


ABSTRACT

BRAIN SEROTONIN LEVELS IN NORMAL AND

ENDOTOXIN-POISONED MICE WITH AND

WITHOUT A TRYPTOPHAN LOAD

BY

Elaine Suzanne Tremblay

The relationship between serotonin levels and increased

sensitivity of endotoxin—poisoned mice to tryptophan was

investigated. Normal and endotoxin-poisoned mice were in-

jected with a 20 milligram load of trypt0phan. The animals

were killed by cervical dislocation and the brain tissue was

immediately removed. The serotonin was extracted from the

tissue directly into butanol and then assayed by the o-phthal-

aldehyde method. The relative intensity of fluorescence of

the brain tissue extracts was compared to the values obtained

from normal and endotoxin-poisoned mice without a tryptOphan

load. An increase in the intensity of fluorescence was

obtained in animals given a tryptophan load. This increase

is greater and more prolonged in endotoxin-poisoned mice.

The entire increase was initially attributed to increased

serotonin levels. However, analysis of the extract by thin

layer chromatography and autoradiography indicated that

tryptophan'and/or other tryptoPhan metabolites may be inter-

fering in this procedure.
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INTRODUCTION

It is well established that tryptophan oxygenase

activity is depressed in endotoxin—poisoned animals (1,9,10,

42). If tryptophan is administered to endotoxin-poisoned

mice at a time when tryptophan oxygenase activity is de-

pressed death frequently occurs within 8 hours (42). This

time of death is 24-36 hours sooner than would be expected

among mice given endotoxin alone. It has been suggested

that this response reflects the funneling of tryptophan in

excess into serotonin synthesis. Cyproheptadine, an anti—

serotonin drug (54), significantly reduces the sensitivity

of endotoxin—treated mice to tryptophan thereby supporting

the suggestion that excess serotonin may be a contributing

factor in the early deaths (41,42). To date, no quantita—

tive measurements showing increased serotonin levels are

available to confirm this hypothesis.

The primary objective of this project is to determine

serotonin concentrations in the brain of normal and endotoxin—

poisoned mice given a tryptOphan load. The brain tissue was

chosen for 2 reasons: first, the central nervous system has

been previously implicated as a primary target for the

biological actions of endotoxin (9) and second, changes in



serotonin levels have been associated with certain disorders

involving the central nervous system (18,45).

The extraction and assay procedure reported by Maickel

gt a1. (34) is one of the more sensitive methods available

for the measurement of serotonin in the brain. The assay is

based on the fluorescence of serotonin after reaction with

O-phthalaldehyde (OPT) (35). The fluorescence of tryptophan

after reaction with OPT is reported to be negligible compared

to the intense fluorescence obtained with serotonin (35).

Since it was not anticipated that the presence of tryptophan

in the brain after tryptoPhan loading would interfere with

the assay procedure, serotonin determinations were performed

in normal and endotoxin-poisoned animals at various times

after tryptophan.load. Results obtained during the course

of these studies did not eliminate the possibility that high

concentrations of tryptophan may be responsible for the

considerable increase in fluorescence observed in tryptoPhan

loading studies. Hence a number of the experiments in this

project deal With the applicability of the procedures devel-

oped by Maickel and co—workers to tryptophan loading

techniques.



LITERATURE REVIEW

Serotonin (5-hydroxytryptamine) is synthesized from

L—tryptOphan (57) by 2 enzymatic reactions. Tryptophan is

first hydroxylated in the five position to form 5—hydroxy-

tryptophan (25,32). The latter is decarboxylated to give

5-hydroxytryptamine (33). Following synthesis serotonin can

be stored in tissue, presumably bound to protein or lipo-

protein components (3,4). If it remains free in the cyto-

plasm it is subject to immediate destruction by monoamine

oxidase which converts S-hydroxytryptamine to S-hydroxy-

tryptOphal. This compound is subsequently converted to

5-hydroxyindoleacetic acid, the major oxidative product of

serotonin (44,57), by aldehyde dehydrogenase.

Initially, the intracerebral conversion of tryptophan

to serotonin was questioned. The low activity of tryptophan

hydroxylase in the brain tissue and the lack of an adequate

enzyme assay procedure made its presence undetectable (48).

;§_yitgg conversion of L-tryptophan to 5-hydroxytryptophan

with brain stem homogenates was the first evidence of brain

hydroxylase activity (25). Weber and Horita (60) found that

eviscerated animals given intraperitoneal injections of

L-tryptOphan showed an increase in brain serotonin levels



equivalent to the increase obtained in normal rats given a

tryptophan load. Infusion of the brain with L-tryptophan

also resulted in increase brain serotonin. The work of Gal

gt a1. (22) demonstrating the appearance of (14C)-5HT in

brain of pigeons and rats after intracerebral injection of

(14C)-L-trypt0phan supported the ig_yiyg_hydroxylation of

tryptOphan by brain tissue. These experiments indicate that

the central nervous tissue need not depend on the peripheral

organs for the first step in the synthesis of serotonin.

The metabolism of serotonin in the rat brain has been

extensively investigated by Eccleston and co-workers (6,20,39).

Loading doses of tryptoPhan precursor were administered to

increase the concentration of intermediate metabolites.

Intraperitoneal injections of tryptophan resulted in an

increase in brain serotonin levels which was maintained for

a few hours followed by a gradual return to normal (6).

Similar results have been reported by Koe (30). 5—Hydroxy-

indoleacetic acid also increased reaching its maximum level

later than serotonin (6). The greater the tryptophan load

the higher the tryptOphan concentration in the brain.

Varying doses of tryptophan failed to alter the maximum

concentration of 5—hydroxytryptamine and 5-hydroxyindoleace-

tic acid but only prolonged the maintenance of the increased

levels in the brain (20). No 5-hydroxytryptophan can be

detected in the brain at any time after tryptOphan loading

(6). These observations led to the conclusion that the



hydroxylation of tryptophan is the rate-limiting step in

the formation of serotonin. It has been proposed that the

regulating factor is either saturation of the enzyme by

substrate or a feedback mechanism on the enzyme (6). Studies

by Lin and co-workers suggest that brain S—hydroxytryptamine

synthesis is not controlled by feedback inhibition (31).

Similar studies were performed using 5—hydroxytrypto-

phan as the precursor load (39). This compound can be

transported across the blood-brain barrier (58). No increase

in serotonin could be detected in the rat brain when small

doses (10 mg/kg) were injected. A 20 mg/kg dose caused only

a moderate increase in serotonin levels. Both doses resulted

in a marked increase in 5-hydroxyindoleacetic acid indicating

that 5—hydroxytryptophan can enter the brain and be metabo-

lized to 5-hydroxyindoleacetic acid without greatly affecting

serotonin concentration. Moir and Eccleston have suggested

that 5—hydroxytrypt0phan derived from the extracerebral

source is metabolized in the cytoplasm of the nerve cells

rather than the subcellular sites reserved for tryptOphan

metabolism. Consequently the majority of the serotonin

formed from 5-hydroxytryptophan has no access to the storage

sites for serotonin and is readily converted to 5-hydroxy-

indoleacetic acid (39).

Serotonin levels greater than the maximum obtained in

normal rats given a tryptophan load can be found in animals



treated with a monoamine oxidase inhibitor before the

tryptophan load (20).

Variable results have been presented on the passage

of serotonin through the blood-brain barrier (8,14,15). The

variation in the dose of 5-hydroxytryptamine injected, the

route of injection and the time of serotonin measurements

may account for the conflicting reports. The studies by

Bulat and Supek (14,15) indicate that serotonin will pene-

trate the brain and cause an increase in brain serotonin only

if a high enough concentration of free serotonin is present

in the blood stream.

The discovery by Koe and co-workers of the ability of

p-chlorophenylalanine (PCPA) to inhibit serotonin synthesis

in normal animals (30) has served recently as a valuable

tool for the study of serotonin metabolism in a variety of

normal and pathological states (17,52). Koe and Weissman

found p—chlorophenylalanine to be a selective and potent

depletor of brain serotonin in mice,-rats and dogs (30).

A 75 percent decrease in brain serotonin in mice treated with

repeated injections of this drug has been reported. Peri-

pheral stores of serotonin are also depleted with PCPA.

The decrease of 5-hydroxytryptamine in mice, however, is

considerably less than the decrease obtained in the peripheral

stores of 5-hydroxytryptamine in the dog or rat. No inhibi-

tion of monoamine oxidase or S-hydroxytryptOphan decarboxylase

activity ig_vivo or ig_vitro could be detected. The ig_vitro



inhibition of liver tryptoPhan hydroxylase by PCPA and the

decrease in the hydroxylating ability of liver tissue from

PCPA-treated animals suggested inhibition of tryptophan

hydroxylase as the in yiyg_mechanism by which p—chlorophenyl-

alanine depletes brain serotonin (30).

The development of a sensitive radioassay for trypto-

phan hydroxylating activity (32) enabled Lovenberg, Jéquier,

and Sjordsma to verify the suggestion that PCPA did lower

brain serotonin levels by impairing the biosynthesis of

serotonin at the rate limiting tryptoPhan hydroxylase step.

Using soluble enzyme preparations from brain tissue these

workers showed that p—chlorOphenylalanine is a competitive

inhibitor of tryptophan hydroxylase ig_yit£9_(28). The

kinetics of the i§_yit£9_inhibition indicate that PCPA is

competitive with the substrate for the binding sites on the

enzyme. The Kb of both tryptophan and p-chlorophenylalanine

was 10-4 with their enzyme preparations. PCPA also caused

significant loss in tryptophan hydroxylase activity in yiyg

(28). Rats injected with PCPA (300 mg/kg, ip) showed a rapid

decrease in brain stem levels of tryptOphan hydroxylase and

serotonin. The minimal level was reached after 24 hours and

remained at this level for approximately 4 days. Both

tryptophan hydroxylase activity and serotonin levels then

gradually increased reaching normal levels by the 11th day.

Immediately after injection, p—chlorophenylalanine was

markedly increased in the brain but had decreased to



undetectable levels by the 6th day. The inhibition of the

enzyme in the absence of the inhibitor suggested that the

in yiyg effect of p—chlorOphenylalanine on the enzyme was

irreversible inactivation rather than competitive inhibition.

An attempt was made by Koe to determine which component

of the hydroxylating system is affected by PCPA (29). The

observation that the activity of the inhibited enzyme could

be restored to normal levels with the incorporation of the

hydroxylase suggested that the inhibiting action of PCPA

in yiyg_may be due to direct inactivation of the hydroxylase.

The selectivity of p—chlor0phenylalanine as a serotonin

depletor has been questioned. Though only slight changes

in whole brain catecholamine levels in the rat have been

reported by Koe (30), a significant change in norepinephrine

does occur in some areas of the rat brain (38).

PCPA's effectiveness in inhibiting serotonin synthesis

is diminished when large doses of tryptophan are injected.

Three consecutive daily doses of 100 mg/kg of PCPA followed

24 hours later by a 500 mg/kg load of tryptophan prevented

the increase in serotonin normally obtained in rats with a

tryptophan load (30). This inhibition, however, was main—

tained for approximately one hour only and was followed by

a gradual increase in serotonin levels. By the 4th hour

after tryptophan, the increase was equal to the increase

found in normal rats given a trypt0phan load. Serotonin con—

centrations returned to baseline values by the 8th hour.



It has been suggested that the distribution of trypto-

phan among the normal in_yiyg pathway of tryptOphan metabo—

lism is altered in endotoxin—poisoned mice (40,41,42).

Tryptophan can be metabolized extracerebrally through 2 major

pathways: the tryptOphan oxygenase pathway leading ultimately

to the synthesis of nicotinamide adenine dinucleotide or the

serotonin pathway. Moon and Berry have studied the effect

of endotoxin on the adaptive liver enzyme, tryptophan oxygen-

ase. These authors and others have shown that tryptophan

oxygenase activity is depressed soon after endotoxin poisoning

(1,9,10,11,40,42). Treatment of endotoxin-poisoned mice with

large doses of L—tryptOphan at the time of maximum enzyme

depression resulted in earlier deaths than would be expected

among mice given endotoxin alone. Such deaths are frequently

convulsive in nature. Equivalent doses of L—tryptophan had

no toxic effect in normal animals. It has been suggested by

these workers that the tryptOphan load cannot be completely

metabolized through the depressed tryptOphan oxygenase path-

way in endotoxin-poisoned mice and consequently the amino

acid is funneled in excess into the serotonin pathway (41,42).

An excess production of serotonin, a potent vasoactive com—

pound, has been implicated in the increased sensitivity of

endotoxin-poisoned mice to tryptophan. Pretreatment with

cyproheptadine, an antiserotonin drug (54), protected the

endotoxin-treated animals against the increased lethality of

the delayed injection of tryptophan (41,42).
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Several methods have been developed to measure the

serotonin concentration in various tissues. Spectrofluorome-

try, due to its sensitivity and specificity, is the present

method of choice. An extraction and/or chromatographic

procedure is usually used in conjunction with the fluoro-

metric technique.

The most widely used method for the determination of

serotonin is the Bogdanski method (13). The extraction is

based on the partitioning of serotonin between an aqueous

and organic phase. Addition of 3N HCl to the final aqueous

phase gives specificity to the fluorometric assay by shifting

the fluorescence maximum of the hydroxyindoles (56) thereby

distinguishing them from other metabolites. Various modi—

fications of this method have been reported. The extraction

procedure of Shore and Olin (51) for the determination of

norepinephrine in the brain has been adapted by Mead and

Finger (3?) for the measurement of serotonin. Serotonin is

extracted into n-butanol from a salt-saturated acid phase

rather than the alkaline phase used by Bogdanski.

A sensitive technique for the assay of 5-hydroxyindole

metabolites in the brain after tryptophan loading was de-

veloped by Ashcroft gt a1. (6). The method involves prepa-

ration of brain extract, separation of the metabolites by

paper chromatography, elution of various sections of the

chromatogram and fluorometric analyses of these segments.
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A column chromatographic procedure was recommended by

Bertlef (12) for analysis of serotonin in brain tissue.

Awapara (7) suggested the use of Amberlite CG-SO for sepa-

ration of amines from precursor amino acids. An efficient

separation of tryptophan, tryptamine, serotonin, 5—hydroxy-

trypt0phan and 5-hydroxyindoleacetic acid has been recently

reported by Ichiyama gt 11. (27) using a series of columns

(Dowex l—formate, Amberlite CG—SO and Sephadex G-25).

Other methods have been developed to increase the

sensitivity of the 5-hydroxyindoles. The techniques are

based on the formation of highly fluorescent derivatives.

Snyder (53) has developed an assay procedure based on

Vanable's observation that serotonin is highly fluorescent

when heated in the presence of ninhydrin (59). This reaction

is eight times more intense than the native fluorescence of

serotonin in mineral acid.

Maickel and Miller have reported a sensitive method for

the determination of serotonin. The assay is based on the

fluorescence of serotonin after reaction with o-phthalaldehyde

(OPT) (34). The reaction of OPT with indole alkylamines is

not very specific. 'Indole does not fluoresce. The intensity

of the fluorescence of the substituted indoles after reaction

with OPT is dependent on the chemical structure of the com-

pound (35). Addition of side chains such as [-CHZCHgNH2]— or

[-CH2COOH1— in the 3 position or substitution of an [-OH]- or

an [-OCH3]_ group in the 5 position yields only slight
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fluorescence. A combination of the 2 to 3 side chains in the

3 position and the hydroxy or methoxy substitution in the 5

position does enhance the fluorescence (Appendix A).

O-phthalaldehyde is an aromatic 1,2-dialdehyde. Compounds

lacking this structure will not yield any fluorescence when

reacted with the substituted indoles.

An extraction procedure has also been devised by these

workers (34,36) to allow for the determination of serotonin

in small brain samples. Extraction of l microgram samples of

the substituted indoles indicate that only S—hydroxytrypto-

phan and 5—methoxytryptamine could be interfering substances

in the procedure. The normal brain level of these 2 com-

pounds is negligible and therefore should not cause spuriously

high values (36,58).



MATERIALS AND METHODS

Removal and FreezingiofiBrain Tissue

Mice were killed by cervical dislocation. The skin

covering the skull was removed and the skull was split

vertically with a razor blade. The bone covering the brain

was pulled away and the whole brain was removed. It was

rinsed in ice cold physiological saline, blotted gently, and

weighed to the nearest milligram. If the sample was to be

frozen it was immediately dropped into an acetone and dry

ice solution. After approximately 15 seconds the frozen

brain was removed, blotted, wrapped in saran wrap and stored

at -70°C until assayed.

Serotonin Extraction and Assay

The methods used for both the extraction of serotonin

and the assay of serotonin utilizing OPT reagent were pat-

terned after those of Maickel gt a1, (34) with only slight

modification in our laboratory. The addition of cysteine as

suggested by Curzon (19) was also incorporated into our

procedure.

Reagents: Glass distilled water was used in the preparation
 

of all reagents unless otherwise specified. Reagent grade

n—butanol (Mallinckrodt Chemical Works, St. Louis, Mo.) and

13
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practical grade heptane (Matheson Coleman and Bell, Norwood,

Ohio) were purified by shaking with equal volumes of 0.1N

NaOH, then by shaking twice with equal volumes of distilled

water, followed by an equal volume of 0.1N HCl and finally

twice with equal volumes of distilled water. The n—butanol

was acidified by adding 0.85 ml of concentrated HCl per liter E?

of nnbutanol (16). The OPT reagent (4 mg/100 ml of lON HCl) 1

and L-cysteine (1 mg/ml of 0.1N HCl) were prepared immediately

before use. The o—phthalaldehyde and L—cysteine were pur-

 chased from the Sigma Chemical Co., St. Louis, Mo. :é

Standard curve: Solutions of serotonin creatinine sulfate
 

ranging from 0.024-400 ug/ml were prepared in 0.1N HCl

containing 0.1% cysteine. Aliquots (0.2 ml) were transfered

to 12 x 75 mm test tubes and 1.2 ml of freshly prepared OPT

reagent was added to each sample. The tubes were mixed with

a vibrating mixer, placed in a boiling water bath for 15

minutes then cooled in tap water. Fluorescence was measured

in an Aminco SPF—125 spectrofluorometer (American Instrument

Co., Silver Spring, Maryland). Activation and emission wave-

lengths were set at 360 and 470 mu (both uncorrected)

respectively. Both activation and emission slit widths were

set at 2.0 mm.

Assay of brain tissue: Whole mouse brains were homogenized
 

in 3 ml of cold acidified butanol. After centrifugation for

5 minutes at 1000 x g, 2.5 ml of supernatant were pipetted
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into a 13 m1 glass stoppered centrifuge tube and shaken for

5 minutes with 5 ml of heptane and 0.4 ml of 0.1N HCl con—

taining 0.I% cysteine. The phases were separated by

centrifugation and the organic phase discarded. A 0.2 ml

aliquot of the acid phase was mixed with 1.2 ml of the OPT

reagent and boiled for 15 minutes. Fluorescence was read

as previously indicated. The Rank Order test (62) was used

to determine significance between groups.

Internal standard: Whole brains from 30 or more mice were
 

homogenized in butanol and centrifuged at 1000 x g. The

supernatant fractions were pooled, mixed, and divided into

two fractions. One ug of serotonin creatinine sulfate per

ml of supernatant was added to one fraction. An equal volume

of glass distilled water was added to the second fraction.

This latter fraction served as the recovery blank.

Chromatography and Autoradiography

Chromatographic and autoradiographic procedures used

have been previously described (43). The thin layer chroma-

tography procedure was slightly modified by using a 2-

dimensional chromatography system with butanol, acetic acid

and water (12:5:2) as the second solvent.

Endotoxin

Heat killed cells of Salmonella typhimurium, strain

SR-ll, suspended in isotonic non-pyrogenic saline (Baxter

Laboratories, Morton, Illinois) served as the source of
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endotoxin. Cultures of Salmonella typhimurium were grown

for 18 hours at 37°C in Brain Heart Infusion broth to a final

concentration of approximately 109 cells per ml. The cells

were collected by continuous flow centrifugation (Sorvall

RC2—B, KSB Continuous Flow System) at 10,000 x g. The con-

centrated cells were washed 3 times with isotonic non-

pyrogenic saline and resuspended in saline to 10 times their

original concentration. Plate counts of the saline suspen-

sion were used to determine the cell number. Cells were

heat-killed by autoclaving at 6 pounds pressure (115°C for 6

minutesh Lack of growth on subculture in Brain Heart Infu—

sion broth confirmed sterility of the endotoxin preparation.

The LDso was determined according to the method of Reed and

Muench (47).

Chemicals

Latryptophan, serotonin creatinine sulfate, 5-hydroxy-

indoleacetic acid and S-hydroxytryptophan were purchased from

the Nutritional Biochemical Co., Cleveland, Ohio. Tryptamine

and DL—p—chlorophenylalanine were purchased from Sigma

Chemical Co., St. Louis, Mo.

Miss

Female CF—l mice (Carworth Farms, Portage, Michigan)

weighing 18-20 grams were used in all experiments. They were

housed five or six per cage with wood shavings serving as '

litter. Food (Purina Laboratory Chow, Ralston Purina Co.,

St. Louis, Mo.) and water were available ad libitum.



RESULTS

Standard curve: Serotonin concentrations vs. relative

intensity of fluorescence

Using a full logarithmic scale, a linear relationship

between the relative intensity of fluorescence and the con—

centration of serotonin was obtained for concentrations of

serotonin creatinine sulfate ranging from 0.18—50 ug/ml

(Figure 1). This is equivalent to 0.078-21.7 ug of serotonin

per ml. At higher concentrations (greater than 100 ug/ml)

the solution develOps a yellow coloration. This interference

causes a decrease in the relative intensity of fluorescence.

The lowest serotonin concentration which can be accurately

measured gives a fluorescence of approximately 4 times the

blank reading. All serotonin conCentrations reported in the

tables are corrected to free base values.

Internal standard: Variability in recovery depending upon

the point at which the internal standard is added to the

extraction_procedure

 

 

Recovery of exogenous serotonin varied with the method

used. When serotonin creatinine sulfate was added to the

supernatant fraction of the tissue homogenate the percent

recovery ranged from 102-108 percent. If serotonin was added

to the butanol and homogenized simultaneously with the brain

17
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tissue recovery of exogenous serotonin was variable and

ranged from 57—76 percent (Table 1). Preliminary studies

using radioactive serotonin indicated that a considerable

amount of the exogenous serotonin remained in the pre-

cipitated fraction of the tissue homogenate. The mechanism

or specificity of the binding was not further investigated.

Serotonin concentrations in brain tissue of normal mice

at different times of the day

Considerable variation in the serotonin levels was

observed in normal mice within a 12 hour period. Higher

values appeared in the morning and lower ones in the evening

(Table 2). A statistically significant difference in 5—

hydroxytryptamine concentrations is observed when comparing

the 9 A.M. value to 12, 3 and 9 P.M. values. Since deter-

minations were made at irregular time intervals within a 12

hour period no exact diurnal pattern could be established.

Effect of freezing on serotonin concentrations in mouse

brain tissue

Eighteen mice were separated into 3 groups. The brain

tissue of the first group was removed and assayed immediately

for serotonin. The whole brains from the other 2 groups were

frozen in a dry ice and acetone solution for 15 seconds,

wrapped in saran wrap and placed in a freezer at —70°C.

One group was assayed for serotonin concentration at 1 day

after freezing, the second group at 6 days after freezing.

No significant change in serotonin concentration was observed

even after 6 days of freezing (Table 3). In this experiment
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TABLE 1

Internal Standard: variability in percent recovery depend-

ing on whether serotonin creatinine sulfate is added prior

to homogenization or added to~the supernatant of tissue

homogenate

 

 

Percent recovery Range of percent

Conditions of serotonin recovery

 

10 ug serotonin 67.3 i 2.6 (6)* 57—76

creatinine sulfate

added prior to

homogenization

2.5 ug serotonin 105.5 1 1.5 (4) 102—108

creatinine sulfate

added to supernatant

fraction of tissue

homogenate

 

*mean i standard error (no. of samples)
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TABLE 2

Serotonin concentrations (ug/g wet weight of tissue) in

brain tissue of normal mice assayed at different times of

 

 

the day

Serotonin concentration

Time (ug/g wet weight)

9:00 A.M. 0.68 i 0.02 (16)*a

10:00 A.M. 0.64 2 0.02 (6)b

12:00 P.M. 0.61 2 0.04 (8)c

3:00 P.M. 0.58 i 0.02 (8)d

9:00 P.M. 0.58 1 0.03 (5)6

 

hmean : standard error (no. of samples)

a vs e

a vs c

a vs d

a vs b

P < 0.01

P < 0.05

P < 0.05

N.S.S.

N.S.S.

b vs c,d,e N.S.S.

c vs d,e N.S.S.

d vs e N.S.S.

not statistically significant
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TABLE 3

Serotonin concentrations (ug/g wet weight of tissue) in

brain tissue of normal mice assayed wéthout freezing and

after 1 and 6 days of freezing’at -70 C

 

 

 

Durasion of Freezing Serotonin concentration

(-70 C) (ug/g wet weight)

0 day 0.69 i 0.03 (6)“

1 day 0.68 i 0.03 (6)

6 days 0.69 i 0.03 (5)

 

*mean 1 standard error (no. of samples)
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all mice were killed at the same time of day to avoid

changes due to the circadian periodicity of brain 5—hydroxy-

tryptamine.

Depression of brain serotonin concentrations with repeated

injections ofgp-chlorgphenylalanine

All serotonin concentrations obtained thus far have

been relatively close values. To assure that the method is

actually measuring serotonin and not merely a sample arti-

fact, p-chlor0phenylalanine, a known depletor of brain sero-

tonin in mice, was injected and serotonin concentrations

were determined. Mice treated with a 6 milligram dose of‘

PCPA daily for 3 consecutive days showed significant decrease

in brain serotonin 24 hours after the last PCPA injection

(Table 4). This dose and treatment schedule reduced sero—

tonin concentrations to approximately 55 percent its normal

value. These results indicate that serotonin is present in

the extract and changes in serotonin levels can be detected

with this assay.

Effect of endotoxin on brain serotonin

Endotoxin-poisoned CF-l mice will not show sensitivity

to tryptophan until 10 hours after injection of the bacterial

poison (40). Hence the serotonin levels of endotoxin-

poisoned mice subsequent to the 10 hour period become crucial

in studies on the role of serotonin in sensitivity of CF-l

mice to trypt0phan. Table 5 shows the concentration of brain

serotonin in CF-l mice at 10, 11, 13, 16 and 22 hours after
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endotoxin-poisoning. There is no statistically significant

difference between these values and the values found in

normal mice at the same time periods.

In a second group of experiments mice were given endo—

toxin at various times of day and brain serotonin concentra-

tions were measured at 2, 4, and 6 hours after endotoxin.

In this study the time of injection was varied. All mice

were killed at the same time of day and still, as can be

seen in Table 6, no significant alterations in serotonin

concentrations could be observed.

Changes in the relative intensity of fluorepcence in braip

extracts prepared from normal and endotoxin-poisoned mice

given a 20 mg load of L-tryptophan

Both normal and endotoxin-poisoned mice were injected

subcutaneously with a 20 mg load of L-tryptophan. Endotoxin-

poisoned mice were injected With tryptophan 10 hours after

1 LDso dose of endotoxin and brain tissue was assayed for

serotonin at l, 3, 6, and 12 hours after trypt0phan. Mice

given tryptophan alone were assayed at these same time periods

and served as controls. A statistically significant increase

in the relative intensity of fluorescence was observed among

both groups of mice (Figure 2). Values were significantly

higher in the endotoxin—poisoned mice at l and 6 hours when

compared to mice given tryptophan alone. In normal mice

given a trypt0phan load the increase in the relative intensity

of fluorescence was maintained for approximately 3 hours after
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TABLE'6

Brain serotonin concentrations (ug/g wet weight of tissue)

in CF-l mice at 2, 4, and 6 hours after endotoxin—

poisoning -

 

 

 

 

Experiment Duration Serotonin concentration

treatment# (hours) (ug/g wet weight)

Controla -—-— 0.56 i 0.02 (6)*

Endotoxinb 2 0.55 1 0.02 (6)

4 0.54 z 0.01 (6)

6 0.55 t 0.02 (6)

#
Time of endotoxin injection varied. All animals were

killed at the same time of day.

'1:

mean 1 standard error (no. of samples)

a vs b N.S.S.
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tryptophan. This was followed by a gradual decrease which

returned to baseline levels by 12 hours. In endotoxin-

poisoned mice the increase in relative intensity of fluores-

cence was maintained for at least 6 hours after tryptOphan

and returned to control endotoxin levels by 12 hours.

Percent recovery and relative intensity of fluorescengppof

other indole derivatives

The possibility was considered that the increase in the

relative intensity of fluorescence observed in the brain

extracts of normal and endotoxin-poisoned mice given a load

of tryptophan was not entirely due to an increase in sero-

tonin. In an effort to determine whether other metabolites

appearing as a consequence of tryptophan loading could be

involved a variety of compounds were carried through the

extraction procedure in the absence of tissue and their per—

cent recovery was determined (Table 7). A high percent

recovery was obtained with tryptophan, tryptamine, 5-hydroxy-

tryptophan and S-hydroxytryptamine. Only a low percent of

the 5-hydroxyindoleacetic acid could be recovered. The rela—

tive intensity of fluorescence of standard solutions of these

compounds before extraction was also measured (Table 7).

The-fluorescence of the hydroxyindoles is very similar.

The relative intensity of 5-hydroxyindoleacetic acid is con—

siderably less after extraction due to its low percent

recovery. From the data in Table 7 it is readily apparent

that concentrations of tryptamine and tryptOphan approximately
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350-400 times greater than those of serotonin and 5-hydroxy-

tryptophan are needed to give an equivalent amount of

fluorescence.

Identification of tryptophan as an interfering compound

Normal and endotoxin-poisoned mice were injected with

a 20 mg load of L-tryptophan containing 0.5 uc (5.0 x 10'6 mM)

benzene ring-14C-D,L-trypt0phan. Mice were killed 1, 3, 6,

and 12 hours after trypt0phan and the extraction procedure

was performed as usual. Two-dimensional thin layer chroma-

tography of the extract was used to separate the metabolites.

Color reactions on the thin layer plates with van Urk's and

Prochazca's reagents, autoradiographs of the plates, and

radioactive counting of the areas corresponding to the hRf

value of tryptophan confirmed the presence of trypt0phan in

the extracts. No other radioactive or colored compounds

were observed including the area where serotonin would have

been located. This information suggests that tryptophan is

present in the extracts in considerably higher concentration

than serotonin. Preliminary attempts to scrap the plates

and quantitate counts using liquid scintillation spectrometry

confirm the visual data by showing that significant counts

above background were found in the area of tryptophan migra-

tion and not in the area of serotonin migration (data not

shown).



DISCUSSION

The range of linearity between the relative intensity

of fluorescence and the concentration of serotonin obtained

in this study (Figure 1) shows a greater sensitivity (0.078

ug of serotonin/m1) than that reported by Maickel and co—

workers (0.25 ug of serotonin/ml) (34). This increase in

sensitivity may be due to the incorporation of cysteine into

the reaction mixture. Curzon has previously observed a four-

fold increase over that of Maickel with this modification

(19). Contrary to reports by other investigators (55) very

low and consistent readings were obtained with the blank.

The reason for this unusual consistency is not known.

The percent recovery of exogenous serotonin has been

reported to be 95-105 percent (34). waever, to obtain this

high percent recovery exogenous serotonin must be added to

the supernatant fraction of the tissue homogenate. This

fraction contains only a limited amount of tissue to which

the serotonin may bind. Percent recovery is reduced to

56—75 percent if the serotonin is added prior to the homo-

genization and carried through the entire extraction proce—

dure (Table 1). Preliminary experiments using tritiated

serotonin indicate that considerable binding of serotonin to

34
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the precipitable portion of the homogenate does occur.

Similar results have been reported with other extraction

procedures (5,24,61). A certain percentage of this loss

may also be due to the degradation of serotonin by homogen-

ization or to ip,yippp oxidation of the biogenic amine. To

avoid the variability of percent recovery Obtained when

serotonin is added prior to homogenization, the internal

standard in this project was prepared by adding the serotonin

to the supernatant fraction. Thus the internal standard

served as a valuable tool for day to day standardization of

our methods but the actual percent recovery of tissue sero—

tonin may be ranging from 70-100 percent.

The variability of brain 5-hydroxytryptamine concen-

trations obtained at different times of the day (Table 2)

agrees with the circadian periodicity previously reported

in mice (2). The rat is essentially the same as the mouse

in both phasing and amplitude (49). In both animals sero-

tonin concentration reaches its peak in the morning and its

minimum level in the evening. A circadian rhythmicity for

tryptophan oxygenase also occurs (46). Tryptophan oxygenase

shows lowest activity in the morning and greatest activity

during the dark hours. The inverse relationship between

brain serotonin and tryptophan oxygenase suggests the inter—

dependence of the 2 pathways. Curzon and co-workers have

data confirming the postulated correlation between decreased

S-hydroxytryptamine and tryptophan oxygenase activity (26).
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Variation in brain 5—hydroxytryptamine may also be

caused by factors other than circadian periodicity such as

age (2), sex (2), and living conditions (23) of the mice.

Though the number of mice per cage was relatively constant

throughout this project, the age of the mice and the amount

of time they remained grouped varied with each experiment.

This may explain the variability obtained in brain serotonin

assayed at the same time of day but in different experiments.

The range in serotonin concentrations found in our

experiments (0.51-0.79 ug/g wet weight of tissue) is in

close agreement with previously reported values. A mean value

of 0.53 ug/g was obtained by Koe (30) in male Charles River

Swiss CD strains utilizing the method of Mead and Finger

(37). Using an acetone extraction and spectrophotometric

assay, Albretch detected values ranging from 0.53-1.05 ug/g

in ZBC—Bittner mice (2). Concentrations of 0.74-0.95 ug/g

were reported in albino Swiss male mice by Giacolone pp g1.

(23) using the method of Shore and Olin (51) and Shore (50).

In evaluating the results obtained with endotoxin-

poisoning two aspects must be considered: first, the differ-

ence in values between normal and endotoxin—poisoned mice

assayed at the same time of day and second, the change in

serotonin levels in endotoxinfpoisoned animals at different

times after endotoxin. There is no statistically signifi-

cant difference in serotonin concentrations between normal

mice and endotoxin-poisoned mice assayed at the same time of
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day (Table 5). Neither is there any significant difference

between serotonin concentrations when comparing the 10, ll,

l3, l6, and 22 hour time periods-in endotoxin-poisoned mice.

Normal mice did show a significant change in brain serotonin

between the 9 A.M. value and the 12, 3 and 9 P.M. values due

to the circadian periodicity (Table 2). The absence of any

significant difference in serotonin levels in endotoxin-

poisoned mice at any time may be due to an alteration or

elimination of the circadian periodicity found in the normal

animals.

Koe and Weissman have reported a 75 percent decrease

in mouse serotonin concentrations after administration of

p-chlorophenylalanine (316 mg/kg) daily for 3 consecutive

days (30). Only a 50 percent decrease was observed in CF—l

mice (Table 4). The difference may be due to the preparation

of the suspension. To avoid any unnecessary toxic effects

to the mice p—chlorophenylalanine was suspended in saline

and injected as a neutral solution rather than the strong

acid, pH 1.5, recommended by Koe (30).

It is impossible to draw any final conclusions on the

data for serotonin concentration in the brain of normal and

endotoxin-poisoned mice given a tryptophan load due to the

possible interference of tryptophan and/or other indole

metabolites. The observation that tryptophan is the only

compound giving any color reaction after spraying of the thin

layer chromatograms suggests that tryptophan is present in
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much higher concentrations than any other metabolite in the

extract. The increase in fluorescence found in endotoxin-

poisoned mice given a load of trypt0phan is greater at l, 3

and 6 hours after trypt0phan than the increase observed in

normal mice given the same load (Figure 2). Furthermore, this

increase in the relative intensity of fluorescence is main-

tained at least 3 hours longer in endotoxin-poisoned animals.

Radioactive counts of the area on the thin layer plates

corresponding to the hRf value for trypt0phan were

higher in all endotoxin—poisoned mice compared to the counts

in normal mice at the same time. Unpublished data in our

laboratory show clearly that the C‘14 label of the benzene

ring labeled tryptophan remains in the endotoxin-poisoned

mice for significantly longer periods of time than in normal

mice. While the quantitative distribution of this label

ip y; 9 among tryptophan and its various metabolites has not

been determined, it is assumed that a significant amount of

the label is still associated with intact tryptophan.

The interference of tryptophan in these samples does

not exclude the possibility that an increase in 5—hydroxy-

tryptamine may be contributing to the increase in fluorescence.

If metabolism of tryptophan in the mouse brain after trypto—

phan load is similar to the metabolism of tryptophan in the

rat brain reported by Eccleston and co-workers (6,20,21,39)

it is possible that there is a prolonged increase in sero-

tonin concentrations in the brain of endotoxin—poisoned mice
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due to an increase in tryptophan availability over a longer

period of time. A more efficient method than the one used

in this project for the separation of serotonin from other

metabolites in trypt0phan loading is necessary before any

conclusive results can be obtained.



CONCLUS ION

The method of Maickel and co-workers for serotonin

determinations in brain tissue was used to measure brain

serotonin levels in normal and endotoxin—poisoned mice with

and without a tryptophan load. Analyses of the extracts

indicate that this method is not applicable to tryptophan

loading studies due to the possible interference of trypto-

phan and/or other tryptophan metabolites. This method is

adequate for serotonin determinations in brain tissue of

animals not given a tryptophan load. PCPA-treated CF—l mice

showed a marked decrease in serotonin concentrations with

repeated injections of p-chlorophenylalanine. A dose of

l LDso of Salmonellg typhimurium endotoxin gave no statis-
 

tically significant change in serotonin concentrations within

a 22 hour period.
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