica . . 0.7—0.8 ug per venom appa- 1o
i ratus
Vespa vulgaris . . i 0.32 ug per mg dry venom P8
Vespa crabro . 7.5—19 ug per mg dry venom Lo
sac
Vespa maculata 1.29 ug per sting apparatus 18
Synoeca surinama 0.97—2.74 ug per sting 18
apparatus
Apis mellifera . . 5ng; 0.03 ug per venom 2,8,10
i apparatus
Luciola italica . 1 ug per head, 2 ug per thorax, S 20
1 pg per abdomen,
2 ug per pair of wings
Periplaneta americana
& utriculi majores ? o-dihydroxy- 1
indolealkyl-

amine
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Table 19. (Continued)

: . : - Other indole Refer-
Animal species and tissue 5-HT derivatives ence
corpora cardiaca glands . present 1
Scorpions
Leiurus quinquestriatus 2—4 ug per mg dry venom 12
Buthotus minax 0.03—0.04 ug per mg dry 12
venom
Vejovis sp. 58-——138 pg per sting segment 2
Hadrurus arizonensis 0.53 pg per sting segment 2
Parabuthus hunteri . present 12
Worms
Dugesia tigrina whole . . 2 ug 2
Dugesia dorotocephala whole . 1.5—3.4 ug
Lineus ruber whole . 0.18—0.43 g
Cerebratulus lacteus whole . 0.08—2.9 ug
Arenicola marina body wall 2.3 ug
Amphitrite ornata gills . 0.26 pg
0.19 ug
Fuasciola hepatica . 0.06—0.07 ug 13
Coelenterates
Hydra oligactis whole . 1.5 ng per animal 2,14
Sagartia luciae whole . 50—100 ng per animal 2,14
Calliactis parasitica
coelenteric tissue . 500—660 ng f 15
column . 13—36 ug } ge.r (gi t‘.‘eeze‘
tentacles 6—12 ug ried tissue
Metridium sentle
whole animal. 0.04—0.05 g 2,14,16
body wall . . . . . . 0.02—0.09 ug
oral disk and tentacles 0.08—0.17 ug
tentacles 0.24—0.47 ug bufotenine,
acontia . 0.60—1.3 pg 5-HTP

non detectable
non detectable
non detectable

Anemonia sulcata .
Actinia equina .
Physalia

15
15

Unless otherwise stated the above values are per g fresh tissue.

References to Table 19. 1 ErspanmER (1948b, 1954b, 1954c), ErspaMER and BORETTI
(1951), Axasrast and ErsPAMER (1962). — 2 WEeLsH and MoorRHEAD (1959, 1960). — 3 CLARK
(1960), HarRTMAX et al. (1960). — ¢ ErsPAMER (1948a, 1954 b, 1954¢). — 3 Arerro (1962). —
8 GosseLIN etal. (1962). — 7 CARLISLE (1956), CARLISLE and KNowLES (1959), CARLISLE (1964),
May~arp and WELSH (1959). — 8 JAQUES and SCHACHTER (1954). — 9 BrHOOLA et al. (1960,
1961). — 19 ERsPAMER (1954 ¢). — 11 DavEy (1960), CoLroUN (1963, 1964), — 12 Apam and
Weiss (1956, 1959). — 13 MaxsoUR et al. (1957). — ¢ WELsE (1960). — 1> MATHIAS et al.
(1957, 1958, 1960). — 18 Puarcreps (1956). — 17 KerxuT and Price (1963). — 18 WELsH
and Barry (1963). — 1¥ KERKUT and PRICE (1964). — 20 BERTACCINT et al. (to be published).

It is certain that numerous other examples of indolealkylamines will be
discovered in invertebrates.

Quite recently, for example, an unexpected localization of 5-HT has been
described by Maxx (1963) in the octopus. Maxx found that the glandular portion
of the spermatogenic sac of the octopus contained 120 ug 5-HT per g fresh tissue
in the smallest specimens and as much as 1690 ug/g in the largest specimens. The
weight of the glandular portion was 2.5—3 g per kg octopus. It is suggested that
this 5-HT may play a part in the ejaculatory process. This might perhaps be
envisaged as an induction of either the discharge of the spermatophores from the
spermatophoric sac, or a stimulation of contractions within the male or female
reproductive tract, assisting the passage of spermatozoa to the site of fertilization.

Handb. d. exp. Pharmakol., Erg.-Werk Bd. XIX 11
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Invertebrates

Table 20. Occurrence of 6-HT' in nervous tissue of invertebrates

5-HT content

Refer-

Animal species Tissue ! (in pg base per g ence
‘ wet tissue)
Molluscs
Venus mercenaria pooled ganglia 30—40 1
Pecten magellanicus. . . . . . . visceral ganglia 36
Mytilus edulis . . . . . . . . . ¢ ganglia 10—15
Artica islandica . ganglia 20
Spisula solidissima . | ganglia | 8—14.3
Ensis directus . i ganglia 2139
Mya arenaria . . . | ganglia 22
Buccinum undatum . . . ganglia 7.7
Busycon canaliculatum . ! ganglia 8.4—9.7
° mnerves 2—2.5
Fasciolaria tulipa ganglia and nerves 7.6—9.4
Polinices heros . . ganglia 10.6 7
Crepidula fornicata . ganglia | 5.0
Melongena corona ganglia I 4.5
Viviparus japonicus ganglia, 1.2
Helix pomatia . ganglia 2—3; <1 2,3
nerve cords non detectable 3
Astacus leptodactylus . nerve cords non detectable 3
Astacus fluviatilis nerve cords non detectable 3
Loligo pealii “brain” 0.7 L
| optic ganglia 1.15 1
Octopus briareus . . . . . . . . ! pooled ganglia 1.6 1
Octopus vulgaris . “pbrain” 0.8; 0.25 1,4
optic ganglia 2.3; 2.3 1,4
stellate ganglia 0.72 4
nerves 1.5 4
Eledone moschata optie ganglia 2—4 5
nerves 1.5—2 5
Crustaceans
Cancer irroratus, Cancer borealis,
Carcinus moenas, Homarus ame- nerve cords, ventral < 0.1 1,4
ricanus, Panulirus argus, Orco- ganglia, leg nerves,
nectes virilis, Palinurus vulgaris, “brain”’
Gecarcinus lateralis
Worms .
Lumbricus terrestris | nerve cords ¢ 104 1
Hirudo medicinalis . ‘ nerve cords | 6.9 1
| nerve cords i 02 4
Amphitrite ornata ¢ nerve cords . 54 L
Arenicola marina | nerve cords P31 1
Glycera dibranchiata | nerve cords | 4.6 1
Insects |
Blaberus gigantea. | nerve cords < 0.02 1
Locusta migratoria . i ganglia <02 4
Periplaneta americana l “brain” 1 present 6
. ventral nerve cord | present 6
Holothurians :‘
Thyone brigreus . . . . . . . . | region of nerve ring 0.03—0.05 i

References to Table 20.* WeLsH and MooruEAD (1959, 1960). — 2 MENG (1958). — 3 JUL-
LIEN et al. (1961), CARDOT et al. (1962, 1963). — 4 ErsraMER, unpublished data. — 5 BEr-
TACCINI (1961). — ¢ CoLrOUN (1963). — 7 MiroLLI and WELSH (1964).

The resemblance of this localization with that found in the male reproductive
tract of the dogfish (ManN 1960) is evident. It would be instructive to carry out
comparative studies on different octopod or cephalopod species to see whether
the occurrence of 5-HT in the spermatogenic sac is a constant finding.
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The 5-HT in the venom glands does not seem to have any particular signifi-
cance but that of a facultative constituent of the venom. In fact, the venom of
strictly related species may present, for completely unknown reasons, striking
differences in 5-HT content. This is true of the posterior salivary glands and the
hypobranchial body of molluses, the venom apparatus of H ymenoptera, the venom
apparatus of scorpions, etc. The opinion cannot be rejected that here, as in the
case of amphibian skin, 5-HT may merely be a metabolite destined for external
secretion.

Things are completely different with the 5-HT present in molluscan nervous
tissue. All the investigators found that molluscan ganglia and peripheral nerves
contain important amounts of 5-HT and that this 5-HT behaves, towards different
drugs, exactly like the 5-HT occurring in the brain of mammals. Moreover, it
has been demonstrated that the turnover rate of 5-HT in the ganglia of molluses
is very high, the half-life of the amine being not longer than 15 to 20 minutes
(BErRTACCINT 1961).

From this it may reasonably be inferred that, in sharp contrast to other
localizations of 5-HT in the molluscan body, neuronal 5-HT must have a general
biological significance, probably in the transmission of nervous impulses. Appro-
priate procedure indicates that 5-HT is stored in granules in the molluscan ganglia
(WELsH 1938).

It is conceivable that a thorough study of the 5-HT in the nervous tissue of
molluscs may offer a key to a better understanding of the function of the amine
in the brain of vertebrates.

According to Carpot (1963) the nerve cords of Helixz pomatia also contain
trace amounts of tryptamine.

IV. Plants

The data reported in Table 21 are intended merely to be an exemplification
of the wide distribution of indolealkylamines in the vegetable kingdom. It may
be anticipated that these compounds will be met with in numerous other plant
tissues.

Tables 22 and 23 show the content of tryptamines and other amines in the
different parts of some edible fruits and their appearance during the ripening
process. ‘

There appears to be more 5-HT in unripe pineapples (50—60 ug/g) than in the
ripe fruit (19 ug/g). A trace of the amine is also detectable in the stalk (0.2 ug/g),
but none in the leaves of the crown or in the base (Foy and ParraTT 1961).

It is very interesting to note that not only 5-hydroxyindoles but also 4-hydr-
oxyindoles and 2-hydroxyindoles have been found in the vegetable kingdom.
We refer to psilocin and psilocybin (see Table 21) and to 2-hydroxyindoleacetic
acid, which has been detected in the shooting seeds of Brassica rapa and the red
gooseberry as well as in the caryopsides of Indian corn (Kramsr 1959). This
means that the vegetable cells contain enzymes capable of hydroxylating the
indole nucleus at the 4- and 2-positions also.

The significance of indolealkylamines in plants is not very well understood.
It may be that in some cases they act as growth factors or as precursors of auxines
and that in other cases they intervene in the synthesis of pigments. But a third,
likely possibility is that, as in the animal kingdom, some examples of indolealkyl-
amines in plants are to be considered mere metabolic end products possessing no
particular significance.

11*



Table 21. Occarrence of 5-HT and related indole derivatives in the vegetable kingdom

Species 5-HT Other indole derivatives Ige]f:;-
Neurospora crassa . . . . . | i B-hydroxy-pseudo-tryptophan 1
Panaeolus campanulatus. . . | 80 ugfg . other indole derivatives ]
Panaeolus foenesecit 240 uglg ? %
Panaeolus sphinctrinus . . . present psilocybin 1.9 ug/g, 5-HTP 3,2
Psilocybe (several species). . | psilocybin 0.1—6 ug/g 4
psilocin 0—2.5 ug/g
Stropharia cubensis psilocybin 0.1—5 ug/g 8
psilocin 0—2.5 ug/g
Amanita mappa . . . . . . bufotenine .8
Piptadenia peregrina (seeds) . - bufotenine 9.4 ug/, 5-HIAA &
Piptadenia peregrina (bark) . { N-methyltryptamine, 5-methoxy-N- 7
methyltryptamine, 5-methoxy-
N,N-dimethyltryptamine
Piptadenia colubrina (seeds) . . bufotenine 8
Piptadenia macrocarpa . . . © bufotenine, bufotenine oxide, N,N- ¢
(seeds and pods) dimethyltryptamine, N,N-dime-
. . thyltryptamine oxide
Gossypium hirsutwm (fruit) . | present | 1o
Symplocarpus foetidus (leaves) present 10
Citrullus vulgaris . . . . . present 1

Dictyoloma incanescens (bark)
Mimosa hostilis (roots)

Urtica dioica (stings) . . R ng/sting

5-methoxy-N,N-dimethyltryptamine
¢ N,N-dimethyltryptamine

Laportea morotdes (hairs) 1 ng/hair
Mucuna pruriens (trichomes) = 150 ug per g |
' trichomes |
Prestonia amazonica (leaves) . N,N-dimethyltryptamine
Acacia fluribunda (tops) tryptamine
Phalaris arundinacea . . . . 5-methoxy-N-methyltryptamine
Acer saccharinum. . . . . . . gramine
Acer rubrum (fruit) . gramine
Hippophae rhamnoides present |
Arundo donazx . . . . . . . - gramine
Barley . . . . . . .. .. | gramine, N-methyltryptamine
Girgensohnia diptera . . . . N-methyltryptamine
Girardinia heterophylla . . .  present
Maize (chopped green) . 187 pgfg
i dry matter
Ananas comosus . . . . . . ‘
unripe freit . . . . . . ., 50—60 ug/g
ripefruit . . . . . . . . D19 uglg
fresh juice . . . . . . . 1 12—22 pg/ml ‘
canned juice . . . . . . | 1.3—25 pgjml
Carica papaya (fruit) o L1201 pglg
Passiflora foetida (fruit) . . | 1.4—3.5 pgjg
Juglans regia (nut) . . . . . | 1703840 ug
‘i per g kernel !
Eggplant (fruit) . . . . . . | 2 ugle | tryptamine 0.5—3 ug/g
Avocado . . . . . . . .. ‘ 10 pglg :
Redplum . . . . . . .. 10 pglg | tryptamine 0.2 ug/g
Blue-red plum . . . . . . . 1 8 uglg ‘ tryptamine 2 ugfg
Banana . . . . . . .. . i
Plantain . . . . . . . .. |} see Tables 22 and 23
Tomatoes . . . . . . . . . ,

22

i 23
23

24

25
25
25
25

References to Table 21. * SHERWoOD (1957). — 2 TYLER (1958). — 3 DELAY et al. (1959),
CERLETTI (1960), MARMO (1960). — % HOFMANN et al. (1958, 1963), HormaNN and TROXLER
(1959). — °> WieLanDp and MotzEeL (1953). — & STROMBERG (1954), FisH et al. (1955). —
? LEcLER and TscEESCHE (1963). — 8 PACHTER et al. (1959). — ® FisH et al. (1955, 1956), —

16 BuLarRDp and LEoroLp (1958). — ! DANNENBOURG and Livermawx (1957). — 12 COLLIER
and CHESHER (1956). — 12 ROBERTSON et al. (1957). — ¢ BowDEN et al. (1954). — 13 Hoca-
STEIN and ParaDIES (1957). — 18 WHITE (1944). — 17 WILKINSON (1958). — 18 PACHTER

(1959). — 1°® PurRrHALSKAIA and MENSHIEOV (1960). — 20 OrCcHOFF and NorKINA (1935). —
21 BRANDT et al. (1935), v. EULER et al. (1936), KitkkwooD and MARIoN (1950). — 22 BRUCE
(1960, 1961), WEesT (1960), Foy and PARRATT (1961). — 2 Foy and PARRATT (1960). —
24 K1rBERGER and BRAUN (1961). — 2 Wier and TvyLER (1963). — 26 YURASHEWSKII
(1941). — 2" NEuMark (1964). — 2 TYLER and GROGER (1964). — 2° SAXENA et al. (1964).
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Numerous research workers (WAALKES et al. 1958, WEsT 1960, KIRBERGER
and Bravx 1961) have called attention to the possibility that ingestion of edible
fruits, especially bananas, containing large amounts of 5-HT and catecholamines

Table 22. Indolealkylamines and phenylalkylamines tn bananas (uglg wet tissue)

5HT Trypt- Tyr- Dop- Nor:

amine amine amine adrenaline
a) Banana
Hard green
outer peel 0.12; 74t
inner peel 0.2; 13 = = = —
pulp . 25; 24
Ripe
outer peel 52; 96 - -
inner 5001 40; 38 } o 651 100 1221
pulp . . . 19; 36 0 7 8 2
Over-ripe
outer peel 39; 16l
inner peel 30; 170 } = = = =
pulp . . . 22; 35
b) Plantain
Tnripe
skin . . . 138; 1+ 0t = = 33;1.8%
pulp . . . 50; 16 0 = = 2.0
Ripe
skin . . . 413 = = = 6.23
pulp. . . 575 45t = = = 2.5
Over-ripe
skin . . . 63 = = = 153
References to Table 22. 3 WaALKES et al. (1958), UpExFrIEXD et al. (1959). — 2 WEST

(1958). — 3 Foy and PARRATT (1960). — * MARSHALL (1959).

may lead to erroneous chemical diagnosis of carcinoid tumour or pheocromocytoma.
In this regard the observation by Foy and ParraTT (1962) seems relevant that
whereas there is no significant difference between the urinary 5-HIAA of Nigerians
not on a plantain diet and Europeans living in Nigeria (5.3 and 4.5 mg/24 hr),

Table 23. Tryptamines in tomatoes (uglg wet tissuej (WEesT 1959a, 1959Db)

5-HT Tryptamine Tryptophan 5-HT Tryptamine Tryptophan
Young plant Fruit
main stems . 0 0 2.5 unripe pulp . 0.2 1.0 0.2
leaf stems . 0.3 0 2.5 ripe skin 1.5 1.8 0.2
leaves . . . 0.5 0 2.0 ripe pulp . 3.4 4.0 0.8
ripe pips 1.0 4.8 0.4

53-HTP and 5-HIAA are not present in detectable amounts.

Nigerian subjects on two main plantain meals present a urinary excretion of
5-HTAA as high as 28 mg/24 hr.

The possibility that 5-HT in edible fruits may constitute a contributory
factor in intestinal disorders (MarsHALL 1959) has been minimized by UbEex-
FRIEND et al. (1959) and by CrouT and SsoERDSMA (1959).
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