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_), •.'oi.5, p. 119. Abstract--The effects of various psychoactive drugs on the metabolism of radioactive
serotonin administered intracisternally were examined in rat brain. More radioactive

,152, 781(1968). serotonin was retained in the brains of rats anesthetized with pentobarbital during the
75 (1962). intracisternal injection than in rats anesthetized with ether. Prior treatment with
Regulation (Ed. pargyline increased levels of intracisternally administered serotonin-aH and decreased its

deaminated metabolites, whereas reserpine decreased levels ofserotonin-aH. Imipramine,
but not desmethylimipramine, slowed the disappearance of radioactive serotonin from

_ brain. Chlorpromazine increased, whereas LSD decreased, the levels of radioactive
deaminated metabolites of previously injected seroto_n-_'_C in brain. When lithium
chloride was administered after the intracisternal injection of serotoninJ4C, levels of
radioactive serotonin and deaminated metabolites in brain were increased above
control values. The findings are discussed in relation to studies of the actions of these
drugs on the metabolism of endogenous serotonin in brain, and to previous studies of

:_t'HLx/SKY), vol. 2, the effects of these drugs on the metabolism of intracisternally administered norepine-
phrine.

"i. MANY studies during the past decade have examined the effects of various psycho-
active drugs on the metabolism of endogenous serotonin in animal brain in vivo. 1

More recently, radioactive serotonin has been used to study the effects of psycho-
active drugs on serotonin uptake into brain tissue in vitro, either in brain slices or
synaptosomal preparations. 2-5

Techniques for administering radioactive biogenic amines into the lateral ventricles

or basal cisterns of the brain, thus bypassing the blood-brain barrier, have facilitated

• the study of the effects of psychoactive drugs on the uptake, turnover and metabolism

of monoamines in the brain in vivo. 6-8 While norepinephrine has been studied much

more extensively with these techniques, the effects of drugs on serotonin metabolism
have been examined by several investigators?, 10

In the present study the effects of various psychoactive drugs on the metabolism
of intracisternally administered radioactive ser otonin have been studied in rat brain
in t, ivo.

* Present address: Department of Psychiatry, Harvard Medical School, Massachusetts Mental
Health Center, 74 Fenwood Rd., Boston, Mass• 02115.

t Present address: Departments of Pharmacology and Neurology, Duke University Medical
Center, Durham, N.C.

Present address: Departments of Pharmacology and Psychiatry, University of North Carolina
School of Medicine, Chapel Hill, N.C. 27514.
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METHODS

Sprague-Dawley rats weighing 180-200 g were injected intracisternaUy, as des- Disappearance
cribed elsewhere,_ with 25 _.1of Elliott's "B" irrigating solution (Baxter's) containing of serotonin-3H,
radioactive serotonin. Either serotonin-aH creatinine sulfate, I-3/_c (2.1 c/raM, Volk brain. The half-lifq

Radiochemical Co.) or serotonin-3'-_4C creatinine sulfate, 75-300 m/_c (39-6me/raM, 2 hr. At subscquel
Nuclear Chicago) were used in these experiments as indicated in the legends to the
tables and figures. Animals were anesthetized lightly with ether during the intra.
cisternal injections, and appeared to have recovered from the effects of the ether within
3 rain. (In the experiments described in Table 2, pentobarbital was used as the anesthetic
agent in one group of animals.) At various times after the intracisternal injections,
groups of animals were killed by cervical fracture and decapitated. Whole brains,
including 3-5 mm of spinal cord, were removed, rapidly rinsed three times with
water and immediately homogenized in 10 ml of cold 0-4 N perchloric acid in an

, all-glass homogenizer. In some experiments, the brains were first frozen in liquid

_ nitrogen before homogenization. The homogenates were centrifuged at 30,000 g for
30 min. In the experiments described in Table 1, the brains were decorticated. The
cerebellum, ports-medulla and hypothalamus were removed as described by Glowin-
ski and Iversen) 1 The remainder of the brain was assayed as a unit and is identified
by the term "midbrain" in Table 1.

TABLE l. RELATIVE CONCENTRATION OF SEROTONIN-3H IN BRAIN REGIONS AFTER

INTRAC1STERNAL INJECTION*

' Relative conch.

Region Serotonin-_H]_g of tis__sge- Ft_. I. Disap_aranc_
Serotonin-_H/g of cortex with serotonin-_H. G

Cortex 1.0 _ 0.1 (uncorrectedfor re'co,
Midbrain 5.5 zk0.5
Hypothalamicarea t 1.3 ± 1.5

1 Pons-medulla 8.9 ± 1-2
t Cerebellum 8'5 zk0.9
_ , .Relative concerti
_. _. * Serotonin-_Hwasinjected into thecisterna magna intracisternal inje_of six rats. The mean serotonin-_H content of the i
i various regions of brain 1 hr later are expressedas the _. were found in the'
i. ; concentration relative to the cortex: serotonin per milli

i, Serotonin-_H_ of tissue
i Serotonin-'_H/goi"c--orte---x:k S.E.M. _ greater concentrati

_i_ i (Table1).
Assay of radioactivity. After centrifugation, an 0.3-ml aliquot of the supernatant, Effects ofpenta

_ fluid was added to 15 ml of a toluene-ethanol solution (10:4) containing phosphor, tonin-_H. Serotoni_
i _ and the total radioactivity was assayed in a liquid scintillation spectrometer. Internal :i tized either with

' standards of toluene-all or toluene-_C were used to correct for efficiency of counting. " various times aft_

Assay of radioactive serotonht. An 8-ml aliquot of the supernatant fluid was adjusted 0.1 hr), levels of _

i! to pH 3 and passed through a 0.3 × 2 cm column of Dowex-50 (NH4 + form). After under pentobarbi_

f_ _ washing with 12 ml of water, the serotonin was eluted with 16 ml of an ethyl alcohol, i in levels persisted' 3 N HCI solution (3:1). Radioactivity in the eluate was determined as above. _ significant differeu

! Assav of radioactive deaminated metaboBtes. Effluents from the Dowex-50 columns i from the brain, o
(including the first 2 ml of the 12-ml water wash) were brought to a constant volume. I (Table 2).

[ i! Aliquots were adjusted to pH 1, salt saturated and extracted with 5 vol. of either Effects ofp_ych
ethyl acetate or diethyl ether. An aliquot of the organic phase was assayed for radio- tonin. Reserpine (

:! activity, chloride (25 mg/k
B.P._SM
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RESULTS

rnally, as des- Disappearance of serotonin-3Hfrom brain. After the intracisternal administration
r's) containing of serotonin-aH, there was an initial rapid disappearance of this amine from the
1 c'mM, Volk brain. The half-life of serotonin-aH in the brain appeared to be 1.2 hr during the first
(39.6me/raM, 2 hr. At subsequent times, the rate of disappearance was considerably slower (Fig. 1).
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FIG. I. Disappearance of 5-hydroxytryptamine-aHfrom brain. Rats were injected intracisternally
with serotonin-3H. Groups of four to six animals were killed at various time intervals. Results
(uncorrected for recovery) are expressed in mr*c/brain,as the mean _ S.E.M. At 24 hr, 3"4 + 0"1

i m/zcserotonin-aH remained in the brain.

_Relative concentration of serotonin-3H in various brain regions. One hr after the
intracisternal injection of serotonin-aH, highest concentrations of radioactive amine
were found in the hypothalamus which contained over eleven times as much tritiated

serotonin per milligram of tissue as the cortex. Other regions examined contained a
greater concentration of serotonin-3H than the cortex, but less than the hypothalamus
(Table 1).

'he supernatant , Effects of pentobarbital anesthesia on the accmnulation and disappearance of sero-
_ining phosphor, tonin-ZH. Serotonin-_H was administered by intracisternal injection to animals anesthe-

,_meter. Internal tized either with ether or pentobarbital. Levels of serotonin-_H were compared at
:ncy of counting, various times after the intracisternal injection. At the earliest time examined (i.e.
_id was adjusted 0.1 hr), levels of tritiated serotonin were higher in the brains of animals injected
_t_- form). After under pentobarbital anesthesia than in animals anesthetized with ether. This difference

an ethyl alcohol, in levels persisted over the 2-hr period studied. However, there appeared to be no
._ above, significant difference between the groups in the rate of disappearance of serotonin-aH
,_wex-50 columns from the brain, or in the ratio of tritiated deaminated metabolites to serotonin-ZH
constant volume. (Table 2).

5 vol. of either Effects of psychoactive drugs on the disposition and metabolism of radioactive sero-

_sayed for radio- tonh_. Reserpine (5 mg/kg), pargyline hydrochloride (75 mg/kg), imipramine hydro.
chloride (25 mg/kg) or isotonic saline (control) was administered by intraperitoneal

! B.P.--8M
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injection* prior to the intracisternal injection of tritiated serotonin and animals were (25 mg/kg), or chl,
sacrificed 1 hr after the intracisternal injection. Compared to control values, levels prior to the intrae

of serotonin-3H in brain were decreased in animals treated with reserpine, markedly min later, a statisti

increased in animals treated with pargyline and moderately increased in animals not found between

treated with imipramine. Tritiated deaminated metabolites in brain were markedly In another set ,

cisternal injection

TABLE 2. EFFECTS OF ANESTHESIA WITH ETHER OR PENTOBARBITAL ON THE DISAPPEAR- peritoneally.* The
I ANCE OF SEROTONIN-3H FROMBRAIN AFTER INTRACISTERNALINJECTION* 14C.m significant it

treated with imipra
i Pentobarbital

Time(hr) Ether not observedwith
Tritiateddeaminated Tritiateddeaminated deaminatedmetabo

Serotonin-_H metabolites Serotonin-3H metabolites chlorpromazine. Ly

(mt._c/brain 4- S.E.M.) (mta:/brain ± S.E.M.) deaminated metabc
different from contr

0.1 1574-10 374-4 1954-lli" 394-3
0-5 93 4- 9 22 4- 2 120 4- 2% 30 4- It metabolites were ele
1.0 67 4- 2 13 + 1 95 5: lit 21 4- 1_.
2-0 44 + 4 9 5:0-3 62 4- 3_ 13 5: 0.2_

TABLE 4. EFFECTS (

* Serotonin-3H was injected into the cisterna magna of rats under ether or pentobarbital anesthesia.
In animals anesthetized with pentobarbital, 50 mg/kg was administered intraperitoneally 30 rain
before the intracisternal injection. Groups of three animals were killed at the indicated times. Results
(uncorrected for recovery) are expressed in mp_c/brain as the mean 5: S.E.M.

"_P < 0.05 different from ether-anesthetized animals.
P < 0"01different from ether-anesthetized animals. Drug (d

Sodium chloride (isoton
TABLE 3. EFFECTS OF PRETREATMENTWITH RESERPINE, PARGYLINE OR IMIPRAMINE ON Desmethylimipramine-l-

THE METABOLISMOF SEROTONIN-3H 1N BRAIN* Imipramine-HCl (25 m_
Chlorpromazine-HCl (2

Serotonin-3H Tritiated dearninated LSD (1-3 mg/kg)
metabolites Lithiumchloride(50ml

Drug (my,c/brain ::i:S.E.M.) Lithium chloride (200 rt

Saline 61"9 4- 1.5 11"55:0-8 * Serotonin3"tC was
Reserpine 44.4 5: 2-31" 11"3 4- 0"9 promazine, lysergic acid
Pargyline 169'3 5: 16-3"I" 1"8 5: 0"1"1" min later. A second dor_
Imipramine 75'2 5: 4"7.+ 11-2 5:0-8 animals were killed 2 hJ

radioactive serotonin an
_:" in the table (N). Results* Reserpine (5 mg/kg) or pargyline hydrochloride (75 mg/

_ kg) was administered i.p. 2 hr before the intracisternal injec- (uncorrected for recovetion of serotonin-3H, or imipramine hydrochloride (25 mg/kg) = 2.1 m/_c/brain.
i_ was administered 1 hr before the intracisternal injection. 5"P < 0-001 when con"

:_ Animals were killed 1 hr after the administration of seroto- _ P < 0.01 when coml!_ nin-3I-I and the brains analyzed for tritiated serotonin and < 0.05 when corot
deaminated metabolites as described in the text. Groups of 6

_: animals were used. Results (uncorrected for recovery) are

_! expressed in mtzc/brain as the mean 5: S.E.M.
_!,_ % P < 0.001 when compared with saline control valves. One hr after intn
ii_P : P < 0-02 when compared with saline control values. selectively retained in

_ decreased r,,, pargyline; statistically significant changes in levels of radioactive is highest in the hyp_; of tritiated serotonin i
_ deaminated metabolites were not observed with the other two drugs, but the ratio

with the exception of
of tritiated deaminated metabolites to serotonin increased in animals treated

endogenous serotoni_

with reserpine(Table3). cerebellummaybe a
_!? When imipramine hydrochloride (25 mg/kg), desmethylimipramine hydrochloride

* See Table 4 for drug

• _,,,ae"¢ ,._ar--
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,t animals were (25 mg/kg), or chlorpromazine hydrochloride (25 mg/kg) was administered 90 min

', values, levels prior to the intracisternal injection of serotonin-14C and animals were sacrificed 6

,ine, markedly min later, a statistically significant difference in levels of serotonin-14C in brain was

.cd in animals not found between any of the drug-treated and control groups.

x_ere markedly In another set of experiments, serotonin-14C was first administered by intra-

cisternal injection and various psychoactive drugs were subsequently injected intra-

| lIE DISAPPEAR- peritoneally.* The animals were sacrificed 2 hr after the administration of serotonin-
14C. A significant increase in levels of serotonin-14C occurred in the brains of animals

CTION* i
i treated with imipramine; statistically significant changes in serotonin-t4C levels were

not observed with desmethylimipramine or chlorpromazine. Levels of radioactive

ated deaminated deaminated metabolites in brain were significantly increased in animals treated with
mctabolites chtorpromazine. Lysergic acid diethylamide (LSD) caused a decrease in radioactive

S.E.M.) deaminated metabolites in brain, but levels of serotonin-14C were not significantly
different from control values. Levels of both radioactive serotonin and its deaminated

39± 3 metabolites were elevated in brains of animals treated with lithium chloride (Table 4).30 _ It
21 ± 1_
13 _ 0-2_

TABLE 4. EFFECTS OF PSYCHOACTIVE DRUGS ON THE METABOLISM OF SEROTONIN°14C

.arbital anesthesia. IN BRAIN*
ritoneally 30 rain

_tedtimes. Results N Serotonin-14C Radioactive deaminated
metabolites

Drug (dose)
control ! S.E.M.

Sodium chloride (isotonic) 21 100 ± 2 100 -2:3
,It IMIPRAMINE ON Desmethylimipramine-HC1 (25 mg/kg) 20 104 ± 3 101 4- 4

Imipramine-HCl (25 mg/kg) 21 120 ± 4t 109 4- 6
Chlorpromazine-HCl (25 mg/kg) 18 108 4- 4 112 -4-3++
LSD (1"3 mg/kg) 19 102 ± 4 89 4- 4"f
Lithium chloride (50 mg/kg × 2) 14 119 4- 6** 123 4- 8§
Lithium chloride (200 mg/kg × 2) 14 119 ± 41" 132 4- 61"

* Serotonin-xaC was administered intracisternally. Desmethylimipramine, imipramine, chlor-
promazine, lysergic acid diethylamide (LSD) or lithium chloride was injected intraperitoneally 15
min later. A second dose of lithium chloride was given 75 rain after the intracisternal injection. All
animals were killed 2 hr after the injection of the radioactive amine, and the brains analyzed for
radioactive serotonin and deaminated metabolites. The number of animals in each group is given
in the table (N). Results are expressed as per cent of saline control mean 4- S.E.M. Control values/
(uncorrected for recovery): Serotonin-_4C = 8'2 me.c/brain; radioactive deaminated metabolites
= 2-1 m/_c/brain.

) 1"P < 0.001 when compared with control valves.
P < 0.01 when compared with control valves.

t §p < 0"05 when compared with control values.
5

" DISCUSSION

One hr after intracisternal administration of tritiated serotonin, the amine is

selectively retained in certain areas of the brain. The concentration of serotonin---aH

is highest in the hypothalamus and lowest in the cortex. The differential distribution

; of radioactive of tritiated serotonin in the various regions of the brain examined in the present study,

;s, but the ratio with the exception of the cerebellum, is in good agreement with the distribution of
animals treated

endogenous serotonin, xz The high concentration of radioactive amine found in the
cerebellum may be a function of the route of administration.

_e hydrochloride
* See Table 4 for drug doses and injection schedule.
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More of the serotonin-aH appears to be retained in the brains of rats anesthetized to the differenc_
with pentobarbital during the intracisternal injection than in rats anesthetized with metabolism of se

ether. Similar effects of pentobarbital were previously observed when norepinephrine- discrepancies in fi
aH or urea-14C was injected intracisternally, and it has been suggested that alterations Levels of endc

in membrane permeability may account for these findings. 7 reported to be in
The effects of pargyline, a monoamine oxidase inhibitor, and reserpine on the present study, tt_

metabolism of intracisternally injected radioactive serotonin were consistent with _ in animals treate_
the effects of these drugs on the metabolism of endogenous serotonin. 1 Pargyline i levels of radioact

produced the expected decrease in tritiated deaminated metabolites and increase in i desmethylimipraa
; tritiated serotonin while reserpine caused a decrease in levels of serotonin-3H and _ perfused through

an increase in the ratio of tritiated deaminated metabolites to serotonin. The absolute to decrease levell

level of tritiated deaminated metabolites, however, was not increased in animals study, however,

treated with reserpine. Presumably this is a consequence of initial rapid metabolism ; tritiated 5HIAA i
of the injected serotonin-aH and rapid removal of the tritiated deaminated metabolites Imipramine, de
from the brain. The continued accelerated depletion and metabolism of labelled pre- drugs have been !
cursor (serotonin-3H) may lead to a decrease in both precursor and product (tritiated bolites of intrae_
deaminated metabolites) but an increase in the product : precursor ratio, has also been foa--_

Imipramine slowed the disappearance of radioactive serotonin from brain, but acid, the major de
this effect was not observed with desmethylimipramine. Similar findings have been The decrease ia_
reported in studies of the effects of these drugs on the disappearance of endogenous radioactive serot_

serotonin from brain after inhibition of synthesis with a-propyldopacetamide, a reported changes
tryptophan hydroxylase inhibitor. 13, 14 The disappearance of radioactive norepine- LSD. While an i_
phrine from the brain is also slowed by imipramine. 6, s Desmethylimipramine has been after admhaistrati_

found to cause an even greater decrease in the rate of disappearance of intracistern- present study) end
ally administered norepinephrine-aH than does imipramine, s but in the present study but endogenous 51
desmethylimipramine did not alter the disappearance of radioactive serotonin from LSD administratio

brain. Similarly, desmethylimipramine did not alter levels of tritiated serotonin in The increase in
the brain after intraventricular administration of this amine.* brains of animals

There appear to be some inconsistencies in the literature regarding the effects of tritiated deamina_

imipramine and desmethylimipramine on the uptake of serotonin to brain, depending pinephrine-aH ob_
upon the technique used. When studied in vitro, both imipramine and desmethylimi- ever, appear to inta
pramine have been observed to inhibit the uptake of serotonin into brain slices2,a present studies, till
and isolated nerve endings. 4, _,15 In contrast, imipramine but not desmethylimipra- active serotonin,
mine has been reported to inhibit the uptake of serotonin into brain in vivo after this that lithium salts

amine was injected into the lateral ventricle. 16,_7 Furthermore, serotonin-14C uptake kidney and brain. _
"_ in vivo was also not inhibited by desmethylimipramine in a study in which the yen- deaminated metal_

tricles were perfused with serotonin. 1° In the present study neither imipramine nor lithium chloride.
: desmethylimipramine decreased the uptake of intracisternally administered radio-

active serotonin in the brain. Since higher concentrations of serotonin were generally
:: • Acknowledgements_A|

used in studies performed in rivo than in the studies done in vitro, it is possible that the ; the reserpine; Geigy 1_
:_ effects of these drugs on specific transport mechanisms may have been masked by . Kline & French Labor.

the entry of serotonin into the brain by nonspecific diffusion. It has been suggested The authors wish to:

recently that serotonin administered by intraventricular injection may be bound at Part of the experira
sites different from those which contain endogenously formed serotonin. 18Differences Pharmacology and N_MH 13688.
in drug doses, schedules of injection and routes of administration or differences in
regions of brain examined in the various studies may also have contributed, in part,

i D. Eccleston,personal communication. * D. Eccleston,pease

ii
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t_ anesthetized to the differences in findings. The possibility that there may be differences in the
:,thetized with metabolism of serotonin in vivo and in vitro, which might account for some of the

_repinephrine- discrepancies in findings, must also be considered.
:hat alterations _ Levels of endogenous 5-hydroxyindoleacetic acid (5HIAA) in brain have been

reported to be increased by chlorpromazine, but decreased by imipramine, la In the

.crpine on the present study, the levels of radioactive deaminated metabolites in brain were elevated
consistent with in animals treated with chlorpromazine; but no significant changes were observed in
:,in.1 Pargyline levels of radioactive deaminated metabolites in animals treated with imipramine or
md increase in desmethylimipramine. Similarly, in a study in which radioactive serotonin was
,_tonin-aH and perfused through the lateral ventricle of rats, desmethylimipramine has been found
:_.The absolute to decrease levels of endogenous, but not radioactive 5HIAA in brain. 1° In another
.cd in animals study, however, desmethylimipramine appeared to slow the release from brain of
._id metabolism tritiated 5HIAA which had been administered by intraventricular injection.*
,_cdmetabolites Imipramine, desmethylimipramine and a number of other tricyclic antidepressant

ol labelled pre- drugs have been found to decrease the level of tritiated deaminated catechol meta-
c,duct (tritiated bolites of intracisternally administered norepinephrine-3H in brain. TM Imipramine
,Ltio. has also been found to decrease the urinary excretion of 3-methoxy-4-hydroxymandelic
,,m brain, but acid, the major deaminated metabolite of endogenous norepinephrine in man. 20

ings have been The decrease in radioactive deaminated metabolites, without a change in the level of
_:of endogenous radioactive serotonin in animals treated with LSD, seems consistent with previously
: ,pacetamide, a reported changes in the metabolism of endogenous serotonin after treatment with
:czi;'e norepine- LSD. While an increase in endogenous serotonin in brain has been observed shortly

•_aminc has been after administration of LSD, at later times after LSD administration (as in the
t,f intracistern- present study) endogenous serotonin levels were not different from control values,

_c present study but endogenous 5HIAA levels (which undergo a phasic variation with the time after
. scrotonin from LSD administration) were decreased. 21
'cd serotonin in The increase in levels of radioactive deaminated metabolites of serotonin in the

brains of animals treated with lithium salts may be analogous to the increase in
,,..'the effects of tritiated deaminated catechol metabolites of intracisternally administered note-

ram, depending pinephrine-3If observed after lithium chloride administration. -_2Lithium salts, how-
i dcsmethylimi- ever, appear to increase the turnover of norepinephrine in brain, 23,24whereas, in the

, brain slices 2, a present studies, lithium chloride administration slowed the disappearance of radio-
:,,methylimipra- active serotonin, suggesting that turnover may be decreased. It has been suggested
.: :iro after this that lithium salts may slow the rate of active transport of organic acids in both

_',ain-aaCuptake kidney and brain. -°sThis could possibly account for the elevated levels of radioactive
_hich the yen- deaminated metabolites of serotonin found in the brains of animals treated with

n_ipramine nor lithium chloride.
r_istered radio-

_._ ere generally Acknowledgements--Abbott Laboratories provided the pargytine; Ciba Pharmaceutical Co. provided

,ossible that the the reserpine; Geigy Pharmaceuticals provided the imipramine and desmethylimipramine; and Smith,

con masked by Kline & French Laboratories provided the chlorpromazine used in these experiments.

been suggested The authors wish to thank Miss Nancy Eng for assistance with the chemical determinations.
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