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GENERAL INTRODUCTION




GENERAL INTRODUCTION

In 1952 in a report to the British Pharmacological
Society Amin, Crawford snd Gaddum described the
detection1 of 5-hydroxytryptamine (5HT) from brain. Their
subsequent paper (1954) reported the detailed dis=
tribution of the amine in various areas of the orain.
These findings were subsequently confirmed by other group
of workers, Twarog and Page (1953), Pﬁasonen.anu Vogt
(1950), Bogdanski, Weisesbach and Udenfriend (1956).

The presence in brain of 5HT and amines of the
catecholamine series (Vogt 1954 and Carlsson 1959) has
led to speculation as to the role oi these substances in
normal brain function. The fi.ding that many psycho-
therapeutic agents alter the metaoolism ol the amines
(Pletscherl963) has stimulated the interest of both
pharmacologists and psychiatrists, who felt it was
possible that disturoance of the metabolism of biogenic
amines may be of etiological signifiicance in psychiatric
(Woolleyand Shaw 1954, Gaddum snd Hameed 1954, Shaw and
Woolleyl956, Costa 1956) and neurological disorders
(Bernheimer, Birkmeyer, Hornykiewicz 1963, Poirier and
Sourkes 1965),

In ccnseguence an enormous amount of experimental

work has been done on the metabvolism of these substances

and/




and of the influence of druge on their metasbolism. In
this leboratory the work has continued using two
particular technigyues to examine the synthesis and
breakdownof 5HT, Firstly experimental technigues have
been developed to estimate in brain the known metabolites
of tryptophan along the 5-hydroxyindole pathway (Fig. 1),
S5=hydroxytryptophan (5HTP), S5HT and 5-hydroxyindole-3=
vliaatic acid (5HIAA), Estimation of these metabolites
as well as tryptophan in single brasin samples give a more
dynamic picture of the formation and breskdown of the
amine, Secondly it has been shown previously (Hess and
Doepfner 1961) that administration of L-tryptophan to
rats caused an elevation in the concentration of 5HT in
the whole brain, A "loading dose" of the precursor
L-tryptophan was givén to rats in the hope of increassing
the turnover of the amine in brain. Under these
conditions metabolites not normally detectasble by the
available techni ues might reach concentrations
sufficientiy high to allow their estimation.

Hess, Redfield and Udenfriend (1959) and Hess and
Doepfner (1961) also demonstrated a rise in the amine
tryptamine in brain after administration of L-tryptophan,
In that tryptamine might also have a physiological role
an attempt was made to estimate the amine along with the
SHT metabolites on single brain samples,

The/
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The thesis l'alls then into three sections:

The first section deals with the estimation of
tryotamine in tissues in normal animals and in animals
treated with L-tryptophan, with and without the amine
oxidase inhibitor, "iproniazid"., The results from the
use of' the method of Hess et al. (1959) are compared with
those of paper chromatography and the discrepancies
discussed. A modirication of the technigue of Hess et
al, (1959) is described,

The second section describes & paper chromatographic
technigue for the estimation of 5-hydroxyindoles in brain
tissue and its application to tryptophan loading in rats,
The influence of drugs on the concentration of 5=
hydroxyindole metapbpolites following loading with
tryptophan is studied.

The third and inal section describes experiments
in which dogs are given oral tryptophan and the various
areas of brain examined for their conteant of 5-=hydroxy-
indoles at varying time intervals after the adminlstration

of the amino acid,




SECTION 1

Tryptamine in tissues




INTRODUCTION

In 1922 Sullivan extracted a base which behaved like
tryptamine from the urine of patients sufilering from
pellagra. In 1950 Rodnight using ion exchange
chromatography of urine extracteuisubstance which on
subsecuent paper chromatography and bioassay behaved like
authentic tryptamine. A sensitive method for the de-
tection of tryptamine in urine was developed by Sjocerdsma,
Oates,Zaltsman and Udenfriend (1959)s The amine was
extracted into venzene from alkalinised urine and
estimated after back extraction into acid by spectro=-
photofluorimetry. The identity of the amine was con=-
firmed by its fluorescent characteristics, counter current
distribution, and its behaviour in two solvent systems
on paper chromatography. There was then, by 1959 strong
evidence to suggest that tryptamine was excreted in
urine although it was not known whether it originated
from the animals own celis or was produced by intestinal
bacteria, Werle and Mennicxen (1937) had however,
presented evidence for the production of the amine in
animal tissues., In 1959 Weissbach, King, Sjoerdsma ar .
Udenfriend demonstrated the conversion of isotopically
labelled tryptophan to tryptamine by kidney homogenates.
The tryptamine was extracted from the tissues which had
been made alkaline into benzene and then back extracted

into/




into acid, The amine was identiflied by paper chroma=
tography and also by its suoseguent conversion oy purified
amine oxidase anu aldehyde dehydrogenase to indole=3-
ylacetic acid. Hess and Udenfriend (1959) described a
solvent extraction method for the estimation of tryptaminL
in tissues, It was similar to that employed by Welssoach
et al. (1959) consisting of an extraction into benzene
from alxalinised homogenates with subsequent back ex-
traction into acid, The asmine was, however, converted
into a more highly fluorescent compound and estimated by
spectrophotorluorimetry, These workers were unable to
detect tryptamine in tissues from normael animals. fess,
Redfield and Udenfriend (1959) found measurable guantities
following the administration of either tryptophan or
amine oxidase inhibitors, This remained the method
employed by subseyuent workerse for the estimation of
tryptemine (Green and Sawyer 19600, Hess and Doepfner 19614
Weber anu Horita (1965).

A0 this laboratory during a study of the efilects of
trypotophan administration in rats on the concentration of
5-hydroxyindoles in brain using & paper chromatographic
method we attempted to examine in parallel the levels of
tryptamine in the extracts, Although for various reasons
the method did not prove entirely satisfactory it was
apparent that tryptamine could ot be aetected in the

brains of normal rats, and that after administration of

tryptophan/




tryptophan only trace® amounts ( >0 <0.2 pg) of
tryptamine were present,

It seemed then that there wes a discrepsaincy between
the results obtained by sclvent extraction and thoee
obtained by paper chromatography. In conseyuence the
method of Hess and Udenfriend (1959) was modified by the
addition of an ion exchange chromatographic separation
of tryptophan from tryptaemine prior to solvent extraction,
The first section {(Section A) then deals with the use of
paper chromatography in the est;matlon of tryptamine,

The =<cond sectlion deals with the modified uecthod
of Hess and Udenfriend (1959) and its application to
brain tissue (Section B). A comparison is made petween
the results obtained by the origincl and modified methods
and a likely csuse for the discrepancy between the results
obtained by the two is demonstrated,

The discussion also, contains present views on the

possib le biogenesis of tryptamine in orain,.

X Prace amounts of tryptamine indicates that the
activation spectrum of the sample after the norharman
procedure, shows two peaks at 310 and 360 mp, the
intensity of which are not sufficiently high above the
'plank' fluorescence to make guantitative estimation
meaningful.




METHODS

The Norharman Procedure

The conversion of tryptamine to norharman (Fig. 2)
was originally descrived by Kermack, Perkin and
Robinson (1921) using the Pictet-Spengler reaction (1911),
Hess, Redf'ield and Udenfriend (1959) employed the
procedure to convert tryptamine to norharman and to
estimate the concentration of tryptamine indirectly by
reading the rluorescence intensity of the norharman
derived therefron,

The procedure was oriefly as follows, The de-
proteinised tissue extract containing tryptamine was
made up to 6 ml with O,1 N H2804 in 15 ml glass tubes,
To this sclution was added 0.2 ml 18% (w/v) formaldehyde
solution, After mixing, glase bubbles were placed on
the tubes and these were heated with continuous shaking,
in a boiling water oath for 20 min, Hydrogen peroxide
(Os2 m1l of 5 vol- 30 vol diluted 1 in 6) was added and
the tubes allowed to remain for a further 20 min in the
water bath. The trbes were then removed, stOQQeréd and
cooled., Vigorous shaking at this time liberated oxygen
which otherwise tended to form bubbleé in the cuvette and
interfere with f'luorimetric e¢stimation. The fluorescence
of the sample was measured in a Farrand or Amince=Bowman

recording/
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recording spectrophotofluorimeter with the fluoresceucé
monochromater set at 450 mu (uncorrected), The activatim
spectrum (Fig. 3) was recorded from 250 mu to 400 mu,
Activation @' maxima were obtained at 300 my and 310 mp,
This gave some degree of specificity to the procedure,
The fluorescence intensity of the activation maximum

at 360 mu was used to give a quantitative estimate to the
amount of tryptamine in the extract, In experiments with
tissues known amounts of tryptamine were taken through
the procedure to give estimates of recoveries, The blank
was obtained by teking the fluorescence st 300 mp of

pure solutione of resgents taken through the procedure,

Specificity of procedure

It is to be noted that the condensation resction can
occur with other indole-ethylamines, although highly
fluorescent compounds are not produced by the 5=
hydroxyin.iocle derivatives., Tryptophan, when put through
the condensation reaction, ylelds a fluorphor with
identlical f'luorescence characteristics with thoseof
norharman, This fluorphor has also in paper chromato=
graphy, identical Rf values in two solvent systems
(n-butanol: acetic acids: water; 12:3:53 Rf 0.69'5ﬁ}
ammonia Rf 0.15)s In conseguence the reaction was also

used to determine the concentration of tryptophan in

tissues./
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FIGURE 3
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Limits of sensitivity of norharman procedure

Quantities of tryptamine from O,1 to 100 ug were
treated by the norharman procedure as descriobed above,
The relationship between the guantity of amine and the
fluorescence intensity of the.norharman was found to be
linear up to 10 pug. After this there was no increase
in Tluorescence with an increase in conceantration of
tryptamine (Fige 4). Consequently when determining
tryptamine or tryptophan conteat of tissues the final
extract was diluted so that it would not contain more

than 10 pg of theme substances,

Application of the norharmen procedure in the estimation

of tryptophan in tissues,

The procedure is a modification of the method of
Hess and Udenfriend (1959) as applied by Guroff and
Udenfriend (1962).

(a) Brain and liver

Brain and liver homogenates were prepared as on
P+ 28 or on p.57 depending on the subseguent method of
estimation of tryptamine. Brain homogenate (0.5 ml)

wos aade up to 5.5 ml with distilled deionised water

in/

¢
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in 15 ml glass stoppered centrifuge tubes, Af'ter mixing
by gentle inversion the proteins were precipitated by
the dropwise addition of 1.0 ml 30j% (w/v) trichloracetic
aclds The contents were mixed by gentle inversion znd
allowed to stand for precisely 10 min. The precipitate
wae centrifuged down at 2,500 r.p.me. for 10 min, Three
ml of the supernatant were pipetted into 15 ml stoppered
tubes and made up to 6 ml with O,1 N HaS04s The
quantity of supernatant from tissues expected to contain
a high tryptophan content (i.e. from tryptophan lo:.ied
animals) was 0.5 ml, This was also made up to © ml with
Cel N H2S04e These extractis were subjected to the
norherman proceaure as described above.

(b) Plasma and whole blood

The procedure was identical with that ol brain except
that O.1 ml of plasma or whole blood was pipetted into
5S¢4 ml distilled deionised water prior to precipitation

with trichloracetic acid,

Recoveries

Enown gusntities of tryptophan were added to the
tissue homogenate, plasm& or whole blood when these had
been dlluteuw with adistilied water, A pure solution of
tryptophan (10ug/ml in water) was prepared, 2ug (0.2 ml)
being added to homogenates or plasma from control animals

and/
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and 10ug (1 ml) to homogenates or plasma from tryptophan
loaded animals, The recoveries of these amounts of tryp=
tophan which were taken through the entire procedure

give a quantitative value to the estimates of tryptophan

in the tissues examined,
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SECTION A

Paper chromatogrephic sepasration in the estimation

of tryptamine

METHOD

In Section II (p.57 )a method for the estimation
of H-~hydroxyindoles in brain and plasma involving
separation by paper chromatography is described. An
attempt was made to develop the method in such a way
thatthe tryptamine content could be measured in parallel
in the same samples. The method for the estimation of
tryptamine diverges only at the stage of elution from
the paper chromatogram (pe. 63). The paper chromatogram
was divided into 1 cm strips and these eluted into 6 ml
0,1 N HaB804s After standing for 15 min with occasional
gentle inversion the paper strip was removed, the volume
recorded and the eluate made up to 6 ml with 0.1 N Hz S04
the eluate was divided into two, 3 ml being used for
5=hydroxyindole estimation. The other 3 ml of the eluate
was taken and made up to 6 ml in a 15 ml glass stoppered
tube., 7This was then put-through the norharman procedure,
uantities (400 mug to 800 mug) of tryptamine were taken
through "¢ proccdure to determine the recoveries possible

by the method,

Limitations of Method

It/
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It was found that recoveries of known guantities of
tryptemine added to brain and taxen through the procedure
were highly varisole (15-70%). It was also difficult
with the solvent system employed(noutanol: acetic acids
water, 12:3:5) to achieve a complete separation of
tryptamine from the large guantities of tryptophan
extracted from the tissues of animals pretreated with this
amino acid.

Tryptophan when epplied as a marker in tissue
extracts was found to have & greater Rf than wher pplied
in pure solution. Consequently no portion of the chroma-
togram between tryptophan and tryptamine wasldevoid of
norharman reacting material, A final disadventage of
paper chromatography was ite failure to separate tryptaming
(Rf 0,72 iA:Butanolz acetic acid: water, 12:3:5) from
two substances which appear at Kf's 0.6 and 0,75 in this
solvent system. They were detected af'ter the norharman
reaction because of the formation of fluorophors with
an activation maximum at 310 mp when the fluorimeter
monochromator  1is set at 450 mu, tic cmission maximum
for norharman, Thus these fluorophores obscured the
fluorescence characteristics of tryptamine when they are
eluted together with the amine from the paper and of'ten
rendereu - -timation of tryptamine impossible., These
fluorophores were present in relatively large amounts in

chromatograms of extracts of dog plasma and rat orain.

They/




18

They msay well be the [luorophors reported by Hess,
Redfield and Udenfriend (1959) to be present in the
penzene extracts from dog liver, Figure 5 shows that
extracts of dog plasma contained amounts of these
{luorophores which increased with time arfter tryptophan
loading with a different r: te of rise in each fluorophor,
They mey be derivatives of tryptophan on the Kynurenine
metabolic pathway which are present in ilncreased amounts
following tryptophan loading, ( Michael, Drummond,

Anderson and Good, 1964).

4pplication of Method and Resulis

Only three experiments for the estimation of trypta-
mine by paper chromatography can be considered successful
from the point of view of both absolute separation of
‘tryptemine from tryptophan and a blank sufiiclently low
a8 not to obscure the characteristic norhsrman spectirum,

1. Treatment of rats with tryptophan alone

Wicstar strain rates 180 g, were given a dose of
trypiophan 800 mg/kg by intraperitonec. i: cction, The
animels were killed by decapitation in groups of three at!
varying time intervals up to 8 hr afterwards and estimates
made of brain tryptamine by the method described above,

Resulis

No tryptamine wse detected in the brains of un-
treated animals. ‘'Trace' amounts of tryptemine ( >0 <0,2

s
uwg/e) were detected in brain,of rats 1 hr after the ine-

Jection of tryptophan., Estimates at 30 min, 2, 4 and 8

hr/
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FIGURE 5
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hr were obscured by other f'luorescent compounds running
to the Rf of tryptamine in the solvent system employed.

24 Treatment of rats with tryptophsn following

pretreatment with a monoamine oxidase inhibitor.

Wiistar strain rats, 180 g vere injected intra-
muscularly with iproniazid phosphate in & dose of 5 mg/kg
for five days prior to an intraperitoneal dose of
tryptophan (800 mg/kg) as described on pe. 56. The animal
were killed by decepitation in groups of three and the pooled
brain examined flor | tryptamine content,

Results

There was no tryptamine detectable In the brains of
animals treated with iproniazid alone., Following loading
with tryptophan, tryptamine appeared in 'trace' amounts
at 30 min ( >0, <0.2 pg/g) and reached a peak con-
centration of 0.85 pg/g at 1 hr (Table 1). By 4 hr only
'trace' amounts of tryotamine could be detected, and at
¢ hr none, The sensitivity of the paper chromatography
procedure was low, the limit of detection being 0.2 pg/g

or

of' tissue /per 2 ml plasna,

Se Lstimation of tryptamine in human plasma following

tryptophan loading

A humsn subject was given a dose of 5 g, of tryptopha?
af'ter rasting for 12 hr. 3lood was taken ofil by vene=-
puncture at 1, 2, 3 and 6 hr following the dose of

tryptophan/
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TABLE 1

Concentration of' tryptamine in rat orain as estimated
by paper chromatogrephy. 7The animals were pre-
treated with iproniazid 5 mg/kg for 5 days prior to
an' intraperitoneal injection of tryptophan, 800 mg/Kg.

Time after

. Tryptamine
. . 1o~ (us/s)
Iproniazid 0 nD*
Iproniazid +
tryptophan 30 min 20,40.,2
1l hr 0, 85
2 hr Oe 48
4 hr 70 £0.2
8 hr ND

x ND = not detected (0.2 pg/g)
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tryptophan and placed inheparinisedplastic tubes. The
blood was centrifuged immediately and the plasma frozen
until assay by paper chromatography,

Results

The results (Table 2) show a rise in tryptamine in
plasme which is maximal at 1 hr, ©Small but detectavle
guantities of the amine in plasma are still present

© hr after the ingestion of tryptophan.




TABLE 2

Concentration of tryptophan in
human plasma after an oral dose
of 5 ge of L-tryptophean.

Time after Plasma
administration tryptamine
of tryptophan (ng/ml)

0 nD*
1 hr 0. 33
2 hr 0. 26
3 hr 0. 26
6 hr Oe 1l

% ND = not detected., Less than 0.1 pg/ml
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SECTION B

A modiflcation of the method of Hess and

Udenfriend (1959) incorporating

ion exchinge column chromatogrsphy

INTRODUCTION

Although the method involving separation by paper
chromatography for the estimation of tryptamine in tissues
had disadvantages the results obtained for the con-
centration of' the amine in tissues of' animals treated with
L-tryptophan (800 mg/kg) with and without iproniazid
(150 mg/kg) were lower than those reported by Hess et al,
(1959) (Table 3 and 4). The possibllity that tryptophan
was a conteminant in the procedure of Hess and Udenfriend
(1959) was considered and the method modified by the
incorporation of an ion exchange column chromatography
step for the separation of' tryptophan from tryptamine
prior to solvent extraction. The original method is
guoted and the modified method and its application

described.

METHODS

Animal trestment

The animals were killed by decapitetion and the blood

collected/
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TABLE 3

Concentration of tryptamine in guinea pig
brain and liver after pretreatment with
iproniazid phosphate 150 mg/kg for 1 hr
with or without L-tryptophan 800 mg/kg,
the animels being killed 2 hr after the
administration of' the amino acid. From
Hess, Redfield and Udenfriend (1959).

Tryptemine
Treatment

Liver Brain

(ne/g) (he/g)
None <0,1 (5)% <0.1 (7)
Iproniczid 0.2 (1) <0.1 (4)
L-tryptophan 0.2 (8) lek (3)
Iproniazid and 3
L-tryptophan 5.7 (&) 0.8 (5)

x
The number of animals is shown in parentheses,
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TABLE 4

Comparison of monoamine oxidase inhibitors on trypta-
mine formation in guinea plg brain and liver from
Hess, Redfield and Udenfrierdi (1959).

- Tryptemine (ug/g)

Drug Duration of

Pre-treatment

(hours) Liver Brain
JB=516 1 0.3 0.6
JB=516 1 0.3 0, 6
JB=-516 16 0.1 0.2
JB=516 16 O0e3 0.5
Iproniazid 16 2.0 0.3
Iproniazid 16 3.6 0.7

Animals were pre-treated with 3 mg/kg of JB=516 or
150 mg/kg of iproniazid, intraperitoneally. After
the pre-treatment period 800 mg/kg of L-tryptophan
was injected intraperitoneally and the animals were
killied 2 hr later,
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collected from the neck wound into a polythene tube
containing heparin (0.2 ml; 1000 I.U./ml). The contents
of the tube were mixed by gentle shaking.

Iproniazid phosphate (60 mg/ml in saline) was ad-
ministered by intraperitoneal injection to 200 g, guinea
pigs in groups of three, in a dose of 150 mg/kg. Sixteen
hours later, L-tryptophan (800 mg/kz) was given by the
intraperitonesl route to the animass in a 2 ml saline
suspension, prepared as described by Hess et ale (1959).
The animals were kiiled in groups of three at 20, 4JO,
©0, 80 and 120 min following the administration of
tryptophan, Further groups of gulnes pigs were given
L=tryptophan by the same route, without pretrestment
with iproniazid, ana killed at comparable times following
the administration of' the amino acids A group of un=-
treéted animals and a group treated 16 hr previously with
iproniazid, but without injection of tryptophan, were

examined as controls,

Preparation of tissue and plasma extracts,

Plasma: The blood was centrifuged at 2,500 r.p.ms
for 10 min and the plasma separated off, A 2 ml portion
of the plasma was dliluted to 10 ml with deionized
distilled water. 2inc sulphate solution (2 ml, 10% w/v)

was added with mixing, The proteins were precipitated

oy/
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oy the addition of 0.2 ml 20% (w/v) NaOH, when the tube
was immediately inverted gently three times to ensure
adeguate mixing, After standing for 10 min, the tube
was centriiuged for 5 min at 2,500 r.p.m, and the
supernatant fluid transferred to a 10 ml beaker, After
adjustment of the pH to 7.5 (glass electrode) with 0,2
N NaOH, the solution was then ready to pass through an
ion exchange column,

Brain and liver: The brains were dissected out as

rapidly as possible and the group of three brains weighed.
These were then homogenized in an all-glass homogenizer
in 0.1 N HC1l (2 ml/g brain tissue), The homogenate was
transferred to a 50 ml glass-stoppered measuring cylinder
and the volume recorded. The homogenate was stored at
=15° prior to use (no longer than 12 hr).

To a 5 ml portion of' the homogenate, diluted to 9 ﬁl
with deionized distilled water in a glass-stoppered
centrifuge tube, was added 1.0 ml 4 N perchloric acid
and the contente of the tuve mixed by repeated inversionsy
Af'ter standing for 10 min, the precipitated proteins
were seudimentied by centrifugation at 2,500 r,p.m, for
10 min. The supernatant fluid was transferred to a 10 ml
beaker and the pH adjusted to 7.5 (glass electrode) by
dropwise addition, with constant stirring, of 5 N and then
0.2 N KOH, The contents ol the peaker were transferred
to & 10 ml centrifuge tube and centrifuged at 2,500 r.p.mp
for 5 min. The supernatant fluid was separated from the

precipitated/
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precipitated potassium perchlorate and passed through
an ion exchange column,
A weighed portion (about 3 g.) of liver was
removed from each animal and the pooled tissue subjected

to the same analytical procedures as brain,

The estimation of tryptamine in tissues by the solvent

extraction technigue of Hess and Udenfriend (1959)

g Method 1 !

To 3 ml of tissue homogenate (as prepared above)
in a glass~stoppered centrifuge tuoe swasadded 0.3 ml
of 10 N NaOH to bring the pH to apbout 1ll. Twenty ml
of benzene werethen added and the tube was shaken for
15 min on an automastic shaker. The tube wascentrifuged
and as much of the bpenzene as possivle was transferred
to another glass stoppered’0 ml centrifuge tube con=
taining 4 ml of O,1 N Hz804s This tube Wasshaken for
5 min on an automatic shaker, centrifuged, and 3 ml of
the acid layer transferred to a 15 ml stoppered tube,
The volume wasmade up to 6 ml with 3 ml O.1 N HgB804 and
the solution put through the norharman procedure., The
Iluorescence intensity of' the norharman formed was de-

termined using an Aminco-Bowman spectrofluorimeter.

Modification of method of Hess and Udenfriend

(a) Ionexchange column chromatography/
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(a) Ion exchange column chromatography

(Method 2)

The method, a modif'ication of the procedure of
Oates (1961) is dependent on tle adsorption of trystamine
on a column of sultable cation exchange resin undder
conditions in which tryptophan is not adsoroed., The
tryptamine is eluted from the column with strong acid,.
A colunn, 70 mm x 7 mm dismeter, of Amoerlite ion
exchange resi i C.,Ge 50 type 1, 100-200 mesh, a weak
cation exchange resin, was employed, Before use, the
resin was treated ae followse, It was first stirred
for 30 min with 3 vol. N HCl and the acid was decanted
off and the resin washed by decantation with daistilled
deionized water until no chloride was detectavle in the
supernatant fluid on addition of a few drops 2.5% (w/v)
silver nitrate solution. The resin was stirred twice witg
3 vol. 3 N NH4OH for 30 min., The NH4OH wae decanted ofr
and the resin washed repeatedly with distilled water
until the pH of the supernatant fluid was 9, The resin
was finally treated with 0,2 M ammonium acetate buffer,
PH 745, until the buff'er pH remained unchanged after
standing in contact with the resin for at least 12 hr,
The resin was stored in this bufier solution., After
preparation of the resin column, 5 ml 0,02 M ammonium
acetate buffler, pH 7.5, were passed through before
applying the sample solution to be chromatographed.

(b) Column chromatography of extracts/
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(b) Column chromatography of extracts

Deproteinized extracte of brain, liver, or plasma
(8-10 ml) were passed through the column at approximately
Os5 ml/min. Then 15 ml 0,02 M ammornium acetate buffer,
pH 7.5, followed by 4 ml O,1 N H.S04 were passed through
the column at approximately 0,5 ml/min and the eff'luents
discarded., Tryptamine wes eluted from the column by the
passage of 6 ml N H.504 at 0.2 ml/min, all of the eluate

being collected.

Estimation of tryptamine in the column eluate by the

norharman procedure.

The column eluate was adjusted to pH 11 (universal
indicator paper) by the dropwise addition of 10 N NaOH
and shaken with 20 ml benzene for 5 min, The tryptamine
in the benzene extract
was returned to aqueous solution by shaking for 5 min,
with 6,0 ml 0.1 N HaSOs. A 5.5 ml portion of the acid
extract was oDut through the norharman procedure. The
fluorescence intensity of the norharman thus formed from
tryptanine was determined, using an Aminco-Bowman
spectrofluorimeter., The tryptamine content of the eluate
was determined from the fluorescence intensity reading
at 360 mu (activation): 440 mp (fluorescence)j in
comparison with that obtained from 1.0 pg tryptamine
added to another portion of the orain homogenate and

processed in parallel with the sample. A blank for the

norharman/
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norharman reaction was determined from the norharman
procedure on the eluate from pure sclutions run through

the column.

Calibration of Method 2

Since the incluaiqn of the ion exchange chromato-
graphy step appeared to give a sensltive and specilic
method for the estimstion of tryptamine, an experiment
was performed to calibrate the method, Amounts of
tryptamine, from 50-400 mpg, were added to 5 ml portions
ol brain homogenates and the guantity of tryptamine
estimated by the method. The results (Fig., 6) were found
to be linear in this range and an amount as low a8
30 mpg/g of brain was measuraole.

The fluorescence from the braln sample without
tryptamine asdded was the same as that from pure solutions

of reagecate taken through the procedure.

Recoveries

The mean recoveries of 1 ug guantities of tryptamine
added to 5 ml brain homogenate and cariied through the
procedure was 47.9% (8.Ds 6.9; eight estimations). The
mean recoveries of 0,5 pg quantities of tryptamine in
2 ml plasma carried through the procedure was 54, 2%
(SeDs Ge4; eleven estimations). These recoveries are low
because ol the relatively poor partition cf tryptamine

between venzene and the agueous phase at pH 11,




33

FIGURE 6

FLUORESCENCE (arbitrary units)

o) 100 200 300 400
ng TRYPTAMINE

Fluorescence of norharman formed from tryptamine added
to brain homogenate from untreated guinea pigs, analysed
by modified method of Hess et al, (1959) (Method 2),

The 1luorescence from the brain sample without tryptaming
added is the same as that from pure solutions of reagent
taken through the procedure,
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A comparison of tryptamine estimations in guinea pig

brain and liver by the solvent extraction method of

Hess and Udenfriend (1959) (Method 1) and the modified

method as described avove (Method 2).

Homogenates of liver and brain were made from the
tissues of animals as described above, A 3,0 ml portion
of each homogenate as examined by the solvent extraction
procedure of Hesc et al. (1959) and a 5.0 ml portion by
the modified technigue. The results (Table 5) show a
discrepancy between the values for the concentration of
tryptamine in the tissues obtaigfgy the two methods,
Table 6 shows the high concentration of tryptophan found
in these tissues and plasma at the times the animals were

killed,

Investigation of discrepancy between estimated tryptamine

concentr tions in orain by the method of Hess and

Udenfriend and by the modified technigue

(a) ZEffect of high concentrations of tissue tryptophan

on the estimates of tryptamine

braln homogenates were prepared from control guinea
pigss L=tryptophan (250 ug/g) was added to the homo-
genate and this was analysed in triplicate portions by
the method of Hess and Udenfriend (1959) (Method 1).
This/
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This homogenate, with added tryptophan, was also analysed
in triplicate oy the modified procedure (Method 2). The
results showed that in Method 1 tryptophan was carried ove
to the finesl acid phase and converted to norharman.
Tryotamine was therefore apparently present in a con-
centration of 0,0 ug/g. No tryptophan was found to be
carried through Method 2,

(b) Identification of indolic substances in final

extracts from two methods.

Thin layer chromatography of extrect from method of

Hess and Udenfriend.

A benzene extract of 18 g. of pooled whole brain
from guinea pige treasted with tryotophan and iproniazid
and killed 2 hr following the administration of' the amino
acld, was prepared by the method of Hess and Udenfriend
(1959). ©One ml of 4O acetic acid was added and the
benzene evaporated almost to dryness under a stream of
nitrogen at 55°C, This extract contained consideraole
amounts of 1lipid ana was unsuiteole for direct appiication
to thin layer chromatogrems, Initlal paper chromatography
was used to purify the extract., The residue was taken up
in 10 ml of benzene and the tryptamine extracted with
shaking into 3 ml1 C,1 N HpS04 in a stoppered centrifuge
tube. The tube was centrifuged at 2,500 r.p.m. for 10
min and the acid phase pipetted off, This was adjusted

to pE 4 (Bromophenol blue paper) with careful addition

of/

I
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of solid potassium carbonate and the solution evaporated
to near dryness at 55°C on & vacuum pump, The residue
was taexen up in 0.2 ml 80% (v/v) methanol containing
ascorbic acid 50 mgk (w/v) ard applied to a paper strip
5 cm wide under nitrogen. wuantities of tryptophan and
tryptamine were added to an identical extrsct to act &as
markers and the chromatogram developed in isopropanol:
35% (w/v) ammonia: water; (17:1:3).

After drrying in nitrogen the marker chromatogram
was divideu longitudinally and half stained with
cinnamaldehyde reagent (Jepson 1963) to give the position
of tryptamine and tryptophan., Appropriate strips from
the other half of the marker and from the extract
chromatograms were eluted into 4 ml and then 3 ml 4O%
acetic acid. These eluutes were reduced to near dryness
in a vacuum pump at 55°C, taken up in 0.1 ml 80% (v/v)
methanol and ascorbic acid 50 mgik (w/v) and applied to a
thin layer plate of silica gel G under nitrogen and then
developed in butanol: acetic acid: water; (12:3:5).
Sufficient tryptamine snu tryptophan was eluted from
half’ the marker paper chromatogram to agailn act as a
marker on the thin layer plate, The indolic substances
were visualised by spraying with cinnemaldehyde reagent.

The above procedure was adopted using butanol:
acetic acids watery (12:3:5) as a developing sagent
for the preliminary paper chromatography and methyl acetat
isopropanol: 25% (w/v) ammonia; (9:7:4) as developing

agent/

L €2
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agent for the thin layer chromatography.
Two substances were detected in the extract
chromatograms which behaved like authentic tryptophan

and tryptamine (Table 7) (Plate 1),

Thin layer chromatography of extract produced by modified

technigue (Method 2).

Homogenate from 36 g. of pooled brain of guinea
pigs treated with both iproniazid (150 mg/kg) and killed
at 2 hr following administration of L-tryptophan (800
mg/kg) were subjected to the analytical procedure of the
modified method, the benzene extracts of the amine eluaty
being pooled, To this was added 1 ml 4Ok acetic acid
and the mixture evaporated to near dryness as described
above, Portions of the extract were applied toc thin laye;
plates of silica gel G using 2.1 ml 80% (v/v) methanol.
Quantities of tryptamine were added to portions of the
extract to act as a marker, The plates were developed in
three solvent systems (Table 8). The plates ﬁere dried
in nitrogen and visualised with cinnamaldehyde, or ultra
violet fluoreséence following spraying with Prochazka
reagent (Stahl 1965). In the extract chromatograms &
eingle substance corresponaing to authentic tryptamine
was detecteds No second indolic substance corresponding

to tryptophan was found.

Column chromatography of extracts produced by the method

of Hess and Udenfriend/

w
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Column chromatogrephy of extracts produced by the me}hod

of Hess and Uldenfriend

Homogenates of brain were prepared from guinea ﬁigs
trested with iproniazid 150 mg/kg with and without
tryptophan 800 mg/kg. Fifteen ml of each brain homo=-
genate was extracted into benzene and back-extracted
into 0.1 N H2804 b0y Method 1. The resulting 15 ml of
acid was then divided into two portions, one of 12 ml
and the other ol 3 ml, On the 3 ml portion tryptamine
wes estimated by the norharman procedure. The 12 ml
portion wes aijusted to pH 7.4 (glass electrode) with
N NaOH snd run through a column identical with that.used
in Method 2, All the effluents and eluates were
collected in 3 ml aliquots and these put through the
norharman procedure, Five ug of tr /ptamine was added
ags an internal standard to comparable guantities of the
brain homogenateg and taxen through the method, prior to
the addition of the 12 ml of buffered solution to the
column 1 pg of tryptophan was added as an internal
standard, Five ml of homogenate were examined for its
tryptamine content by the modified method of liess et al.
(1959).

The results (Table 9) show the final scid extract as
prepared by the solvent extraction method to contain two
components which give norharman resctlion. The rirst is

in the eluate
eluted from the columnf}n whichh the suthentic tryptophan

is/
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is contained, and (he second in the eluate conteining
authentic tryptamine, Quantitatively, addltion of the
two components could account for the appareat tryptamine
ae found in the solvent extraction technigue,

The tryptamine content of these brain homogenates
as estimated by Method 2 (0.20 pg/g) agreecd well with the
amount of the amine present in the amine fraction from
the solvent extraction technique of Hess and Udenfriend
as determined alfter sejparation from the tryptophan fractbd

by column chromatography, (0.18 pg/g) (Table 9 ),

Estimation of plasma tryptamine

The content of tryptamine in plasma was estimated
by Method 2, The results (Fig. 7, Table 10) show the
amine to be present in plasma in low concentrations after
the administration of iproniazid and tryptophan., The
levels never greatly exceed those found in brain at the
same time, Following administration of tryptophan alone,
tryptamine was found only at 2 hr in a concentration of

0,03 pg/ml.
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FIGURE 7
TRYPTAMINE 160 o
in brain (mpg/g) f
Ko’y o——o0 Plasma
and plasma (mug/ml)
Pl = [ —— -e Brain
120
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40
20.
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TIME AFTER TRYPTOPHAN INJECTION

Concentration of tryptamine in guinea pig brain and plasms
a8 estimated by the modified procedure of Hess et al,
(1959) (Method 2) at varying time intervals aiter the
intraperitoneal administration of L-tryptophan (800 mg/kg)
with pre-treatment for 16 hr with iproniazid phospi:ie
{150 mg/kg)s Each point represents the mean of three
experiments,
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TABLE 10

Concentration of tryptamiie (ug/ml) in
following administration of tryptophan
animals pre-treated with iproniazid (150 mg/kg)e.

inea pig plaama
%300 m

g to

Time after
Treatment tryptophan Exp. 1 Exp. 2 Expe 3
(min
+ x
Iproniszid 0 Trace ND ND
Iproniazid +
tryptophan 20 0.04 ND Trace
L0 Trace Trace 0.06
60 0,08 Trace 0,09
80 0.15 0. 04 0,06
120 0.12 0. 06 0,06
120 O. 14

* ND = not detected ¢0,025

*rpace =)0 (0,025




DISCUSSION

The method described here is basically that re-
ported by Hess and Udenfriend (1559) with the essential
additional step of ion exchange chromatography. In our
hands, the original procedure gave falsely high values
for the estimates of tryptamine in the brains of animals
which had been given a tryptophan load, with or without
pretreatment with 2n amine oxidase inhibitor. The error
was traced to a trensfer of a portion of the brain
tryptophén to the venzene phase and finally to the acid
extract, in spite of all efforts to prevent any mechanical
carry over, Since tryptophan yields a fluorophor
identical in characteristics with that obtained from
tryotamine, the estimates of the latter were too high.

The presence of tryptophan in the tryptamine extracts
for r'luorimetry was demonstrated in several ways,
Tryptophan was added to homogenates of brain from normal
animals, which contained no detectable tryptamine, to
give an amino acid concentration similar to that found
in the orains of animals treated with tryptophan.
Processed by the method of Hess and Udenfriend (1959)
such normal brain houmogenates apnarently contained 0,6
ug/g of tryptamine, The acid extract obtained by the
methou of Hess and Udenfriend (1959) from the brains of
animals treated with tryptophan ar'ter prior administration
of/
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of an amine oxidase inhioitor was passed through an ion
exchange column and norharman producing material was
found in two eluates, one of which would have been
expected to contain tryptophan and the other tryptamine,
The norharman yielding material in the two fractions
accounted for the total epparent tryptamine in the
original acid extract (Table 9 ). Finslly, 1t was
demonstrated by thin layer chromstography on silica gel,
using two solvent systems, that the acid extrects con=-
tained indolic substances with Rf values identical to
those of authentic tryptophan and tryptamine (Table 7 ).

These technicues of ldentification were redupnlicated
for the final extract of the modified method‘of Hess and
Udenfriend (1959) (Method 2), Tryptophan added to normal
brain tissue was found not to reach the final stage of
this procedure. Thin layer chromaetography in three
solvent systems (Table 8 ) of the final extract showed
only one indolic component with Rf values identical with
those of authentlic tryptamine.

The guestion arises as to why theidentification
procedures of the original workers did not reveal the
separate components present in the final extracts. The
answer is prooanly that tryptamine per se was not
identifie. from tissues, but thec norharmsn reaction was
performed on liver extracts and the resulting fluorophor
identified by its chrometographic oehaviour on paper in
two solvent systems, in comparison with authentic

norharman. /
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norharmen, It is apperent in retrospect that sny
contaminating tryptophan present would have been con=-
verted to a fluorophor with identiceal f'luorescence
characteristics to norharman and also behaving the same
way in the solvent systems used as authentic norharman.

Hess and Udenfriend state that in pure solution no
interferernce by tryptophan occurs even when the amino
acid is in 500-fold excess of the amine, This we also
found to be true of pure solution., It did not hold,
however, fér brain homogenates, and may be due to ad-
sorption of the aminc écid to some component of brain
tissue (e.g. lipias) with subsequent carry over into the
benzene phase, A similar phenomenon was observed for the

and Hamberg
catechol amines by Von Euler,(1949). Consideration of
the tryptophan levels in the orain of animals pretreated
with the amino acid (Table 6 ) show concentrstions
considerably exceeding 500 times the threshold con-
centration for the estimation of tryptamine by the
method (Oel pg/g)e.

Thepe are inconsistencies in the literature re-
garding the changeé in the level of brain tryptamine
following the administration of L-tryptophan, with and
without amine oxidase inhibitors which are expliceable ¢n
the baeis of methodological error, Hess et al. (1959)
failed to detect the amine in the brein of normal rats,
guinea plgs, or dogs. However, 2 hr after administration

of tryptophan to guineas pigs, in a dose of 800 mg/kg,
they/
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they found tryptamine to be present in brain in a
concentration of l.4 ug/g. Pretreatment with iproniazid
150 mg/kg, prior to administration oif tryptophan, resulted
parsdoxically in a fall in the concentration of the amine
to 0.6 ug/ge In a later paper, Hess and Doepfner (1961)
in dmilar experiments using the same method of estimation
but a smaller dose of tryptophan (200 mg/kKg), found O. 14
pg/g of tryptamine in the brains of rats 2 hr after ad=-
ministration ot the amino acid, Pretreatment of' these
animals with iproniazid (150 mg/kg) prior to the dose
of tryptophan led to an increase in thg brain tryotamine
to 0.37 pe/g at 2 hr,

Weber ana Horita (1965) during the in vivo in-
vestigation of the conversion of tryptophan to 5HT in
rat brain, estimated the concentration of tryptamine by
the method of Hess and Udenfriend (1959). They trected
rats with doses ol tryptophan (200 mg/kg) with and without
pretreatment with the amine oxidase inhibitor 2-phenyl=-
cyclopropyl amine 5 mg/kg subcutaneously 16 hr prior to
administration of the amino acid., The animals were normal,
partially (stomsch intestines and spleen), or totally
(stomach intestines, spleen, kidneys and liver) eviscerated.
The levels of tryptamine reached in brain -were 0.6 pg/g
when tryptophan was administered whet.er or not there was
pretreatment with amine oxidase inhibitor., Evisceration
had no effect on these levels, These suthors comment
that in view of the fact that tryptamine is & better

substrate/
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substrate for amine oxidase than 5HT (Erspalmer et al,
1960) it is strange that the levels of tryptamine in
orain are apparently uninfluenced by amine oxidase
inhibitor,

In our investigations, using the modified procedure
(Method 2) for the estimation of tryptamine, the amine
was found in brain only after treatment with both amine
oxidase inhibitor and L-tryptophan (Table 5 Fig.7 ).

The amine wus detected at 60 min in low concentrations
and rose slowly over the 2 hr period of the experiment.
Liver, on the other hand, had detectable levels of
tryptamine after treatment of the animals with amine
oxidase inhibitor alone., Combining the drug with ad-
ministration of tryptophan produced very high con=
centrations (Table 5 ). Plasma tryptamine levels became
detectable at 20 min af'ter tryptophan aind iproniazid,
the levels still rising at 2 hr. These resulits did not
demonstrate a high plasma to brain gradient in the

concentration of tryptamine.

Biogenesis of tryptamine

Tryptamine does, then, appear in orain under certain
circumstances and it is convenient at this point to dis-
cuss its biogenesis,

Tryptamine/
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Tryptamine may be formed in brain by the decarboxy=
lation of tryptophan. The enzyme, L-aromatic amino acid
decarboxylase, capanle of efiecting this conversion, is
present in brain (Lovenberg, Weissbuch and Udenfriend
1962). The tryptamine may then be converted by monoamine
oxlidase and aldehyde dehydrogenase to indol=3-ylacetic
acid. Mailure to detect tryptamine in concentrations
which can be estimetied by the technique described may be
due to its rapid aestruction by amine oxidase, in the
absence of' any storage mechanism, Only when this enzyme
is inhibited by iproniazid, and under conditions of
increased turnover along the tryptamine pathway, is there
a rise in the amine to detectable levels,

Tryptamine detected in brain may be synthetised at
other sites, transported in the plasma, and penetrate
into brain across the blood brain bvarrier, Tedeschi and
Tedeschi (1959) injected tryptemine intravenously into
rats and noted the onset of convulsions and tremors, They
found that these effects were potentiated in duration and
severity by amine oxidase inhibitors, and postulated that
tryptamine penetrated brain and stimulated 5HT receptors.
Green and Sawyer (1960) repeated this procedure and at
the same time estimated tryptamine in brain. They were
able to show incresses in the brain concentration of
tryptamine, following the intravenous administration
of the 5 mg/kg of the amine (0,173+0.019 ug/g) (Meant

S.EsM. ) However, each rat received at least 1,000 ug

of/
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of' tryptamine by intravenous injection. The animals were
killed 75 seconds af'ter this dose and it would seem
probable that at this time the plasma obrain concentration
gradient for tryptamine was extremely high, Under these
conditions it is not surprising the amine penetrated the
blood brain barrier. The concentration of tryotamine

in blood was not, however, estimated during the course

of these experiments, Penetration into brain, excluding
active transport, would depend on lipid solupnility and
ijonisation sfbody pii, and on these considerations trypt—
amine should penetrate the blood orein barric:,

In our investigations tryptamine was present in
plasma at the time of detection in orain, rising, as in
brain until the animals were killed., "The guestion as to
whether the tryptamine present in the brain of these
animals ie formed in brain or taken from peripheral sites
is still unresolved,

Indol=3-ylacetic acid in brain might be used as an
index of tryptamine turnover, In preliminary investi-
gations the acid has been detected in brain after ad-
ministration of tryptophan, It was, however, present in
samples of plasme taken at the same time, and hence that
present in brain may have crossed the blood brain varricr
from plasma. At this stage then we cannot tell whether
the brain has the potential to synthesise tryotamine from

tryptophan,.




SECTION 2

Iryptophan loading in rats
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INTRODUCT ION

In &n attempt to examine all the metabolites of
tryptophan along the 5-hydroxyindole pathway a paper
chromatographicmeihod was developed to estimate 5HTP, 5HT
and 5HIAA from the same brain homogenate., During the
preliminary experiments on the method 1t was found that
the major source of loss of pure solution of the 5=
hydroxyindoles added to brain homogenate was during
evaporation of the aqueous phase obtained after acetone
precipitation and subseqguently blowing of'f the ccetone
with nitrogen. The optimal pH at which the solution was
evaporated was found to be below 5, The acid used in the
initial protein prccipitation was also important.
Evaporation from N/10 HCl resulted in some loss of the
S5=hydroxyindole, This was minimised by the addition of
ascorbic acid. The use of acetic sacid in the brain
homogenates gave better recoveries of S5HT taken through
the procedure than any other acid which we employed in
homogenisation, Initially a temperature of 37°C was used
on a water pressure vacuum pump. Under these conditions
it toox evout 45 min to evaporate L4 ml of agueous solution
5-Hydroxyindoles tended to be destroyed under these con-
ditions, Using a temperature of 55°C and an efficient mecl
anical vacuum pump this veolume of agueous was evaporated

to near dryness in 5 min, with almost 100% recovery.,

The full details of the final method are given to-
gether with its application to tryptophan loading and
drug studies,

-
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METHODS

Animals, Male Wister rats 150-180 g (mean weight
170 g) were used. For 10 days prior to the experiment
the animals were maintained on 'Blue Cross' diet 41 B
(Rank)s They were housed in groups of three and remained
in these groups during the experiment, the tissues and
blood from eszch group being pooled ror the various
estimations; the animals were transferred to the
lavoratory on the evening before the experiment, Food,
but not water, was removed from the cages 24 hr before
the experiment.

Tryptophan loadlng. A suspension of L=tryptophan

(140 mg/ml) was prepared for administration by grinding
first with a few drops of Tween 80 and then diluting
with further trituration in 0.9% NaCl. This was given
intraperitoneally in amounts ecuivalent to tryptophan
800 mg/kg body weight (Hess et al. 1959). Injected rats
were Kilied by decapitation at various time intervals up
to & hr after 'loading'.

Blood was collected from the neck wounds into a
polythene tube containing heparin (0.2 ml of 1,000 I.U./h&)
and stored at =-15°C until estimations were carried out,
In one experiment, 5 ml blood was centrifuged for 5 min
at 2,500 rev/min to obtain plasma,

Preparation of brain extracts./
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Preparation of brain extracts. Solvents of

Analytical Reagent grade and deionized distilled water
were used throughout. The brains were dissected out as
rapidiy sas possible, the cerebellum removed and the
group of three odrains weighed. They were homogenised in
an all-glass homogenizer in 4O0% (v/v) acetic acid, 1.0
ml/g brain tissue, To the homogenate, a further 2,0
ml/g 20% acetlc acid was added and the homogenization
repeated. The homogenate wss transierred to a 25 ml
glass-stoppered measuring cylinder and, after the
addition of a few drops of 2=octanol to break the froth,
the volume was recorded and the homogenate was allowed
to stand at 4° for at least 30 min. After thorough
mixing, a 4,0 ml portion of the homogenate w.s pipetted
into a 35 ml glass=-stoppered centrifuge tube, and to this
wes added 24 ml acetone at 4° to precipitate proteln,
After mixing, the extract was kept at =15° for 45 min and
then the preclipitate was removed by centrifugation, A
24 ml portion of the supernatant fluid was stored over=
night in a glass-stoppered tube at 4°,

The rollowing day, the acetone was evaporated off
by means of a jet of nitrogen and the bulk of the lipid
removed from the remaining aqueous phase by extraction
with 16 ml, followed oy 8 ml, light petroleum (b.p. 4O=-
60°C), After addition of ascorbic acid, (0.1 ml of 50 mg
per 100 ml freshly prepared) the syueous phase was

evaporated/
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evaporated to damp Jdryness under reduced pressure

(external temp. 55°). During this evaporation, sufficient

acetic acid remains in the agqueous extract to mainteain
the pH at 3=-4, @ pH at which the 5-hydroxyindoles are

most stable. The evaporation, under these conditions,
should taske less than 10 min.

In each experiment, two additional portions of one
of' the homogenates were carried through the above ex=
traction procedure, To the f'irst was added 0,8 pg each
of 5HT, S5HTP and 5HIAA oefore protein precipitation to
serve as Lnternal standards throughout the procedure,
To the second specimen, the three 5-hydroxyindoles were
added to the final residue from the extraction process
in amounts sufficient to give visiole colourations on

the developed chromatogram

Paper Chromatograggg
“he final residue was transferred in 0.2 ml followed

by O.1 ml 80% (w/v) methanol containing ascorbic acid
(50 mg per 100 ml) to a 5 em wide paper chromatogram
(Whatman No. 1 paper) by replicate applications using a
capillary tube to give a 1 cm band. During application
the solvent wes removed in a continuous stream of nitrogen
The ascending chromatogram was developed in butan-1-0l:
acetic acid: water (12:3%:5 by vol.) in a nitrogen
atmosphere at room temperature overnight (15-16 hr solvent
run of 24-25 cm).
The/

L
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The developed chromatogrém was dried in & glass
tank, through which was passed & stream of nitrogen. The
positions of the 50H indoles were estapblished from the
marker chromatograms, Appropriate sections of' the
sample chromatogram were eluted with 4,2 ml O,1 N Ha2SO04
by immersion and gentle agitation in glass-stoppered tubes,
After 15 min the paper strips were removed, the volume
of' each eluate recorded and, i1 necessary, made up to
4,0 ml with O,1 N HaS04e Conce. HCl1L (2.0 ml containing
ascoroic acid 50 mg per 100 ml) was added and the samples
read against a standard of S5HT in a Farrand recording
spectrophotofluorimeter (Ashcroft, Crawford, Binns and
MacDougell, 1964). The relative fluorescences of stendard
solutiocns or 5HT, S5HTP and 5HIAA were determined,

Locelisation and identification of the 50H-indole

compounds _in & chromatogram of brain extrect. This was

achieved (a) by location with reference to a parallel
chromatogram of authentic SHT, S5HTP and 5HIAA and (b) by
precise location orf' the 50H-indoles on the brain extract
chromatogram by fluorimetric analyses of sequential
segments ol the chromatogram,

It was found that the Rf values of 5HT, DSIiilAA or
SHTIP apylied in brein extracts and applied in pure solution
were not ideapical,_the greatest disparity occuring with
the amine./{ﬁssiinéig, therefore, the positions of these

substances in chromatograms of brain extracts were

determined from a parallel chromatogram of a similar

brain/
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TABLE 11

Rf velues for 5-hydroxyindole compounds

Indole applied to chromatogram in !
pure solution brain extract:
Rf Rf
5HTP 0. 26 0.26.
S5HT Oel43 0. 50
SHIAA 0. 70 0, 68

Ascending paper chromatography 1in buten-l-0l: acetic
acids water ?12:3:5 by vol.

TABLE 12

Hecoveries of H=-hydroxyindoles from brain homogenates

‘ 1
f Percentage reGOVery’

5HT 87 + 6,5 (9)
S5HIAA 96 + 10.9 (8)
SHTP ! 55 * 6.9 (9)

Os 8 pg of each of the 5-hydroxyindoles was
added to the homogenates,

* Mean + standard devistion (no. of experiments)
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brain extract, to which had been added 5HT, S5HIAA and
5HTP in amounts sufficient to permit easy visualisation
of the indolees (a) by the characteristic pinkish
fluorescence in ultra violet light, while the chromatogrem
still retained a small amount of acetic acid from the
chromatOgra;hic solvent (Mitoma, Weissbach and Udenfriend,
1955) and (b) by the colour reaction with Ehrlich's
reagent (Rodnight, 1956), and (c¢) by cinnamaldehyde

( Jepson 1963)

While S5HTP and 5HT were separated by several cm,
only asbout 2 c¢m separated the upper boundary of the S5HT
area f'rom the lower boundary of the 5HIAA area. It was,
thereiore, essential that the division between these two
areas should be accurately located. Templates were made
up from paper strips on which were marked the proposed
sections of the chromatogram, 5’F %og'alsl)t'aw for slight
differences in the extent of solvent flow in the extract
and "marker' chromatograms, six such templates were pre-
pared, varying in length by C.5 cm, the shortest being
1.5 cm less than, and the longest 1.5 cm greater than
the distance from the origin to the solvent front on
the "marker' chromatogram. The positions of the proposed
cuts were marked on each template at the appropriate
points calculated from the Rf values on the 'marker'

chromatogram and the length of the template strip. The

aried/
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FIGURE 8
< S cms>|
_________ solvent
A front
N EHIAA —> ;
2 <0'5cms.
4 <1-0cms.
5 2 <0-5cms.
’g} Ry HT 5 .
gl <]
§:§§§§§§e__5HTP 5 ”
origin <
v Tcm. strip.
CHROMATOGRAM TEMPLATE

Left: Diagram of 'strip' chromatogram of 5-hydroxyindole
compounds developed in butan-l=-oliacetic acid:i:waten
(12:3:5 by vol). Indoles logated by the colour
reaction with Ehrlich's reagent.

Right: Template defining positions of strips for sample
chromatogram,
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dried chromatogram of a orain extract was aligned with
the template appropriate to the solvent front position.
The appropriate sectionswere cut and dropped into the
eluting fluid as guickly as possipbpley nine consecutive
regions were analysed. The presence of 50R indoles in
those sections oI the chromatograms postulated to contain
none would point either to poor separation, or to the
presence of an unexpected 50K indole, but there were no
detectable amounts of 5S5HT, SHIAA or S5HTP in the eluates
of those sections.

Measurement of tryotophan in brain extracts and

whole blood as described on pe. 12

Measurement of S5HTP in plasma, To 2.0 ml plasma

were added O.4 ml acetic acid, and the mixture left at
4° for 30 min before aduing 18 ml acetone at 4°, The
furiher preparation of the extract and the subseguent
chromatography was then carried out as for the brain
extracts, The strip of the chromatogram corresponding
to the S5HTP marker was eluted and the S5HTP assayed
spectrofluorimetrically.

Confirmation of' the identity of substances in the

'5HT' and 'SHIAA' sections of chromatograms of brain

extracts,s. In a few experiments, two additional methods
of identification were used; (a) confirmation of the
basic or acidic nature of the 5-hydroxyindole compounds,

using solvent extraction procedures on the eluted compound

and/

is
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and (b) comparison of biological and fluorescence assays.

(a) Solvent extraction. In one experiment, the

eluates from the chromatogram strips corresponding to the
marker 5HT and S5HIAA positions were subjected to the
solvent extraction procedures, whilst in a second ex=
periment only the 5HIAA strips were treated in this way,
The concentration of 5-hyuroxyindoles in the eluates

was first assayed fluorimetrically in 3 N HCl., The
eluates in 5 N HCl were then saturated with NaCl and
extraected with diethyl ether, using & modification of

the method or Udenfriend, Titus and Weissbach (1955) de=
scribed by Asheroft and Sherman (1962) for the estimation
of BHIAA, and the scld 5-hydroxyindole compounds measured
spectrofiuorimetrically,

The agqueous phase, after the ether extraction, was
adjusted with 20% NaOH (w/v, Analar) to pH 10, using
phenolphthelein as internal indicator and basic 5-
hydroxyindole compounds were extracted and measured,
using the method of Bogdanski, Pletecher, Brodie and
Udentfriend (1956).

The concentration of basic and acidic 5—hydroxyindolr
compounds in the originsl eluates were calculated by
reference to internal standards carried through the
extraction procedure,

(b) Compsrison of biological and fluorescence assays

This was kindly performed by Dr. T.B.B. Crawford.
Extracts were prepared from the brains of animals killed
2 hr af'ter loading with tryptophan 800 mg/kg and also
of/
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of control animals. The appropriste strips for 'SHIAA'
and '"SHT' from the developed chromatogram were placed
in glass tubes and dried in vacuo in a desiccator con-
taining NaOH pellets, in order to remove any treces of
acetic acid. The strips were eluted with 0,9% (w/v)
NaCl and the eluates subjected to fluorescence assays,
carried out ae descrivbed abovey and to biological assays
using the isolated rat uterus preparation (Amin et al.
1954).
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RESULTS

Recovery experlments

Table 12 shows the results of the recovery ex-—
periments of 0,8 ug of 5HT, S5HIAA and 5HT added to brain
homogenate and taken through the procedure, Recoveries
of S5HTP were lower than those for 5HT or HHIAA, the loss
occurring during protein precipitations The reported
estimates of the concentration of 5HTP, 5HT and S5HIAA in
brain semples have been corrected for the mean recovery of
each indole obtained during this series or experiments,
Recovery oi S5HTP from plasma in a single experiment was

67/

Identity of substances in 'SHT 'and '5HIAA' sections of

chromatogram

(a) 4 comparison of direct estimation of 5-hydroxyindoles
in the eluates from '5HT' and 'SHIAA' strips «nd estimatés
of basic and acidic 5-hydroxyindoie compounds in the
strips, obtained by the solvent extraction technigues,
are shown in Table 13, There was good quantitative
agrecment bpetween pre- and post-extraction estimetes and
no basic 5—hydroxyindolgé§ounq in the 'S5HIAA' strip, or
acidic 5-hydroxyindole in the 'SHT' étrip.

(b) A comparison of the fluorimetry and blological assay

of eluates from '5HT' and 'SHIAA' strips is given in Table
1he/
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14, No biological activity was detected in the 'SHIAA'
strip, In the 'SHT' strip, biologics . assay gave higher
results (0,07-0,08 pg higher) than fluorescence assay,
boih in unloaded and tryptophan loaded animals, These
results indicate the presence ol a second substance with
a biological activity (as measured on the rat uterus)
equivalent to 0.07-0,08 ug S5HT per ml eluate, the
concentration being unaltered by tryptophan loading.

No attempte have been made to investigate the discrepancy,
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Application of Method

1. Variation in dose_of tryptophan

Tryptophan was administered intraperitoneally as a
suspension 140 mg/ml in 0.9% saline in doses of 40O mg/kg
800mg/ kg
ﬁand 1600 mg/kg body weight and for each dose level a
group of animals was killed 1, 2 and 4 hr after injection.

24 Drug treatments

(a) a=-Methyl dopa was administered as a suspension,
140 mg/ml in 0,9/ saline, in a dose of 800 mg/kg, followed
1 hr later by tryptophan 800 mg/kg, both substances being
given intraperitoneally., The animals were killed at 0,5,
1, 2, 4, 6 and 8 hr after the tryptophan was given. 4s a
control, a further group of animals, to which no tryptophan
was given, was killed 1 hr after administration of
a=-methyl dopa.

(b) Iproniazid phosphate 25 mg/ml in 0.,9% saline
was gilven by intramuscular injection in a dose of 25 mg/kg
dally for 5 days, the time of the last dose being 1 hr
before injecting 800 mg/kg tryptophan intraperitoneally.
The animals were killed at the same times aiter tryptophan
administration as in (a), Animals treated for 5 days

with iproniazid, but not tryptophan, were used as controls,

Confirmation of the identity of substance in 3H1Z section

of chromatogram level after tryptophan and a-methyl dopa

Loadigg.

In/
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In the course of the experiments, the results of the
application of the analytical procedure to extracts of
brain ifrom animals treated with a-methyl dopa before
tryptophan administration indicated the presence of 5HTP,
Supplementary evidence of the identity of 5HTP was obtained
as follows, The appropriate section of the paper chroma-
togram of braln extract was eluted in 2 ml 20% (v/v) acetic
acid, The eluate was evaporated to damp dryness under
reduced pressure (external temperature 55°), The residue,
dissolved in 0,2 ml 80% methanol (v/v) containing 50 mg
per 100 ml ascorbic acid, was applied to a 5 cm wide
Whatman No. 1 paper strip and chromatographed in parallel
with 5HTP in the solvent system composed of aqueous
NaCl8%: acetic acid (100:1 by vol) in an atmosphere of
nitrogen., Zluates from seguential 1 cm strips of the
developed chromatogram, dried in a stream of nitrogen,
were made in O,1 N HaSOs (4.0 ml). After addition of

2,0 ml cone, HCl containing 50 mg per 100 ml ascorbic acid,
each eluate was examined spectrophotofluorimetrically.

In this way, the sample chromatogram was shown to contain
material with the fluorescence characteriestics of a 5=hy=-
droxyindole (max, activation 300 mu, max., fluorescence

550 my uncorrected) located solely at the same position on
the chromatogram as authentic 5HTP., The small amount of
material availaole prevented further characterisation

tests,




RESULTS

Uptake of amino acids by brain tissue.

The uptake of SHTP into brain has not been studied,
but Table 15illustrates the relationship between whole
blood and brain concentrations of tryptophan. This
relatlonship would not be expected to be a simple one,
as factors such as binding of tryptophan to plasma protein
and uptake by red cells (McMenamy, Lund and Oncley, 1957)
make calculation of the concentration of freely diffusiple
plasma tryptophan impossible from the figures given for
whole blood., However, it is postulated that sny signifie-
cant changes in the tissue uptake of tryptophan would be
ref’lected in changing blood/brain ratios.

The blood/pbrain ratio is seen to increase rapidly
during the first hall-hour af'ter loading, as a result of
the failure of brain uptseke processes to keep pace with
the increase in blood tryptophan levels, Between 1 and
2 hr, the ratio decreases as brain levels continue to rise
whilst blood levels fall, At 2 and 4 hr, the ratio is
lower than in the unloaded animal, as the fall in brain
levels is slower than that in bloods By 8 hr, the ratio
is again returning to normal.

Following treatment with a-methyl dopa, the blood and
brain concentrations of tryptophan (Tablel6é ) must be
compared with those following administration of tryptophan

alone,/
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alone, This comparison csen ve made by expressing the
results as a blood/orain ratio for tryptophan (Tadle 17 ).
The ratio is incressed in the a-methyl dopa group, compared
with the untreated groups, dufing the first 2 hr after
tryptophan administration, The difference cannot, however,
be tested for statistical significance,
In a single experiment, it was found that pretréatmen1
with iproniazid did not appear to alter the tryptophan
concentrations in brain or in blood at the various times
subsequent to tryptophan administration compared with

controls.

The presence of SHTP in rat plasma following tryptophan

adminlistration y

Evidence was ootained which indicated the presence
of' measursaole amounts of S5HTP in the plasma of animals
following tryptophan losding (Table 18). None was de=-
tectable in the plasma of control animcls,

Plasma levels of 5HTP were found to be lower in

animals pretreated with a=-methyl dopa (Table 18).

Concentrations of 5-hydroxyindoles in rat brain following

tryptophan administration.

Following administration of tryptophan to rats in a
dose of 800 mg/kg, the orain concentration of 5HT showed
a rise (Tablel9 and Fig. 9 ) from a mean control

concentration/




Comparison of blood/orain tryptophan ratios at various
times af'ter administration of L-tryptophan in rats with
end without treatment previously with a-methyl dopa.

76

TABLE 17

Blood/brain tryptophan ratio®
Time af'ter
try%}t}.g han Tryptophan alone i:g_ig}g;ﬁ;?a
- .
0 2.38 (3) 2,75 (4)
(No tryptophan)
0.5 6,63 (3) 7.99 (3)
1 3.62 (3) 4.22 (3)
2 1.91 (3) 2,99 (3)

a-methyl dopa 800 mg/kg given 1 hr before tryptophan

x Mean (no. of experiments)

800 mg/

kg.




TABLE 18

Comparison of 5HTP concentrations in rat plasma at
various times after intraperitoneal injection of
L=tryptophan in rate with and without pretreatment
with a=-methyl Jdopé&a.

{
Plasma 5HTP pg/ml
Time arlter
tryptophan
(hr) a-methyl dopa l No a-methyl dopsd
pretreatment pretreatment
0 {0,025 £ 0,025
(No tryptophan)
0u5 0. 06 0.13
i 0.03 0.075
2 0. 04 0.075
L" \ - o. 0’4’5 |

Tryptophan 800 mg/kg, was given., Pretreatment consisted
of' a=-methyl dopa, 800 mg/kg, 1 hr before tryptophan
administration. Each result represents one estimation
on pooled plasma from three rats.
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FIGURE
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Concentration of SHIAA and S5HT in rat brain
following intra peritoneal administration of
tryptophan 800 mg./kg.
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concentration of 0.3 ug/g to é maximum of 0.6 pg/g within
1l hr, This concentration was maintained during the
following 3 hr, aiter which it returned to the control
value within a maximum of & hr after the tryptophan
administration. The 5HIAA, with a control level of

Oe 24 pg/g also increased in concentration, but unlike

the 5HT, the concentration of the acid did not remain at
a constant maximum level during the 1 - 3 hr interval
after loading, out continued to increase, reaching 1.09
uwg/g 4 hr after losding. Although the same concentration
wes found also at 6 hr after the tryptophan administration
we have not examined whether the 5HIAA was maintained

at this leveloverthe 4 = © hr intervsl, or whether the
concentration did, in fact, reach a higher but relatively
unsustained maximum during this period. No 5HTP was
detectanle in the brain samples at any time before or

after the tryptophan administration.

BEffect of varying the dose of tryptophan

The 5HT concentration in orain rose from a control
level of 0,32 pug/g to a maximum of 0.7 ug/g (Teble 20),
Alteration of the amount oI tryptophan administered within
the range examined did not influence the maximum level
but only its duration.

The S5HIAA concentration in brain also increased from
a control level of O.24 ug/g to a maximum of l.1 ug/g,
the rate of rise apparently peilng similar to that of B5HT

over/
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over the first hour. Similarliy the S5HIAA appeared to
rise to a maximum concentration not correlated to the
tryptophan dose, but this was reached laster than with
5HT and the absolute rise was greater than that for the
amine, Again, only the duration of the maintenance of
the maximum concentration was dependent on the dose of
tryptophan administered.
The effect of varying the dose of tryptophan on the

concentrations of tryptophan inmt blood and brain is

shown in Teble 21,

iffect of pretreatment with a-methyl dopa followed by

tryptophan loading.

Table 19 and Fige 9 shows the increase in the
concentration of 5HT and S5HIAA in brain, occurring after
treatment with tryptoplhan slone. This incresse was not
Observed in animals treasted with a-methyl dopa before
the tryptophan administration ( Table 22and Fig.10 ).
Another 5-hydroxyindole metaoolite, considered to be
S5HTP on the basls of 1ts behaviour on paper chromatography,

appeared in meacureule guantities in .he braln extracts.

Effect oif pretreatment with iproniazid on the concentration

of 5=hydroxylndole metabolites in obrain following

tryptophan administration,

There was an lncrease in the brain 5HT concentrations

to/
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TABLL 21

Tryptophan concentratione in rat nlood and brain at
various time intervals after intraperitoneal injection
of various doses of L-tryptophan,

Dose Time after Blood Brain
tryptaphan tryptophan tryptophan tryptophan
(mg/kg) (hr (ug/ml) (ng/ml)
None * Control L7el # 1ol (3) 743 + 0,62 (3)
400 1 505 196
2 150 152
4 33 16.4
800™ 1 785 + 82,5 53; 216 + 11.8 23;
2 567 + 75.8 (3 307 + 38,8 (3
L 288 215
1,600 1 1800 310
2 1350 400
L 820 545

Except where stated, each result represents an estimation

on the pooled blood or brain of three rats.

®jean concentration + standard deviation (no. of experi=-

ments)
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FIGURE 10

HOURS AFTER TRYPTOPHAN

concentration of 5 hydroxyindoles in rat brain after

a=-Methyl dopa 800 mg/kg, followed 1 hr later by tryptoph

800 mg/kge

sn
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to a level higher than that reached following ad-
ministration of tryptophan alone (Table 23and Fig, 11)e
The concentration of 5HT in the brains of animals
receiving only the iproniazid also showed an increase ovel
that of untreated snimals.

In contrast, pretreatment with iproniazid reduced
the rise in concentration of 5HIAA in brain occurring
after tryptophan loading (compare Fig. 9 aﬁd 11)e

At no time in these experiments waes S5HTP detected

in the brain extracts.
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FIGURE 11
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concentration of 5 hydroxyindoles in rat brain after
Iproniezid 25 mg/kg, daily for 5 dasys, followed by
tryptophan 800 mg/kge.
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DISCUSSION

The major metabolic pathway of 5-hydroxylndoles in
bruin is tryotophan —» 5-hydroxytryptophan ->5-hydroxy-
tryptomine —> 5=hydroxyindolacetaldehyde > 5=hydroxyindolyl
acetlc acid., The aéﬁytical technigue permitted the
estimation of HHTP, 5HT and SHIAA in tissue or plasma,

A alternative metabolic pathway is the formation of the
neutrcl metabolite S5-hydroxytryptophol from the aldehyde
in the reversible enzymic step mediated by alcohol
dehydrogenase., This has been shown to take place in rat
liver by Feldstein and Wong (1965) and in rapvbit plate=
lete by Bartholini, Pletscher and Bruderer (1964)., Ithas
not been demonstrated in rat brai?& %%}iijﬁfiosrmb%?iﬂ?nahown

to be a minor metabolic pathway for the metabollism of the
catechol amines by Goldstein and Gerber (1963). The
glucuronide of 5-hydroxytryptophol has been demonstrated
in rat urine by Kveder, Iskric and Keglevic (1962).

In the paper chromatography procedure described,
S5=hydroxytryptophol would not separate from 5HIAA in the
solvent system used (butanol: acetic acid: water; 12:3:5),
However, during the identification procedure the 5=
hydroxyindole on the 5HIAA strip behaved as an acid and
guantitatively was recovered from an extraction procedure
which would have excluded 5-hydroxytryptophol. This does
notindicate, however, that in other circumstances the

5HIAA strip might not include a varying amount of

Sthdroxytryptophol./
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5=hydroxytryptophol.

Limiting step in the synthesis of 5HT

The blood/brain barrier prevents uptake 6f 5HT from
blood into brain tissuey hence the first sten in the
rise in concentrations of 5HT and 5HIAA in brain following
tryptophan loading must be either the hydroxylation of
tryptophan in the brain tissue, or the uptake inte brain
of S5HTP produced elsewhere in the body. Cooper and
Melcer (1961) deduced that 5HTP must be transported in
the plasma from an extracerebral site, but, since the
amino acid had not been detected in the blood, they
suggested that it might oe carried in bound forme In
our experimente, the presence of S5HTP in plasma was
detected, but only after tryptophan loading. Recent
work by Gal, Poczik and Marshall (1963) and by Grahame-
Smith (1964) has demonstrated the ability of brain tissue
to S5=-hydroxylate tryptophan.

Gal, Morgan, Chatterjee and Harahall/£§3:ggigated
the hydroxylation of tryptophan in vivo in the pigeon
and rate They investigated the half 1life of intra-
cerebrally administered 5HT and found it to be in good
agrecment with the half 1life of S5HT formed =fter intra-
cereorally injected tryptophan, (Table2i ). They con=-
cluded from their results that although the turnover rate
of cereoral HHT was high the potential synthesis was low,
They/
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They postulated that 5HT was derived from two sources

of 5HTP, The majority was derived from the hydroxylation
of" tryptophan in peripheral tissues and transported to
brain and the rest from tryptophan hydroxylated in brain.
The results of Weber and Horité (1965) in the rat dis-
agfeed with this finding. These workers set out to
determine the extent of extra and intra cercbral synthesls
of 5HT, They used partielly !removal of stomach, in-
testines and spleen) and totally (removal of liver,
kidneys, stomach, intestines and spleen) eviscerated rats.
These animals were given an intraperitoneal injection 6f
L-tryptophan (200 mg/kg) and the rise in brain 5HT com=-
pared with controls. Metabolism of 5HT to S5HIAA was
inhibited by the use of the amine oxidase inhibitor
(2-phenyleyclopropyl amine, PCP: 5 mg/kg)e They found
that in the eviscerated animal the rise in brain 5HT
after intraperitoneal tryptophan was unimpaired. They alBL
demonstrated that ar'ter slow intracarotid infusion of

tryptophan in normal rats the brain 5HT concentration

r—l

rose significantly. Assay of the 5HT content of periphera
tissues did not show a significant rise compared with
unperiused controls, It would then seem unlikely that
SHTP was synthesised from the perfused tryptophan in
peripheral tissues and transported to brain.

In our own experiments with tryptophan alone it is
not possible to determine the origin of the cerebral 5HT,
Although 5HTP does appear in plasma after tryptophan
loading,/
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loading, it does not, however, appear in brain. The
failure of S5HTP to accumulate in brain tissues, the
concentration of 5HT and S5HIAA having resched steady
levels, would indicate that hydroxylation of tryptophan
is the rate limiting step in the production of 5HT, but
a 'feed-back' mechanim from accumulated 5HT or SHIAA
limiting the rate of hydroxylation in an extracerebral

site, or in the brain itself ie not ruled out.

Limiting concentrations of 5HT and 5HI..A end possible

existence of metabolic pools.

The concentrstion of 5HT reached a maximum of
approximately O, 6 ug/g brain 1 hr after loading with
tryptophan (800 mg/kg) following which the concentration
remaeined at this level for the next 3 hr. The 5HIAA
levels showed no such tendency to level out at this time,
but continued to rise, reaching an apparent maximum 4 hr
after loading, Varying the dose of tryptophan by giving
either 40O or 1,600 mg/kg did not alter the maximum
concentrations which 5HT and S5HIAA reached and maintained
in braein. At the higher doses, however, these concentra-
tion maxime were maintained for longer periods.

There are at least two possible explanstions,
Firstly, the presence of a 'pool' or store, of 5HT with a
limited capacity estimated at 0.6 ug/g brain. This havinj

o

filled, &all the amine subseguently produced would overfl

on/
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on to sites of destruction, with a continued rise of
5HIAA., An alternative explanation for the sustained
maximum concentrations of S5HT might be the existence

of a limiting supply of 5HTP, owing to either a maximum
limiting rate of formation as a result of saturation of
the hydroxylating enzyme, or to a 'feed-back' mechanism
operating on this enzyme., Given this constant supply of
5HTP, with rapid decarboxylation to 5HT, then the con=-
centration of S5HT will rapidly rise to a plateau, the levs
of which will depend upon the establishment of an
egquiliobrium between synthesis, storage and breskdown to
SHIAA, The 5HIAA will then continue to rise, reaching

a plateau at a later time. The level reach by S5HIAA will
depend on the relative rates of formetion from 5HT and
removal, which, in this case, will involve passage from
brain tissue into blood and CSF,

The present results showing the same maxima for 5HT
and for S5HIAA when different tryptophan loads were
administered give evidence against a limited store for
S5HT as the sole factor for, if thls were the case, the
concentration of S5HIAA would be expected to rise to
higher levels when a larger dose of tryptophan was ad-
ministered. The results indicate that the hydroxylation
of tryptophan is the rate-limiting step in t1c bio=-
synthesis of 5HT and that at all doses of tryptophan ad=-
ministered the maximum rate of formetion is reached, eithe
as a result of saturation of the hydroxylase by excess of

substrate/

r
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substrate or as a result of a 'feed-back' mechanism

from accumulation of metaboliltes.

Effect of a-methyl dopa

Several points of action on the 5=hydroxyindole
metabolic pathway in brain have been suggested for
a=-methyl dopa. The situation has been reviewed by
Sharmaen and Smith (3962), who suggested the following
poseibilities:=-

1. Inhibition of the decarooxylation of S5HTP;

2e Inhibition of the uptake of amino acid precursors
into brainj;

Se Displacement or release of' S5HT by a-methyl dopa,
or .ts metabolites;

Le Inhibition of amine oxlidase by a-methyl dopemine,

a metabolite of a-methyl dopa,

A fifth possible mechanism, inhibition of tryptophan
hydroxylase, has been suggested by Pletscher, Burkard and
Gey (1964).

Inhibition by a-methyl dopa of the decarboxylation
'of dopa by dopa decarboxylase was demonstrated in vitro
by Sourkes (1954). It has subseyuently been shown to
inhibit the synthesis of 5HT by inhibition of 5HTP
decarboxylase (Westermann, Balzer and Knell, 1958).
Sharman and Smith (1962) messured total, acidic and basic
S5=hydroxyindoles in rat orain following sdministration

of/
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of a-methyl dopa and demonstrated the appearance of
neutral and/or amphoteric 5=hydroxyindolic¢ material,
probably 5HTP, whose concentration was arrived at by
subtracting the sum of basic and acldic 5-hydroxyindoles
from the total 5-hydroxyindole concentration. The present
technique, however, enables direct estimation of S5HTP

at concentrations as low as 0,025 pg/ml in plasma, or

0.05 pg/g in brain.

In animale treated with tryptophan alone 5HTP appeared
in the plssma but | did not reach detectable concentration
in brain tissue., However, following tryptoplhan loading
in the animels pretreated with a-methyl dopa, HHTP
appeared in brain in concentrations increasing with time
(Teble 22, Fig. 10), while 5HT and 5HIAA railed to in=-
crease in concentrsastion. These results are conslistent
with the view that a-methyl dopa inhibits the decarboxy=-
lation of S5HTP in vivo, resulting in the accumulation of
the substrate (5HTP) before the block and in the fall in
concentration of the metabolites (5HT and 5HIAA) beyond
it.

Desplite the incresse in brain concentrations of
SHTP, the plasma levels rose no higher in the a-methyl
dopa pretreated animals than in those given tryptophan
alone., The brain concentrations (pug/g) in the d-methyl
dopa groups from 1 hr onwards reached higher levels than
the plasma concentratiocns (ug/ml). This unexpected
result has two Dossible explanations, Mirstly, amino
acid uptake into brain appears to be an active process

(Lajtha, 1964)/




97.

(Latha, 1964) and it may be possible, if plasma levels
are maintained and if the amino acid is not further
metabolised (in this case decarboxylation of 5HIP is at
least partially blocked), for uptake to proceed against
a concentration gradient and .for S5HTP to accumulate in
the brain cells, This explanation assumes that 5HTP is
formed by hydroxylation of the tryptc han at extra-
cercbral sites, as g, ggested by Cooper and Melcer (1961)
Second possibility is that
and is trensported to ti.¢ orain in the plasma.h SHTP
is formed in the brailn by hydroxylation of tryptophan,
in the a=-methyl dopa pre-treated animals, hydroxyl=ation
would proceed in the brain with accumulation of' 5HTP
locally, due to inhioition of the decarboxylation
mechanism, With the fects availaole, it is impossible to
decide between the two alic.uatives,

The active process of amino acid uptake into brain
tissues shows such characteristics as stereospecificity
and competition for uptake oetween amino acids within the
same subgroup (Chirigos, Greengard and Udenfriend 1960).
Gurofi and Udenfriend (1962) demonstrated in vivo the
inhibition of uptake of tyrosine into rat brain produced
by pre-treatment with tryptophan, using the blood/brain
ratio for tyrosine as an index of uptake. In the present
experiment, during the Tirst 2 hr after administration of
tryptophan, the blood/brain ratios for tryptophan were
higher in animals pre-treated with a-methyl dopa than in
those treated with tryptophan alone (Table 17)e These
results sugpest that a-methyl dopa inhibits the uptake of

tryptophan/
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tryptophan into brain. No direct evidence f'or an efrect
of a-methyl dopa on SHTP uptake into broin can be ad=-
vanced, although the active uptake of this amino acid by
rat brain slices has been established (Schanberg and
Giarman 1960) and the inhibition of its uptake by a-methyl
dopa in rat brain slices has been demonstrated by Smith
(1963).

There was no evidence that a-methyl dopa, or its mets

abolites (Carlsson and Lindqvist, 1962), was exerting a
reserpine-~like or an amine oxidase inhibitory action,
mechanisms 3 and 4 suggested by Sharman snd Smith (1962).
The failure of 5HIAA to show a rise in concentration
speaks against a reserpine-like action (Ashcroft and
Sharman 1962) and the lack of an increase in the 5HT levels
is contrary to expectation if amine oxidase inhibition
was occurring. Although such mechanisme are not com=-
pletely excluded, in view of the reduced synthesis of
the 5HT brought about by a-methyl dopa, it is unlikely
that they contribute to any marked extent, It is of
interest that a reserpine-like effect has been suggested
to account for the sustained decrease of cerdiral
noradrenaline arter a-methyl dopa administration (Hess,
Connamacher, Osaki and Udenfriend, 1961).

An inhibitory action on tryptophan 5-hydroxylase
has been postulated recently by Pletscher, Burkard and
Gey (1964) to account, in part, for the effect of a=-methyl
dopa on cerebral 5=-hydroxyindole metabolism. Two

observations/
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observations in our experiments are consistent with,

but not conclusivzzgf. such an action. Firstiy, the
accumulation of S5HTP in the brain after pre-treatment with
a=-methyl dopa and tryptophan loading did not ecgual or
surpass the combined increase in 5HT or S5HIAA observed
following tryptophan alone, This is not the result that
might be expected if decarboxylase in ibition was the
scle mode of acticn of a-methyl dopa. Secondly, the
plaema concentrations oi 5HTP have been found in pre-
liminary experiments to be lower in tryptophan loaded
animals pre-treated with a-methyl dopa than in similar

animals given tryptophan alone (Table 18 )e

Eff'ect of iproniazid

Iproniazid has long been known to inhibit the
enzyme monoamine oxidase (Zeller and Barsky, 1952) and
to produce an increase in the concentration of endogenous
5HT in rat brain (Udenfriend, Weissbach and Bogdanski,
1957)s In our experiments, animals loaded with tryptopharn
when pre-treated with thie inhibitor showed a rise in
concentration of S5HT in brain to 1.27 ug/g, considerably
higher than that seen in animals treated with tryptophan
alone (0.6 pg/g)e The S5HIAA did not rise to l.1 ug/g as
occurred in the snimals treated with tryptophan alone,
but reached a much lower plateau concentration, which

was then sustained for % hr, It would appear that even

with/
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with this high dose of iproniazid, cerebral monocamine
oxidase inhibition is not complete. No effects of
iproniazid on the decarboxylation of 5HTP was demonstrated.
The actions or the drugses used in this work on the
levels of brain amines have already been investigated
extensively (see Pletscher, 1963). The studies reported
here demonstrate how the tryptophan load technigue can
be used to obtain a dynamic profile of the 5-hydroxyindole
metabolic pathway in brain. It makes possible an ex-
amination of each point of action of a drug, studylng
simultaneously uptake of amino-acid precurcors, synthesis

and breakdown of the amine.




SECTION 3

Tryptophan loading in dogs
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INTRODUCTION

In a communication to the British Pharmacological
Society in 1952, Amin, Crawford and Gaddum reported the
presence of S5=-hydroxytryptamine (5HT) in dog brain. In
their paper (1954) they described the detailed dis-
tribution of this amine in discrete areas of brain. It
was apparent that the concentration of 5HT in the various
areae was not uniform, central structures having com=-
paratively high levels compared with cortex and
cercobellum, OF thése central regions, hypothalamus and
midorein had the highest concentrstions, Values similar
to thosereported by Amin et al., who used & bloassay
technique for the estimations, were obtained by other
workers Twarog and Page (1953), Pzasonenand Vogt (1956),
Paasonen, licLesn and Giarmen (1957), also using a bio=-
assay technigque of measurement. Bogdenski, Weissbach
and Udenfriend (1957) using the fluorometric method of
assay of Bogdanski, Pletscher, Brodie and Udenfriend
(1950) found the relative distribution of the amine in
orain similar to that reported by these workers, However,
the absolute values were higher (Table?25),

In the preceed’ g section, it has been shown that
administration of tiyptophan to rats led to an increase
in the concentration of 5HT and 5-hydroxylndol=3-ylacetic

acid (5HIAA) in whole brain, It was decided to administer

tryptophan/
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TABLE
Hesulte cbtalned by varlous groups of workers for the ation of S=h ¥ {ng/g) in dog brain.
Twang and smin, Crawford Passonen and P MoLe Wegsonaoh and | Bos
» Crawfor nen asonen, s elssbac! leston
Aren Pape 1953 and Gaddua 1954 Gurven 1933 Vogt 1956 and Glarzan 1957 Udentriend ot al. 1968
Mean  Range Mean  Range Mean  Range Mean  Range Mean  Range Nesn 2 Sk | Mean 8.0,
Caudnte 0 cu-ab (5P 97  45-130 (3) | 202 o8-uBO (7) | 229 213-320 (W) |720 200 (9) |20 30 (u)
Hindbrain 220 4o (5)
Midoroin 190 145-230 (3 1000 200 (3) 560 100 (5)
Thalsmus 18 -2z (2) 570 70 (8) 0 110 (5)
Hypoths lasus 280 220330 () Blh  L15-1010(3) 329 Bxs526 (7) | 375 - 375 (1) |1700 300 (7) 550 160 (5)
Hippocsspus 45 Lo-50 (2) 260 203-335 (3) |0 w0 (3) |20 90 (5)
Cerebelium WO e0-220 (2) 0 <u=d0 (i) 0 72-713 (3) 3 712 (3) =50 (3 0 =50 (u)
Faboiely W0 90-390 (2) | © <B-a0 (3) 3% 10=75 (3) |10 0 (2) <50 (u)
Extragtion 4 vol. acetons 20 wol, acetons 20 vol. sgetone 20 vol. acetone 20 vol, mcetons 2 vol, 0,1 K & vol, soetons)
Method Blomssay Yenus Bl T with B4 Spisuls | B1 Venus HC1l Butanol Fuper

Mercenaris

rat uterus

polyphenol oxldam
Blosssay rat
uterus

solida

FPluorimetry

Fluorimetry

= rusber of animsle in parenthesls
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tryptophan to dogs and observe the change in the
tryptophan and 5-hydroxyindoles in the various areas of
brain at varying time intervals af'ter the dose of the
amino acid. Cerebrospinal fluid (CSF) was withdrawn
immediately prior to killing the animals and examined to
determine 1ts tryptophan and 5HIAA content, The present
section gives results for oral loading of dogs and’

discusses their signiricaance,
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METHODS

Analyticel Procedures

1, S-hydroxyindoles in orain., These were
estimated by the acetone extraction of homogenates of
orain in acetic zcid followed by paper chromatogrpahy,
as described on p. 57.

2e S5HIAA in CSF was estimated by Dr. D,P.

O'Mahoney as follows:= L4 ml of CSF was acidified with
0.1 ml of conc., HCl, and satureted with sodium chloride»
The S5HIAA wee then extructed into peroxide free ether,
The ether was wached with 0,02 N salt-saturated HCl and
the 5HIAA back extracted into pH 6.5 0,3 M phosphate
oufi'er, This was acidified with 0.5 vol. conc. HC1l

and e¢stimated by spectrophotofiuorimetry.

S S5-hydroxyindoles in plasma were estimw.ted as

described on pe 63,

L Tryptophan in blood end orain. These

estimations were cariied out as described on pe 12.

e Tryptophan in C3F, 0,5 ml CSF was dalluted to
2¢5 ml with distillea water in & 10 ml graduated
centrifuge tube, Proteins were precipitated by the
addition of 0.5 ml 30% (w/v) trichloracetic acid and the
tubes zllowed to stand for 10 min. They were then
centrifuged at 3000 r.p.m, for 10 min., Two ml of the
supernatant fluid were diluted to 5 ml with O,1 N
sulphuric acid. The tryptophan concentration in thils

solution was estimated by the norharmen procedure (p.8 ).
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APPLICATION QF METHODS AND RESULTS

Intraperitoneal administration of tryptophan in the

anaesthetised dJog.

A dog was anaesthetised with intravenous pento-
barbitone, Anaesthesia was maintained throughout the
procedure, Tryptophan 200 mg/kg was given intra-
peritoneally in suspension in saline. Venous blood was
tazen ofi at timed intervals up to 5 hr after the ad-

from the cisterna
ministration of tryptophan, CSF was withdrawn at 0, 1,
2 and 3 hre Tryptophan was estimated in poth sets of
samples, (Table 26).

The blood levels do not show an appreciasble rise
when compared with those foliowing intraperitoneul
tryptophan loading in the rat (400 mg/kg p.81) (Table20).
or those after oral loading in the conscious dog.
(Table 27 ).

The tryptophan in CSF showed a maximal rise of

six-fold over the control level. (Table 26).

Oral administration by capsule in the conscious animal

A venous nlood sample was removed at timed intervals
af'ter the auministration of tryptophan. The blood
tryptophan (Tapble 27) showed & considerable rise with
the/
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TABLE 26

The concentration of' tryptophan in whole
blood and CSF in dJdog following the intra-
eritoneal administration of tryptophan

?200 ng/kKg)e

Time after
tryptophan
loading

0

0.5 hr
1 hr
2 hr
3 hr
L hr
5 hr

Blood

(ng/ml)

10.4
358
37.9
2346
20,0
22,0
20,8

CSF
(ng/ml)

0. 6
3.0
3.8
2,0
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TABLE 27

Concentration of tryptophan (pg/ml) in
whole blood following the oral adminie-
stration or L-tryptophan 50 mg/kg in
the conscious dog.

Blood
Time after
tryptophan T?ygﬁgg?an
loading ¥
0 12,6
1l hr 92
e br 72
3 hr Ll
5 hr 19.6
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the peak concentration at 1 hr, the earliesttime of

sampling after the amino acid administration.

Oral administration of tryptophan in anaesthetised

animole subseguently allowed to recover,

Four uogs were used repeatedly in the same
experimental procedure over & period of several months,
For each experiment an animasl was anaesthetised with
thiopentone sodium and whilst unconscious tryptophan
(200 mg/kg) in a suspension in water was given by stomach
tube, The animal was allowed to recover from this
enaesthetic and then snuesthetised once more just before

sampling of the CSF was carried out. (Table 28).

The effect of prolonged anaesthesia on the tryptophan

concentration in blood, brain end CSF following oral

administration of tryptoohan to the anaesthetised animsal,

Animals. Adult mongrel dogs of both sexes were
used, their weights varied from 7.7 to 21.8 kg. They
were housed separately prior to the experiment and fed
on a mesat diet. rood was withdrawn 18 hr prior to the
experiment, water being available throughout the
experiment, Five dogs untreated with tryptophan acted
as controls.

Administration of tryptophan, Anaesthesia wes

induced/
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TABLE 28

Concentration ol tryptophan in blood and CSF of
dogs followingan oral load of tryptophan 200 mg/kg,
recovery veing allowed after the initial anaesthetic,

Time after

Blood CSF
t{gﬂﬁfﬂg“ (ug/ml) (ng/ml)
0 10,0 + 2.6 (15)* 0.84 + 0.48 (10)*
1l hr 46 -
2 hr 21.0 2.2
22,44
3 hr 188.0 8e1
78,0
4 hr 475 10. 8
80,0 14l
x

Mean + Standard Deviation (number of observations)
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induced with intravenous thiopentone in the dogs prior
to the administrstion of tryptophan (200 mg/kg) by
stomach tube, in the form of &an agueoue suspension
containing 100 mg tryptophan/ml and stabilised by the
addition of a few drops of 'Tween 80'. Anaesthesia was

maintained throughout the remainder of' the experiment.

Concentration of tryotophan in bloods Two ml of

blood wasg taken from a foreleg vein prior to tryptophan
administrstion and at the time of sacrifice (Dogs 24,
2B, 2C and 4A), Blood was taken off prior to tryptophan
administration anu a. times %, 1, 2 and 3 hr (Dogs 3A
and 3B) and also a further sample at 4 hr in Dog 4B,
Tablepg shows the blood levels of tryptophan in five
dogs at intervals following the administration of the
amino acld, The figuires demonstrate in the dogs where
the whole absorption curve for tryptophan was known

that the extent and time of rise of tryptophan in blood
showed considerable variation from animal to animal,

For Dog 34 there was evidence of a rise in blood
tryptophan only 2 hr following its aaministration. 1In
Dog 5B the rise in olood tryptophan, although occurring
in the first hour, was never particularliy increased above

resting levels,

concentration of tryptophan in brain.

Brain removal and dissection. A polythene canmila

was/
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TABLEZ29

Concentration of tryptophan (ug/ml) in whole blood of
anaesthetised dogs following oral administration of

tryptophan 200 mg/kg.

Time Poe >oe Poe

2a* 2B 2C 3A 3B LA 4B
o) 14.8 8.6 10,2 8.'3 8.0 10 '6.14
0.5 hr - - - 7.'7 8.8 - 8.0
< ik - - - 8.2 14.0 - 11,7
g ysue 30,0 zoe3 22,0 29.8 13.3 | = 340
g - - - 25.5 18,8 - 40,0
fpto ™ - - - - - 110 55.0

* lNomenclature adopted:

gacrifice (hr after tryptophan load).
together with a letter identifies the dog killed at

that ti HE .

number indicstes time of
The number
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was introduced into the femoral artery and after
administration intravenousiy of 1 ml (5000 units)
heparin the animal was bled outs As soon as the heart
stopped veating, the skull was opened by means of a
vibrating electric saw and the brain raplidly removed.
The brain was dissected rapidly into the various regions
to be analysed. Each part of brain was placed in a
plastic vessel, weighed and stored at -18°C for not more
than 30 min prior to homogenisation in acetic acid, in
the way described for rat orain (p. 57 ).

The foliowing areas of orain, as defined, were

analyseds
1. Cereobellium,
2e Hindbrein., The orain posterior to the junctig

between the pons and midorain extending posteriorly
a8 l'er as the lower border of' the medulla,

Se Hypothalamus included the mamillary body but

not the hypophysis,
L Midorain., That region from the upper border

of' the pons to a point posterior to the mamillary

bodies,

De Caudate nuclei, )The boundaries of these areas
O, Thalamus. were visible to the naked eye.
Te Hippocampus including the amygdala.

G Occipital cortex. This was a portion of the

occipital pole of the cortex, care being taken to
include as littie white matter as possiovle,

Tryptophan levels in brain/
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Iryptophan levels in brain. The tryptophan levels

in the orain of normal animals was found to vary between
individuals (Teble30 ) and also between regions. After
the administration of tryptophan, the brain concentration
of tryptophan rose (Table 31), The levels attained at
the time of death did not however relate to the time
interval elapsing vetween tryptophan administration and
sacrifiice, nor did they consistently relate to the
concentrations in whole blood at the time of death.

This is probably due to the inconsistent rate and degree

of' absorption of the amino acid irom the intestine,

Tryptophan concentration in CSF, Prior to bleeding

out; the neck of the animal was flexed and 5 ml CSF was
taken from the cisterna into a polythene syringe. The
fluid was stored in an all=-glass 10 ml stoppered tube
at =18°C until estimation of tryptophan wae performed
(not more than 4 days).

The results (Table 32 ) demonstrate a rise in the
concentration of'tryptophan in CSF following the
tryptophan load. The rise is, however, variapnle and
not directly related to the concentration of the amino

acid in brain at the time of death,

For evaluation see Appendix 2 (p.166)e (Table 51).
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TABLE 32

Concentration of tryptophan (ug/ml)
in CSF obtained immediately prior to

gsacrifice,
Time after
Tryptophan
1t toph Do
B B 758
0 oC 1.1
0D l.1
2 hr 2A 1201
2B 4. 7
2C 4.2
> hr 3A 3. 6
3B s IR




The concentration of 5-hydroxyindole substances in the

brain, plasma and CSF of the anaesthetised dog.

The homogenates obtained as described, from the

gbove dogse (ppe 57,112) were analysed for 5-hydroxyindoles,

The concentration of S5-~hydroxyindoles in the orains

of control animals,

The estimates of the concentration o1 these
substaices are show in Tables 33, 34 , These figures
have not beén corrected for losses inherent in the
analytical procedure. |

They show the uneven distribution of the 5=
hyaroxyindolic compounds throughout the brain and also
their variation from one animal to another i;.any one
brain region., Midbrain and hypothalamﬁs showed the
highest levels of both 5HIAA and 5HT, Nelther 5HIAA nor
S5HT was found in cerepellum and cortex. The ratio of

BHIAA to S5HT appeared to be a constant for each ares,

Concentration of S5-hydroxyindoles in brain after oral

tryptophen loading.

Oral administraztion of trypstophan caused a rise in

both/
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both 5HT and S5HIAA in all areas at all times up to 4 hr
with two isolated exceptions (Tables 35 and 36)

The rise was greatest in thoseareas which begin with high
levels, the hypothalamus and midbrain. Trace amounts

(£ 0.05 ug/g) of 5HT were found in the cerebelium and
cortex of Dogs 2C and yA. These trace amounts may have
been derived from residual platelets in the tissue, the
amount present depending on how well the animsl had been
oled outs ©No 5HIAA appeared in these areas following
tryptophan loading. 5HTP was not detected (< 0.05 pg/g)

in any area at any time after tryptcphan loading.

The concentration of 5=hydroxyindoles in dog plasma after

oral tryptophun loading,

Plasma obtaineu from Dogs 2A, 2B and YA when the
animel was finally bled out was examined for HS~hydroxy-
indoles, No 5HIAA or 5HTP was detected (< 0.05 ug/ml),.
Very low levels (< 0.05 pug/ml) of 5HT were found to be
present, but as no particular precautions were taken to
avoid platelet uestruction during centrifugation, it is
uncertain whether this was 'free' 5HT in plasma or that

released I'rom platelets,

Concentration of 5HIAA In CSF following oral loading with

tl‘x pto phan.

There was a steady rise in the concentration of

SHIAA/
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S5HIAA in CSF following orel loading with tryptophan
(Table 37). The/ggggl of HBHIAA corresponded quite well
in its rate or rise with the 5-hydroxyindcles in orain,
especially in relation to hypothalamus (Fig. 12). There
was, however, guite a wide variation between anlimals in
these levels at the various time intervals aif'ter tryptophan

loading.

Recoveries of S5HT, SHIAA and 5HTP added to brain homogenat

The three 5-hydroxyinuoles in 0,72 ml agueous solutiocon
containing 800 mug of each were added to 4§ ml of cere=-
bellum or cereoral cortex iomogenate., The mixture was
processed ln paralliel with homogenates from these and
other orain reglons. The recoveries from several such
experiments are shown in Table 38. The variability of the
recoveries was found to be greater than that round using
rat whole brain.

Cereoellum and cerebral cortex wereused for the
recovery experiments in that theS-hydroxyindoles were not
normally Il'ound in these areas, Conseguently any 5=
hydroxyindoles present in the recovery sample were
entirely due to added compounds and the variation in the
recovery was not influenced oy the variation due to
duplicetes as would have peen the case should an area
containing S5-hydroxyindolies have been used. The figures
given for the concentrations of' S~hydroxyindoles in brain
were not corrected for these recoveriee ror two reasons,

Firstliy/
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TABLE 37

Concentration of 5HIAA (ng/ml) in CSF following

oral

load of tryptophan 200 m ge in the unconscious dog.

Dog
0A
0B
oC

Mean

2A

2C

Mean

lMean

& £

HHIAA
Conceéntration

25
20
56
331

25
63
7
23

127




Concentration of 5 HT and 5HIAA in hypothalamus and
S5HIAA in CSF (line) after oral loading of tryptophan

(200 mg./kq.) in dog.
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Firstly the variation in the recovery of 800 mpug of the
5-hydroxyindoles was large, and correction by the use of
a mean Ir'igure ior these recoveries would not have had a
great dezl of mesning. Secondly there was no evidence
that the recovery of these indoles through the method

was linear with the amount of indole added.
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DISCUSSION

The Concentration of Tryptophan in various areas of brain

In 1900 Price and West, using acetone extracts
identified tryptophan in various arecas of brain in a numbe:
of animal species, They iound a wide variation in the
concentretion in the different areas and, in the dog, a
large runge in the concentration of this amino acld be=
tween any one area in different animals (Taole 39 )s The
hypothalamue and pons had the highest levelsi; the mid-
brain, the cerebellum and the medulls were next in order,
with spinal cord and cerecoral hemispheres having the
lowest concentrations, Their estimates of' the concentratis
of SHT in these areas correlated fairly well with the
concentration of' tryptophan in the same areas, However,
the method of estimation employed by these workers (paper
chromatography followed Dy colour reaction with a spray
reagent) was insurficiently precise to give this ranking
very much significance, and was not reasonable evidence

for their hypothesis thét 5HT wes formed from tryptophan

in orain. It is incorrect to assume that the coucentration

ol substrate in & particular area is an index of the
turnover of that substrate through a particular pathway
without addaitionel evidence,

In our own investigations, tryptophan was estimated
in the various areas of five control dogs (Table 30),
There appeared to be a difference in the concentration of

the/

+3s)
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TABLE 39

Concentration of tryptophan and 5HT (ug/g) in various
areae of dog brain with approximate rank order from
Price and West, 1900,

g

Tryptophan S5HT
' Rank
Concentration GFEQE

Hypothalamus 5 - 4O 1 0. 40
Pons 1-20 1 0,05
Midbrain 2 - 8 2 0. 35
Cerebellum 1=y 2 0, 02
Meoulla 2 - 5 2 C. 25
Cerebral lLemispheres 0.1 3 0,01
Spinal cord 0.2 3 0.02
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the amino acid vetwecnn the sreas, An analysis of
variance on the figures showed a significant difference
(P<0.,05) in the concentration of the emino eacid betveen
areas, When these concentrations were analysed by a
method which gave each area for each dog a rank order,
it was found that there was again a significant difference
in ranking for the areas (P<0,05 > 0,01), The pest
estimate of rank order is shown on Table 4O, Appendix 2,
Whether these absolute levels have any physiological
significance is uncertain, It is however, interesting
to note that they are very roughly inversely correlated
with the concentration of dopa decarboxylase in the
various areas as given by{ Bogdanski et al. (1957)
(TabledO)., This enzyme i;“thought to be identical with
SHTP decarboxylase (Holt z and Westerman 1957). This
variation in tryptophan concentration msy uve corielated
with the density of a particular cell type in the areas
examined. The amino acid pool or the rate of utilisation
of tryptophan may vary from cell to cell, It could,
however, be merely an artifact of the method of estimation
of tryptophan. This amino acid vecomes strongly adsoroved
onto protein and cleavage of the adsorbed tryptophan
from the proteln under the acid conditions brought about
by the adadition of trichloracetic acids The degree of
adsorption may vary from area to ares, Multiple recovery

experiments would be necessary to prove thies point,

Y
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TABLE LO

Best estimate of rank order of brain areas with-reépect

to the concentration of tryptophan,

Comparison of rank

order with dopa decarboxyluse concentration.

Brsin Area

Cerebellum
Thalamas
Hypothalamas

Hindbrain

Midbrain
Hippocampus

Caudate nucleus

X Bogdanski et al.

Best Estimate
of' Rank Order

F N N e

(1957)

Dopa’
Decarboxylase
Activity

wg/5HT/g/hr
9 .

38
117

28 (Pons)
32 (Medulla)

98
16 (Ammon's Horn)

306
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A two-way analysis of variance (Tablesp ) on these
figures shows a highly significant (P< 0.01) variation
in the concentration of tryptophan in the brains of
different Jogs. This may be due to normsal biological

variation or be methodological in origin.

Administration of tryptophan

Tryptophan was administered to the dogs orally
following a preliminary experiment in which a dog was
anaecsthetised and an intreperitoneal injection made of
| tryptophan (200 mg/kg) in saline suspension. Blood levelé
of tryptophan showed no appreciable rise (TabIGQ%Q in
contrast to the markedly raised levels observed following
intraperitoneal injection of tryptophan (400 mg/kg) to
rats (Pegp)e In view of the fact that oral dosage of 5 g.
(70 mg/kg approx.) tryptophan to man (Oswald, Ashcroft,
Berger, Eccleston, Evans and qpnacore (1966) (Table )3)
resulted consistently in high levels of tryptophan within
1 hour of administration it was decided to use oral
loading tryptophan in dogs. Initially the tryptophan
(50 mg/kg) wae given in capsule form in the conscious
animal. A good rise in the concentration of the amino
acid in blood resulted (Table 57)s A dose of 200 mg/kg
reguired a large number of capsules (l4-16) and it became
difficult to administer this number even to trained dogs.
Conseguently the tryptophan was administered in sus-

pension 1n water by stomach tube after anaesthetising the

dog/




Concentrat10n-of tryptophan in whole blood following
a loading dose of 5 g.

133

tryptophan in man,

PABLE 41

Tryptophan pg/ml

| Subject H M | W L
O hours Te3 6.9 9. 2 Te5
g " 8.8 17.8 29,2 42,0
38,0 32,2 75. 0 76.5
2 " 67. 5 30.8 108.0 67.3
e " 67.5 3544 453 5249
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dog with thiopentone sodium, Initially it was planned
to allow the animals to recover from the anaesthetic and
to readminister the anaesthetic at the time of killing
the animal., Four dogs, treated this way but not killed
at the second anaesthetic showed increases in tryptophan
in blood and CSF (Table 28 )s In another group of
animals in which it was intended to examine the brain
as well as the CSF, the first dog used was allowed to
recover from the rirst anaesthetic. It was not a dog
which had become used to these procedures and therearter
showed such marked excitement that intravenous ad-
ministration of thiopentone was impossible, It was
conseqguently killed under nembutal anaesthesia given
intraperitoneally. After thié-experience the anaesthetic
for all other animals was continued from the time of
administration of tryptophan to bleeding out anddeath,
Initially tryptophan in blood was estimated in this group
of' animals only at the beginning of the experiment and at
the time of death, Later, when it became apparent that
the tryptophan levels were not reaching the anticipated
concentrations throughout the experiment, estimates of
tryptophan concentration in blood were carried out at
timed intervals over the full duration of the experiment.
It was found (Teble 29 ) that of these dogs examined
in this way, one showed a 2 hr delay in the initial rise
in the blood concentration (Dog 3A) while another showed
a peak blood tryptophan concentration which was consise-

tently lower than thet of other animals (Dog 3B). It
would/
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would appear then that oral loading in the unconscious
animal does not give a predictavle rise in either blood or
brain tryptophan levels (Taeble 29) presumably due to
delayed gastric emptying or impaired absorption. This may
be g major factor in causing the highly variable results
for the concentration of 5-hydroxyindoles in brain vetween
dogskilled at the same time after the administrastion of
tryptophan. Subseguent experiments have shown that
intravenous administration of tryptophan (10 mg/ml in
saline) in a dose of 50 mg/kg give predictesble rises in

the concentration of blood and brain tryptophan.

The concentration of 5-hydroxyindoles in the braias_of

control animals,

The control group in this series consisted of five
dogs., There was a wide variation in the concentrations
|of 5HT and 5HIAA between the areas examined (Tables 33end3l
The highest concentration of 5HT was found in midbrain and
hypothalamus, The concentration of the aclid metabolite

baralleled that of the amine and was aiso highest in

Eidbrain and hypothalamus., The concentration of these
etabolites in specific areas, however, varied from dog
to dogs This has been cobserved for 5HT by other workers

(Paasenen and Vogt, 1956: Laverty and Sharman (1965)

and may not be methodological in origin.

fhanges in the concentrations of 5-hydroxyinioles in brain

ollowing oral tryptophan loading,

! From/
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From these results (Tables 35 and 36, Fig., 13)
it can be seen that following tryptophan administration
there was a rise in the concentration of both SHIAA and
5HT in all the areas examined apart from cerebellum and
cortex, In these areas neither of theindolé€s were de-
tectable in control animsls, However, very small amounts
of 5HT (<« C.05 ug/g) were detected in the cortex and
cerebellum of two animals after tryptophan loading. . These
small guantities may have been derived from blood still
present in the tissues at death in spite of the ex$-
anguination. The rise in 5HT and 5HIAA in other areas
was very veriasble between animals at particular times
after auministration of tryptophen, This may be due to
a combination of biological variation and varisble
tryptophen absorption. If the full sbsorption curve
for each dog had been known prior to death then the
animals might have fallen into a different order with
respect to the time the tryptophan had veen elevated in
blood prior to killing. The present order assumes,
incorrectly, that immediately the tryptophan is administered

absorption begins,

The significance of changes in the concentration of SHIAA

in‘brain.

Asheroft and Sharman (1962) investigated the effects
of reserpine on the concentrations of the acidic (prooably

5HIAA) and basic (probably 5HT) 5-hydroxyindoles in the
caudate/
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caudate nucleus of the dog. They found (Tsble j2) that
during the first two hours after the administration

of the drug (2 mg/kg intravenously) the concentration of
the basic 5-hydroxyindoles fell, that of acidic 5=
hydroxyindoles rose, but the concentration of the total
S5=hydroxyindoles remained virtually unchanged. They
concluded that the increuse in concentration of acidic
S=hydroxyindoles was prooably a measure of the basic
s=hydroxyindoles released from stores by the sction of
the resernine, and converted to the acid by amine oxidase
and aldehyde dehydrogenase, The possibllity thus arose
that the concentration of acid S-hydroxyindolgtg%g used
as an index of S5HT turﬁbVer.

For the concentration of 5HIAA in brain to be useful
ag an index of 5HT turnover certain criteria should be
fulfilled. Firstly the catabolism of 5HT by amine oxidase
and sldehyde dehydrogenase to 5HIAA should be the major
pathway in the meteabolism of the amine. Secondly the
SHIAA preesent in orain must oe derived ailmost solely
from the amine, The amount produced vie other metapbolic
pathways would reqguire to be simost negligible in
proportion, particularly in situastions in which a
decressed formation from the amine was occurring. In
connection with the foregoing suggestion of alternative
pathways for S5HIAA production it seems theoretically
possible, although there 1s no experimentel evidence
for it that the acid might arise from 5-hydroxyindolyl-
pyruvic scid formed as a result of deamination of 5HTP,
Thirdly/
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Thirdly for an acid metebolite to reflect changes in the
rate of synthesis of the amine it should accumulate in
brain when an increase in synthesis occurs. On the other
hand the acid should leave the orain cell and the brain
as a whole sufficiently rapidly so that any decresse in
the turnover of the amine is guickly reflected by a

fall in the concentration of the acid metabolite. Finally
the acid metabolite should not readily penetrate the orain
from plasma,

The concentration of S5HIAA present in brain tissue
at any point in time will be determined by the difference
between its rate of synthesis and rste of removeal,
assuming that no iurther metabolism of the acid takes place.
A rise in the concentration of the acid metavolite with
time could result either from an increase in turnover of
the amine or from a decrecase in the transport of the
metabolite out of brain. The converse of these would
hold for a fall in the concentration of the metabolite,
Its egress may be by way ol the blood stream or the CSF
or both. It is not known what ise the relative importance
of' these processes, The changes in the levels of 5HIAA in
COF follow guite closely changee in the levels of the acid
in brein after tryptophen loading (Figi2 ). Ii seems
likely that this acid, like other organic acids might be
transported out of the CSF by some mechanism located in the
region of the fourth ventricle (Pappenheimer 1%1 ). 5HIAA

was/




was not detectable in the plasmas of dogs we have ex=-
amined after tryptophan loading. There 1s evidence
(Milne, Crawford, Girao and Loughridge 1900) that this
acid is actively transported out of the plasma by the
kidney and hence the plasma is rapidly cleared of this
metabollite.

In our ovservations in rat and dg brein after
tryptophan loading the rise and fall in the concentration
of SHIAA followed closely that of 5HT, It will be seen
from Fig. 9 that, rollowing trypotophan loading, there
was a fall in the concentration of BﬁIAA in whole rat
brain of 0.6 ug/g over the two hour perlod covered by the
seventh and eighth hours after the tryptophan ad-

ministrations. The potentiual rate of loss of S5HIAA from

=

brain would be higher than this in that during this period
normel or supranormal synthesis of 5HIAA would still be
procecding, The level of 5HT In the stores was cone=
tinuing to decrease and wes presumably being metabollised
to 5HIAA, On this evidence it would seem that S5HIAA can
leave brain fairly rapidly.

There is, however, experimental evidence which
apparently confiicts with this conclusgion. Ashcroft and
Crawford (unpublished observations) treated rats with
reserpine (5 mg/kg intraperitoneally) and observed the
changes in the concentration of the S5HIAA and 5HT in whole
brain at times from 10 min to 48 hr after the ad-
ministration of the drug. As can be seen (Tablel3 ) there

was/
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TABLE 43

Concentration of 5HT and 5HIAA in whole rat brain
up to 48 hr following the intraperitoneal injection
of reserpine 5 mg/kg (Ashcroft and Crawford, Un-
published observations),

HT 5HIAA 5HT + SHIAA
Treatment Time 2
Pevbcesews  #ee © pg/g _MBE/R

None 0 0, 62 0.18 0, 80

Reserpine 10 min 0.49 0. 30 0.79
45 min .43 0. 49 0,92
90 min 0,23 0.48 0,71
21.5 hr 0,07 0. 46 0.53

l|.8 hr 0. 13 0. 30 0. )45
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was a significant fall in 5HET and rise in 5HIAA within
10 min ef injection of the aruge. The concentration of
the acld metabolite remalned elevated long after the 5HT
had been depleted.s In similar e«periments performed on
and Werdiniue
rabblts, Roos (1962) (Table L)) also found that the 5HT
concentration in brain rapidly decreased but the
concentration of SHIAA remained elevated for some 24 hr
after the maximal depletion of 5HT. The observations
of Roos and Ashcroft end Crawford would appear to be
against the hypothesis that the brain levels of SHIAA
would be an index of DSHT turnover, However, this
apparently contrary evidence is not conclusive, Other
explanations are possible. Reserpine might increase the
turncver of B5HT 1n the absence of a storage mechanism for
the amine. EKeserpine might interfere with & mechanism of
active transfer transporting 5S5HIAA from the cell in the
brair fn conseguence a "pool" of 5HIAA would
be formed the rate of removal of which was determined
purely by the physico chemical properties of 5HIAA in
retation to its permeablility of lipid membraines., Our
own observations have shown that the drug provenecid used
to influence the transport of orgenic acids in Kidney, is
eff'ective in preveanting the egress of 5HIAA from CSF. In
high doses Sharman (personal communication) has demon=-
strated that it causes a rise in homovanillic acid in rat
brain, and in our own laborstory under similar conditions

SHIAA/
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TABLE L4

Concentration of S5-hydroxytryptamine and 5-hydroxye=3i-
yvlacetic acid in raboit brain st varying intervals
following intravenous 1n€ection of reserpine (z-5 mg/kg

body weight) after Roos (1962).

Brain stem
No. of Time after [
animals injection
SHT HHIAA
& _ QO hr 0.7 0. 94 3 0.041
2 2 hr 0,02 13
2. 6 hr 0.01 1.7
9 12 hr 0,02 1.5
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S5HIAA hes oeen shown to ricse after asdministration of the
drug. Thie drug may well prove useful in the in-

vestigation of this transporti process,

The significance of the ratios of HHIAA to SHT in the

various regions of aog breain.

and 34
Examination of the data (Tables 33/ for 5HT &nd

SHIAL in the various regione of dog brain showed that
the ratio of the concentration of the acid metabollte to
that o1 the amine w&s not constant tihroughout the brain
(Table b5 )s Although it is not possible to tesi by
statistical analysis whether the ratio.ls, in fact,
sigrnificantly different between one area and snother, it
is of interest to consider the implications following the
assumption that the differences are indeed real. If the
level of BHIAA can be eguated with the turnover of 5HT
then areas with similar 5HT conceatrations but different
S5HIAA/BHT retios would have different rates of turnover
of the amine and conseguently the turnover of 5HT ie not
related to the storage capacity for 5HT.

On this basis, the tuirnover of 5HT in the hindbrain
and thalamus would appecar to be similar but greater then
that in either the caudate nucleus or the hippocampus.
Also the midbrain with 5HT levels similar to that in the
hypothalamus shows a greater turnover of the amine than
the hypothalamus,

Such/
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Ratio ol concentration of 5HT to 5HIAA" in the
various areas of 5 normal dogs.

Area Dog Mean
i 2 3 i 5
Caudate - 1.7 3.2 1.0 2.8 2.2
Hindorain lo4 Ot 1e3 0,63 2.3 1.2
Midbrain 1.0 O.44 1.1 1.0 0.83 0.87
Thalamus Q. 75 0‘. 68 1.2 1. 5 0, 68 Q. 96
Hypothalamus 1.8 lel 2,8 1.0 1.4 1.6

Hippocampus 3¢l 1le8 2.5 1le2 343 2el4
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Such conclusions are dependent on the following
additional assumptions; ~firstly that the facility for
reaoval of 5HIAA does not vary from region to regiong
secondly that the differenccs in the relative concentrations
of 5HIAA and 5HT do not merely refiect differences in the
post-nortem activity of amine oxidase in the various

reglions.
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GENERAL CONSIDERATIONS

The main advantages of' the techniyue of tryptophan
loading combined with the simultaneous examination of
several metaoolites in the synthesis and oreakdown of
S5HT is that a more dynamlc picture of the metabolism
of the amine can be gained and that the action of drugs
like a=-methyl dopa and iproniazid are more easily
demonstrated.

In both dog and re¢t there was a rise in the con-
centrations ol the 5-=hydroxyindolyl compounds in brain
following oral administration of tryptophan, That these
increases took place at all was rather surprising, the
tendency beling for oiochemical syztems to possess leed=-
back mechanisms which prevent over-synthesis of a
particular metaoolite., Although these concentrations
rose, there were no apparent oehavioural effects in the
conscious doge It could well be that the release of 5BHT
on to (what are still hypothetical) receptor sites was
unchanged, and the additional 5HT formed wus rechannelled
into stores, or sites of loss such as monoamine oxidase,
There is indeed no reason to assume that the S5HIAA is
formed exclusively by oxidative deamination of' 5HT or
indeed that at all times al'ter the administration of
tryptophan the proportion metabolised through any
particular pathwsy i8 constant.

From a consideration of experimental design the use

of/
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of" oral loading in the unconscious dog is unsatisfactory
because absorption from the gut is unpredictabie and
often delayed, hence the rise in the 5-hydroxyindoles in
brain cannot be related on a time basis from the time of
administration of' the amino acid. This difficulty could
be overcome by more frequent sampling of blood with
estimation of' 1ts tryptophan content, Even so, the
absclute rise in the concentration of' the amino acid
varies Irom animael to snimal, and even in the same animal
varies between experiments., Subseyuent work has shown
that reproducible changes in the concentration of 5=
hydroxyindolic compounds in brain cen ve produced by the

intravenous administration of L-tryptophan in the doge
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‘urther investigation of acetone extiaction procedure

ps applied to dog obrain,

Couparison of results of acetone extraction procedure with

g perchloric acid precipitation of the acetic acid

howogenate rollowed by ion exchange column chromatographys

An aliquot of brain homogenate Ifrom various areas of
the brain of dog 4B which was being examined by paper
chromatography was analysed 1in parallel for its content

of S5HT by & method involving perchloric acid pre-
cipitation and column chromatography. The actual volumes
of' homogenate srecipitated by this method depended on the
rec-idual volume al'ter 4 ml homogenatehad been removed from
the total for estimation by paper chromatography. Con=-
scyuently, the volume of midorain used was 1.5 ml, caudate
2 mle Five ml of hippocampus cerevellum, midorsin ' .ad
thalamus of which there is a considerable initial volume
of homogenate, was processed by the lon exchange method.
The method is that described for guinea pig brain in
Section 1 (pe 30) except that to the amine containing
(raction from the ion exchange column is added conc. HCl
(50% by vol) and the concentration of 5HT estimated by
spectrophotofluorimetry on an Aminco-Bowman fluorimeter,
he sreas examined are shown in Table 46.

Similar parallel estimates were made on homogenates

pf' /
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of brain from various areas of two dogs given &n
intravenous load of tryptophan (50 mg/kg) in a 10 mg/ml
solution in saline, the animals belng killed 2 and 4 hr
af'ter injection (Dogs IV 2B and 1V uC'respectively. Table
u6).

' The results show that analys®s by the column method,
with few exceptions give consistently higher values for
the concentration of' 5HT in the various areas of brain
than the estimate reached by acetone precipitation and

paper chromatography.

Examination or the petrol ether phase useu to extract

lipids from the agueous phase after acetone extraction

‘he two methodsdiffer in the additional step ol the
use oi petirol ether to remove lipids after acetone pre-
cipitation. As it is possible that 5HT is lost in this
phase complexed with lipid the petrol ether phase used
in an extraction of the extract of midorain, thalamus and
hypothalamus was retained and analysed for its content
of 5=hydroxyindoles (this would also contain any 5HIAA
transferrc. from the extract)s The peirol ether phase
wae blown down to dryness with nitrogen. The lipia was
taken up in 4 ml of butanol and the 5-hydroxyindoles
extracted by shaking with 2 ml O.,1 N Ha504 after addition

of 4 vol (16 ml) ol heptane to the butanol. The 2 ml
H2504 was made up to 4 ml with 2 ml O,1 N HzaS04 and 2 ml

conce/
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L6

Comparison of concentration of 5-~hydroxytryptamine in

‘brain homogenates as estimated by acetone precipitation
‘and paper chromatography, perchlorie acid precipitation
and column chromatography.

Dog Area PCA AcetonJ
and column and
paper
4B Midbrain 2.3% 1.307%
Caudate 0,66 0.85 D
Thalamus 1.02 047"
Hippocampus 0457 037
Hind brain 0«45 0«55
IV, 2B Mid brain 1.74 1.54
Caudate 1.05 0.58
Thalamus 0.73 0.65
Hippoecampus 0.74 0.64
Hind brain O.uh 0.64
Hypothalamus 2.14 1.75
Cortex >0 <0,05 0.05
Cerebellum >0 <«0,05 0.05
FV. uc Mid brain 0.94 0.71
Caudate O« 34 0.25
Thalamus 0437 0425
Hypothalamus 1.00 O.4l

*Results corrected for 76.5% recovery of 5-HT

!Corrected for recovery of individual

experiment




153,

conc, HCl added. The solution was examined by Farrand
spectrophotofiuorimeter for the presence of compounds
with S5-hydroxyindole fluorescence,

Only traces (PO <0.05 pg) of 5-hydroxyindole could

oe detected in the petrol ether,

Lxtraction of precipitate remaining after acetone

precipitation with perchloric acid.,

In that the difference between the two methods could
be accounted for by a difference in the percentage ex=-
traction of S5HT present in the brain (as opposed to that
quantity of pure solution added to the homogenate to act
as an internal standsrd) the precipitate remaining after
acetone precipitation was extracted with perchloric acid
and examined by ion exchange column chromatography. The
precipitate remaining after removal of the aqueous scetone
supernatant from midorain and hippocampus of dos was blown
to dryness witk «itrogen, This was ther homogenised with
10 ml O.4 N perchloric acid, allowed fo extract overnight,
and then centrifuged. The supernatant was adjusted to
pH 7.4 and run over the coiumne as described above, The
anine Iraction was examined for the presence of 5=
‘ hydaroxyindoles, Only traces (>0 <O-p‘ 54)3 of' 5=hydroxyindole

was detected by this method.

Examination of supernatants by ion exchange chromatography

after P,C.A, precipltation compared with acetone

precipitation.

It/
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It was possible that the ion exchange column chroma-
tography procedure itself for some unknown reason gave
high values for 5HT and hence the supernatants after
acetone precipitatio . and perchloric acid precipitation
;were exanined by ion exchange column chromatographye.

The brasin of a dog which had been killed by a large dose
of intravenous Membutal was dissected to remove midbrain
and thalamus, These parts were homogenised in 1 vol 4O%
(v/v) and 2 vol 20% (v/v) acetic acid. Each homogenate
was divided into two portions, One portion was analysed
by perchiloric acid precipitation of' the homogenate followel
by ion exchange column chromatography and spectrophoto=
Tluorimetry of the amine fraction using an Aminco-Bowman
fluorimeter, The proteins of the other portion were
precipitated by addition of 6 vol acetone and the squeous
phase prepared as deecribed above., The lipids were re-
moved by shaking with perol ether. The aqueous phase was
made up to 6 ml with distilled water and the pH adjusted
to 7.4 (glass electrode), The 5HT was estimated after
separation by column chromatography and cpectrophoto-
fluorimetry on an Aminco=-Bowman spectrophotofluorimeter.
Amounts of 500 mug of pure solution of 5HT were added to
equal volumes of homogenate and taken through the procedure
to act as an internal standard.

Af'ter calculating for recovery the resultis (Table

L47) show no great discrepancy between the two methods,
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TABLE

Concentration of 5HT (ng/g) in two areas of brain
as estimated oy (a) perchloric acid precipitation
end column chromatography and (b) acetone precipi-
tation and column chromatography.

Method

Area P,C, A, and Column Acetone and Column

Hindbrain 1.04 1159
Thalams 0. 34 0.21
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A comparison of the estimates of the concentration of

SHT by the_ Aminco-Bowman and Farrand spectrophoto=-

fluorimeter in th¢ same samples.

The various areas of the brains ol two dogs were
examined by the procedure of acctone precipitation and
paper chromatography. The eluates from the SHT and 5HIAA
containing strips were acidiried with concentrated HCl and
for each aamﬁle the fluorescence due to the 5-=hydroxyindole
present was determined using a Farrand spectrophoto=-
fluorimeter and immediately therafter the determination
was repeated using an Aminco=-Bowman spectrophotofluorimeter,
The estimates corresponding to the two determinations are
shown in Table 4o« It is evident that the estimate of
the S5=-hydroxyindole content on any one sample was higher
when the Aminco-Bowman fluorimeter was used for determining

the fluorescence intensity.
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TABLE )8
SHT (ug/g) SHIAA (ug/g)
Area
Farrand Aminco-Bowman Farrand Aminco Bownsn

Dog 1
Midbrain 0. 64 0. 70 0.43 0. 66
Hindbrain 0.18 0. 25 0.23 0.33
Hippocampus 0. 38 0. 49 0,13 0.18
Caudate Ce 25 O.74 0,20 0. 35
Thalamus 0,21 0. 30 0. 28 0. 39
Cerebral
Coi vex 0.19 Oe 49 < 0,05 0. 30
Dog 2
Midbrain 0. 752 - 0,89 0. 70 1.00
Hypothalamus O, 82 103 0. 65 0.99
Hindbrain 0, 22 0. 27 0. 22 0. 32
Hippocampus 0. 33 .41 0, 20 O. 35
Cauusate 0.25 0. 35 0, 20 J¢ 55
Thalamus 0, 30 0. 40 0. 59 0. 00
Cerebral
Cortex <0,05 0. 21 <0.05 0. 08
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DISCUSSION

Several workers have considered whether the figures
they ootained for the concentration of 5HT in brain were,
for any reason, lowe Amin, Crawford and Gaddum (1954)
used a bioassay technigue to determine the concentration
of' the amine, They made comparisons between various
biclogical preparations and, hence, established to some
measure the epecificlity of thelir ascsays, This also gave
a yuantitative verification of the amount of the amine
present in their final extracté. They did, however,
consider the possiblility of interlering substances
reducing the sensltivity of their preparations. During
thelr investigatione, they considered that the two
pos:lble interfering substances were adrenaline and
noradrenaline but the concentration of the latter as
indicated in the work of Vogt (1954) would be insufficient
to interfere with the éstimation of 5HT. Adrenaline could,
however, have been present in eertaln areas in sufficient
concentration to produce inhibition of the uiological
preparation and, hence, apparently low values for 5HT,.

Garven (1955), investigating the problem of the
interference of adrenaline and noradrenaline in the
bioassay of 5HT extracted from dog brain, used mushroom
extracts containing polyphenol oxidase to break down any
catechol amines extracted by the procedure of Amin et al,
(1954)s The remaining 5HT was assayed using the isolated

oestrus/
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oestrus rat uterus preparation. She detected the amine
in caudate nucleus and hypothalamus obtaining higher
figures br the concentration or' the amine than reported
by Amin et al. (1954) (Tevle 49), However, the bio=-
logical response of the preparation was not completely
abolished by lysergic acid diethylamide, and hence the
possibility arose that some of the bilologically active
meterial was other than 5HT.

Another source of error is the extraction procedure
iteelf, Amin et al. (1954) extracted brain tissue with
20 ml or acetone per g of tissue followed by re-extraction
of the insoluble residue with 95% acetone. Their
acceptance of the efficiency of the extraction procedure
was a 98% recovery of relatively large amounts of 5HT
(5 wg) added to 10 g of minced horse intestine., Twarog
and Page (1953) found that, ueing 20 vol of acetone
recoveries were 60% from brain. Correale (1956) in-
vestigating the concentration of acetone to water which
produced ihe best recoveries, found 80% (4 vol) to be
optimal, whereas 95% (20 vol) gave fairly low recoveries,
Bogdanski et al. (1956) also founi the recoveries using
95% acetone to be low and variable, Sharman (1960)
re-examined the extraction method of Amin, et al (1954)
and in some of his initial experiments found a variable
proportion of' 5HT to remain in the precipitate following
acetone extiraction. He found, however, that careful

mincing of' the tissues eliminates this loss.
Another/
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TABLE )9

Acetone extracts of dog h§pothalamus and caudate
nucleus (mushroom treated) from Garven (1955).

S5HT equivalent ng/g

Method ol Assay

Hypothalamus Caudate
- nucleus

Rat uterus 770 150
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Another source of loss he found to ve in the
extraction of some of the 5HT into 1light petrcleum ether
in the course of 1lipid re oval from the agueous residues
lef't af'ter removal of the acetone extracts, Ile found
quite large quentities (50% of total) of 5HT entered this
pifase (Table 50)s In our own experiments, recoveries
although somewhat varable (Teble 38), were quite high,
Lven 80, in the figures we obtained for 5HT in dog brain,
when corrected up for these recoveries are still low,
compared with those obtained by Bogdanski et al. (1956)
(Table 25)« It would, thereiore, be necessary to postulate
either that there is consideraole niological variation and
in the group of animals whichwe have used the levels en=
countered by Bogdanski were not reached or, secondly, that
a ceriain portion of the 5HT in brain did not behave
identically with the 5HT added in pure solution to
give an estimate of the recovery through the procedure,
A possibility was that the tissue 5HT might be complexed
with 1lipid or other material and in this form was not
completely extractaole under the conditions we employ.
It might be that to break such complexes, fairly acid
conditions would be necessary, thoée for instance
obtaining in the procedures of Bogdanski et al., (1956)
The pH of their HCl homogenates diluted with water to
9 vol is found to be about 2,0, Secondly, we may have
been losing 5S5HT complexed with 1lipid into the 1light
petroleum phase (Gal et al., 1964), We investigated this
on/ ‘
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TABLE 50

Biological estimation of 5HT and fluorescence

estimation of 5~hydroxyindolyl compounds in the
fractions of an acetone extract (Amin et al,) of
rat brein (estimated as 5HT) from Sharman, 1960,

Estimation on rat L
fundus strip Fl‘ég:egﬁ;z)lce
(5HT)
Final aqueous
extract 2,0 ug 2.8 pg
Light petroleum

washings 1.0 ug 1.7 pg
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on three samples from difilerent brain areas by the method
described by Sharman, but could only detect insignificant
amounts of 5-hydroxyindole, The difference between our
own extraction method anu that employed by Sharman was
that the acetone extracts were prepared in the presence
of' acetic acid and this acld in the Wueous phase might
prevent the format on of a 5HT 1lipid complex and, hence
reduce the extractability of the 5HT into the light
petroleum,

The efTect on the H5HT estimates resulting from the
use of different methods of protein precipitation
was examined by comparing the estimates of the con-
centration of 5HT in portions of the same orain homogenate
treated by acetone preciopitation and by perchloric acia
precipltation and column chromatography. Higher levels
were found by the latter technigue, This would tend to
support the view that we were failing to extract some
'bound' S5HT at the pH (about 3) of the precipitation: when
compared with that obtained during perchloric saseid
precipitation (about 1),

To investigate this guestio:. of extractanility, the
concentration of S5HT obtained by precipitating a portion
of' the same brain homogenate with acid acetone eapimated
by column chromatography procedure and fluorimetry (by
Aminco-Bowman fluorimeter) was compared with the con-

centration found by perchloric acid precipitation,

columnn/
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column chromatography and rluorimetry (Aminco-Bowman

fluorimeter), The results under the e clrcumstances
were in good agreement, Only two areas were, however,
examined in this way.

Precipitates incompletely extracted by the acid
acetone should contain 5HT extractable by perchloric acidd
An attempt to extract this residual 5HT by perchloric
acid icllowed by separation by column chromatography and
estimation (Aminco-Bowman flucrimeter) showed negligible
amounts (< O.1 ug) to be extraéted by this procedure.

During these investigations one point had been
overlooked, The final fluorescence mecasurement was
carried out using elther a Farrand or an Aminco-Bowman
spectrophotofluorimetery With our instruments, the latter
vas more sensitive than the former, The Aminco-Bowman
spectrophotofluorimeter was generally used after column
chromatogrephic procedures when the volume of homogenate
used was smaller than for the paper chromatographic
procedure and hence greater sensitivity of the measuring
instrument was necessary. An experiment was performed
in which the eluate from pape: strips containing either
S5HIAL or 5HT in varying concentrations from various
areas of dog brain were measured on both instruments,
Table 48showse that there was a discrepancy between the
estimates as obtained by measuring the fluorescence on the
two instruments, the figures from the Aminco=Bowman being

hi gher ™
1t/
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It would thus appear that we have introduced an
artifact in to our methods of investige . ing the dise
crepancies in the reported concentretion of' 5HT 1in brain.
The estimates . the concentration o' S5HT following
perchloric aclid precipitation and column chromatography
were based without exception on readings obtained from
the Aminco-Bowman spectrophotofluorimeter, those from
paper chromatography on readings obteined from the
Farrand spectrophotofluorimeter, In the absence of any
real difilerence oetween the efficacies of the extraction
procedures, those results from procedures involving columrn
chromatography would give higher figures because of the
fluorimeter variation. This discrepancy does not account
for the large diflerences in our own results to those in

the literature,




APPENDIX 2




166,

Ranking analysis of tryptophan,

TABLE 51
Best
. Rank estimate
Aross Dogs Totals of rank
order
1 2 3 4 5
Caudate &5 " 'Y 1 7 4 31.5 7
Hindbrain 5.0 3 Re & I 18.0 L
Midorain 65 2 5 4 2 + 19«5 5
Hypothalamus 4,0 5 4 1 3 17.0 2=
liippocampus 30 © © 6 7 26,0 6
Cerebellum 2,0 1 3 2 1 9.0 1

Lxpected rank total if no difierence between samples

- m(n + 11 - 5x%x 8 20

2 B »
where m = number of columns = 5
n = number of rows =

If no true agreement vetween dogs the sum ol squares of
differences between ocbserved and expected ra: .k totals are
maximum and given by:-

m? (n® - n)

Smax = 1D

In that there may oe only partial agre.ment between dogs
the sum of syuares will be S,

The/
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The coefficient of concordence, W = 'SEE%E

339-2"’1
W = 35032

= 0-h35

Test of sig_x_lificamce using Snedecors distribution of F

Continuity corirection of W;
W o= S~1
_m{n"-n) + 2
12
W' = 0. u&zlg

Snedecor's F = ("I'E%E‘

= 5072u8
Degrees of
Freedom = (n=1) - 2, Em-l) (n-1) -g]
m m
= 5,6, 224l

There 1s thus a significant ranking of the results
(P <0,05, >0,01),
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Regeneration of' 'lost' hypothalamus result in dog (p.117).

TABLE 22
Areas Dogs |1 = xJ

: | 2 3 L 5
Caudeate 6.1 5¢ 8 S0 k4 b 10 25, 0
Hindorain 6. 6 9. 8 jc .3 Ce 5 6. J-l- 514. 6
Midbrain .l 10.0 4o 5 0o L4 Te 4 Alie 2
Thalamus 9.5 9.7 3.0 0e 3 5.6 39,1
Hypothalamus 7.0 9.5 4s 5 95 y' 30,5 R
Hippocamous 8e 1 Te 8 4.1 5 7 5.4 31.1
Cerebellunm Beli 2lheS 5.0 6,8 8e 2 L2.7

Z xi 510 8 60, 9 34 6 ,-I-lea 5 11.0. ¢} 257. 8 G

rR + ¢C - @
(r-1) (e-1) -

Finney y'

i

When y' = term to be regenerated

r = number of rows (Areas)

KR = total of row (Hypothalamus) without missing
number

¢ = number of columns (Dogs)

C = total of column (Dog 5) without missing
number

G = grand total without missing number.

yoo= 6 X

= TJe22 ug/g

v _ 1.X 30.5 + 5 x 40,0 - 257.8
4




169,

£TTe211873838 pPajvasualaa sandtd H

CC*CIC2T 62°L¢22 G2°08FT OT°LATT T9°*Clth hHz*Cgoz - Tl
TC*0LLe 6heGogr | T°¢he ¢gelh G *th 9 *h¢ 6°n9 816 18305
62°C20T SG°CTh | L*2h zq %9 0°6 ¢ *h1 f1°Q unTT209190
12°L96 16°hoZ | T°1C e LG T°*h e°L T°9 snduso0ddiy
g *geht to°*coe | 9°L¢ $E%) G*6 G *h G*6 o°l snmeT2Y10¢ AY
TP °*R2CT 6L °6TC | T°6C 9°G ¢ *9 0°g 16 G*F snweTeyy,
Ho*AOTT 2he162 | 2°h¢ f1el treo ¢ *h 0°01 1% UTRIODTH
9T*LATT 6A°0GZ | 9°*hC o C*9 ¢*c Q%6 9 °*9 UTBIOPUTH
9¢ *CGo ¢ezht 9°G2 o°*L ¢ ¢ heC Q°C T1°9 aruDNEY

TB8l107 ¢ t ¢ ,N T
Tt mew _ s¥oq Sea.a7
_
880D G JIC SUTPdq 3Uj JO 88345

-

SNOTJABA U UOT1B.11US8OUCD UBJGO0]CAI] 1O a°UBiie

A JO 81s8KTour Kem=Ony,

¢G TTavL




170.

Two-way analysis of variance of tryptophan concentration

in verious areas of the orains of 5 dogs cont'd.

Variation (Total) =55% xija - 22
N

5

108549 = 1716.40
109, 0897

"

H

Vari:tion (Areas)

i

S nj(ij - x)?

= JTa)'_:_[?_
)

= éi¢662
Variation (Dogs) & ni( ;- %)2
T
i

9. 8214

ettt

Error = Total - Arcas = Dogs

169.0697 = 37,602 = 79,8214
51, 606 '
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SUMMARY
SECTION 1 - Tryptamine

The method of Hess and Udenfriend (1959) for the
estimation of tryptamine in tissues, is demonstrated to
allow the carry over of tryptophan to the final extract,
resulting in falsely high values for the amine, A
modification of the original method is described, in=-
corporating ion exchange chromatography, which gives
complete separation of these components, Using this
method, tryotamine is found neither in the brain of
normal guinea pigs, nor in animals treated with Le
tryptophan., It is found only when L-tryptophan is ad-
ministered following pretreatment with an amine oxidase

inhibitor,
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SUMMARY

SECTION 2 -~ Tryptophan loading in rats

A sensitive technique for the assay of the
S5=hydroxyindole compounds was devised, involving éeparatkn.
by paper chromatography followed by elution and
fluorimetric assay., The specificity of the analytical
procedure was determined, Concentrations of' tryptophan
were measured in blood and brain tissue of the rat and
the concentrations of 5HTP, 5HT and S5HIAA were determined
in the brain at times up to 8 hr af'ter loading with
tryptophane

No S5HTP was detected in the brain after tryptophan
loading, although it appeared in measuraole amounts in
the plasms, The 5HT in brain rose rapidly to a level
which remained constant over a period of hours. The
S5HIAA in brain also incressed rapidly, reaching a maximum
at a time later than 5HT. These concentrations were
maintained for a longer period with lsarger doses of
tryptophan,

a-Methyl dopa treatment before tryptophan 1oading
prevented the increases in S5HT and 5HIAA which occur
following tryptophan administration alone, and also
resulted in the appearsnce of the amine precursor, 5HTPj;
it may also interfere with the uptake of tryptophan from

plasma/
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plasma into the braln., Iproniazid treatment before
tryotophan loading increased the concentration of 5HT
and diminished the rise of' 5HIAA, with no apparent effect

on the uptake of tryptophan or the decarboxylation of
SHTP in the brain.
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SUMMARY

Section 5 - Tryntophan loading in dogs.

The technigue of estimeting the concentration of
the 5-hydroxyindoles and tryptophan is applied to various
areas of the brains of five normal dogs. The concentration
ol the HHT and 5HIAA varies greatly from area to area,
midbrain and hypothalamus having the highest levels,
cortex and cerevellum heving amounts below the limite
of detection of the method., Tryptophan also shows &a
definite order in its concentration from area to area.

Folliowing the oral administration of tryptophan
the concentration of 5HIAA and SHT rises in all areas and
at =11 times at which estimations are made (up to L hr).
Oral loadlng in this case was in the unconscious animal
and, possibly becsuse ol a delay in gastric emptying,
the absorption of tryptophan was very variable in its rate
and time of onset. As a result the rise in the 5=
hydroxyindoles varied very greatly between dogs killed at

the seme time af'ter tryptophan louding.
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