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ABSTRACT
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and lysergic acid diethylamide on efHux
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1975.
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pensates for blockade by CIMI of 5-HT reuptake.

The hallucinogenic agent, d-lysergic acid di-

— ethylamide (LSD), and the tricyelic antidepres-

sant, chlorimipramine (CIMI1), have been

shown to have similar effects on the firing rate

of serotonergic neurons located in the midbrain

raphe area (Aghajanian et al., 1968; Sheard et
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al., 1972). The systemie administration of both
LSD and CIMI uniformly inhibits raphe neu-
ronal  firing.  Since  release  of serotonin
(5-hydroxytryptamine; 5-11'T) is based at least
- part on impulse flow (Andén et ol 1966;
Sheard and  Aghajanian, 1968; Holman and
Vogt, 1970, 1972), both drgs  might be
expected to deercase the release of 5-HT from
serotonergic nerve terminals. /n eivo studies
suggest  that  LSD  decreases 5-1IT  release
(Randie and Padjen, 1971; Tilson and Sparber,
1972). Parallel in vivo studies using CIMI have
not been done, However, contrary to expeeta-
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tions, in in vitro experiments CIMI have heen
shown to cause an inereased 5-IT “offlux” or
release  (Farnebo  and Hamberger,  1071).
Despite these differences in (heir effeets on
release, both CIMI and LSD have similar
effeets on 5-HT metabolism. /n 2ivo biochemi-
eal studies have shown that hoth drugs increase
endogenons levels of 5-HT and deerease endo-
genous levels of S-hydroxyindoleacetie acid (5-
HTAA) (Roseerans et al., 1967: Freedman of
al,, 1970; Halavis et al., 1973). CIMI and 12D
have also heen reported to eauge o reduction in
5-HT synthesis (Lin et al., 1969; Schubert et
al., 1970ab: Andén et al, 1068; Corrodi and
Fuxe, 1969; Shields and  Feeleston, 1073;
Hamon et al., 1974),

In the present studies, we have investignted
in parallel the effeets of TSD and CIMI on the
firing rate of 5-11T neurons and on the in viro
cfffux of 5-ITT. While it is not ve teehnieally
possible to measure direetly the svnaptic release
of a transmitter in rivo, it is possible to measure
the efflur of a transmitter, which ix the net
result of the eomplex of events: release, reup-
tuke and/or metabolism. Previous in riro stud-
ies on release and metabolism have generally
used dozes of TSD and CINT (Roseerans o al.,
1967, Andén et al, 1968: Lin et al, 1960
Corrodi and  Fuxe, 1969; Schubert of ol
1970a,b; Randie and Padjen, 1971; Tilson and
Sparber, 1972; Halaris et ol,, 1973) which are
much higher than those needed 1o inhibit firing
(Aghajamian et al,, 1968; Sheard et af., 1972)
making the relationship hetween firing rate and
effiux unelear. We have given low enough doses
of both drugs to permit at Jeast partial recov-
ery from total inhibition of cell firing during
the period of perfusion, 1In addition,  hy
employing doses of LSD and CIMI which eause
equivalent inhibition of raphe eoll firing, we ean
begin to =eparate  impulse-flow dependent
release from other possible effeets of  (hese
drugs.

Beeanse endogneous 5-111 efflux from seroto-
nergie: nerve terminals is low  (Feldhers and
Myers, 1966) and often masked by the pres-
ence of non-neuronal 5-1F1 (Portig andd Vogl,
1965 we have used precursor-formed #H-5-11°1
as a marker for endogenous 5-HE. Chineh and
Moore  (1973) have reported on (he use of
catechols synthesized from #I-tvrosine in their
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i vivo release studies. However, the use of
precursor-formed indoles has not  vet  been
applied to in vivo 5-11T release studies. This
Iabeling teehnique provides major advantages:
5-HT formed from tryptophan has been shown
to he speeific for serotonergic neurons (Moir
and Eecleston, 1968 Kuhar et al., 1072, Agha-
fwmian and  Asher, 1971 Aghajanian et dal..
1973). In addition, in pitro studies by Snod-
gras< and Tverson (1974) have shown that
releae of “H-tryptophan GH-TRP) along with
HH-5-HT is associated with nonzpeeifie tissue
damage or 1o wnphysiologieal coffeets.  Thus
measuring SHSTRP efflux as well as preeursor-
formed *H-5-HT provides a cheek on the spee-
ificity of the effeets observed.

Methods

Experimental subjects and recording studies.
Male albinoe rats (Charles Rivor, 220-280 g) were
used in these  experiments. For purposes  of
recording, animals were ancsthetized with chloral
hydrate (400 mg/kg ip) and placed in a stereo-
taxic apparatus. Animals were kept anesthetized
with additional injections of chloral hydrate as
needed  throughout the experiment. In previous
studies, it has been shown that the dose of L&D
required to inhibit raphe neurons in ehloral
hydeate-anesthetized rats (Aghajanian e al., 1970)
wis virtually identical (o the dose in unanestle-
tized rats (Haigler and Aghajanian, 1974). Micro-
pipettes filled with 2 M NaCl saturated with fast
green dye (ip dinmeters 1-2 gm) were lowered
into the midbrain raphe region with a hydraulie
microdrive  system. Eleetrode potentials  were
passed through « high-impedenee amplifier and
monitored on an oseilloscope.  Integrated firing
riate was recorded by means of a rate meter as
deseribed previously  (Aghajanian et al,, 1970),
Rat. temperature  was  monitored by Tele-
Thermometer and maintained hetween 36-37°C,
Under these conditions, raphe units display @ rog-
wlar rhythm and a rate of 05 10 2.5 spikes/second
as deseribed previously (Aghajanian ef al., 1968).
After observing and recording o base-line firing
rafe for at least 5 minutes, drugs were adminis-
fered intraperitoneatly. At the end of eneh experi-
ment, the site of the cleetrode tip was marked by
iontophoretic ejection of fuas ereen (Thomas and
Wilson, 1965). Precise loeation of  eleetrode lip
witx Tater determined by histologieal examination.

Ventricular implantation and perfusion. Ruts
were anesthetized as above and placed in a ster-
colaxic apparatus. Two eannulae were implanted
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in each rat: a polyethylene eannula (constructed
and implanted according to deBalbian Versior el
al, 1971) for the intraventricular administration
of *H-TRP and a Gaddum type push-pull ean-
nula for perfusion (Gaddum, 1961). The lateral
ventricle was chosen as the perfusion site for two
reasons. First, the possibility of direet {issue
damage by the perfusion  cannula (Chase  and
Kopin, 1968 ; Portig and Vogt, 1969) is decreased
by ventricular placement, Sccondly, studies of
Richards et ol. (1973) have demonstraded  the
presence of serotonergic nerve terminals lining the
rat cerebral ventricles. By both fluoreseence and
electron microscopy, we have found that these
nerve terminals are abolished by midbrain raphe
lesions establishing this area as {he origin of these
5-HT terminals (Aghajanian and Gallager, 1975).

The push-pull cannula was constraeted  from
stainless steel tubing the inside tube being 27
gauge and the outside 20 gauge, Optimal protru-
sion of the inner tube was 05 mm (Szerb, 1967).
Two adjacent burr holes were drilled at, 15 and 2
mm lateral to the interseetion of the coronal and
saggital sutures (bregma zero) and {he push-pull
and ventricular cannulae were inserted below the
skull surface, 42 and 35 mm respeetively. After
permanent attachment to the skull, an inner (pro-
teetion) stylet was inserted into the outer can-
nula. After the wound was closed, the animals
were allowed to recover from the anesthesia, Siy-
teen to 20 hours after the implantation of these
cannulac, 3H-TRP (02 mec specific activity: 46
¢/mmol. Schwarz-Mann, Orangeburg, N.Y)) was
injected via the polyethelene cannula jnto the lat-
eral ventriele in a volume of 20 pl. Perfusion with
artificial ecerebrospinal  fluid (Merlis, 1940) was
begun through the adjacent push-pull cannula 1
hour after the adninistration of labeled tryplo-
phan in the nonanesthetized, unrestrained rats, A
constant perfusion rate of 50 gl/min was main-
tained by a Manostut. peristaltic pump (Manostat,
New York, N.Y.). Consceutive 10-minute perfusate
samples were collected in fest. fubes containing 0.1
ml of 1% cv=teine, 200 g of cold TRP and 100 ug
of cold 5-HT. A variation of more than 10%%
between the volume infused and that recovered
wis faken as evidence of a faulty perfusion and
the data were disearded. At the end of enel ven-
tricular perfusion, rats were ancthetized and per-
fused through the heart with 10% bhuffered for-
mutlin. Serial frozen seetions (50 am in thickness)
were cut, mounted and stained 1o verify cannula
placement, The area of eannulation corresponded
to the frontal planes A7470 through A6450 of
Konig and Klippel (1970). Although four animals
were run simultanecously, the absolute amounts of

labeled tryptophan and 5-11T colloeeted in perfus-
ate samples were quite variable hefween animals,
Therefore, four 10-minute perfusate samples were
colleeted prior to the administration of drugs so
that each animal could serve as his own control.
The data were then expressed as a percentage of
the fourth (control) period. Statistieal significance
wis eatlenlated by Student's ¢ test (two-tailed),
Assay of perfusate. The perfusitte samples (0.5
ml/sample) were Ivophilized to dryness and redis-
solved in 100 gl of 80% cthanol. After centrifuga-
tion, 50 ul of caecl simple were applied to silica gel
(LQBD Lincar-Qm, Quantum Industrics, Fairfield,
N.J) thin-ayer plates. Sinee {he radioactivity as-
sociated with tryptophan was in great excess, a sol-
vent svstem in which $H-TRP remained near the
origin was chosen {o prevent streaking and mask-
ing of the smaller *H-5-HT peak. However, no
single chromatographic systemy was available in
which both *H-5-YIT and SH-5-HIAA were sepa-
vated cleanly from *H-TRP. Although attempted,
the ion exchange method of Schubert (1974) was
not satisfactory  for scparating SH-TRP from
SH-5-HIAA and “H-5-HT in perfusate samples,
SH-TRP was in such excess that, s 0.1 to 02%
overlap with SH-5-HIAA using multiple exchange
resing masked the small amounts of the labeled
acid metabolite.  Thus, atlempts to quantitate
this indole metabolite were abandoned. The thin-
Inyver plates were developed in cthyl acetate-p-
propanol-10%  ammonin  (4:3:1) for 20 hours
and the Rf values for 5-HIAA, TRP and 5-HT
were 0.24, 0.27 and 0.65, respeetively (Aures e¢f al,
1968). The reniining 50 gl from each simple were
counted in Aquasol (New England Nuelear Cor-
poration,  Boston, Mass)  to  determine  {otal
radionetivity. Sinee radioactivity was limited to
positions coineiding with those of added authentic
5-HT and TRP (Kuhar et al, 1971), the fluores-
cent arcas associated with cold  carriers of the
respective indoles were visualized  under ultra-
violet light, seraped into counting vials containing
Aquasol and quantitated by seintillation counting,
Recoveries from known standards run simultanc-
ously were 60% for TRP and S0% for 5-HT.
Rats were pretreated for 30 minutes with Ro 4-
4602, in a dosc sufficient to totally block 5-HT
svathesis (800 mg/ky Lp.; Bédard et o, 1971).
After the injection of SH-TRP, no radioactivity
i perfusate samples from these animals  was
found to be associnted with {he authentic 5-HT
peak. This further indieated that the radioactivity
coineiding with authentie 5-HT was "H-5-HT.
Determination of endogenous  substances.
Endogenous TRP, 5-HT and 5-HIAA were ana-
Ivzed in the same tissue samples by a combina-
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tion of the column method of Schubert et al.
(19702) and the fluorimetric o-phthalaldehyde con-
densation method of Maickel and Miller (1966).
Recoveries for tryptophan, 5-HT and 5-HHTAA
were 100, 71 and 90%, respectively.

Drugs and radioactive materials. Chlorimi-
pramine hydrochloride (Anafranil, Ciba Pharma-
ceutical Company, Summit, N.J.), Ro 44602 ([N-
(pL-scryl) -N - (2,3,4 - trihydroxybenzyl) hydrazine],
Hoffmann-La Roche, Ine, Nutley, N.J) and d-
lysergic acid diethylamide bitartrate were admin-
istered 1p., doses of drugs were expressed in
terms of their free base. SH-tryptophan (4.6
e¢/mmol, generally labeled) was obtained from
Schwarz-Mann. Prior to use, 1.0 ml of the cthanol-
water solution was cvaporated to dryness and
redissolved in 100 gl of artificial cerebrospinal
fluid. Twenty mierolilers of this solution were
injected intraventricularly in an approximate con-
ceniration of 10 we/pl.

Results

Recording studies. The =pontancous rafes
of neuronal units tested in the dorsal raphe
ranged from 0.5 to 2.5 spikes/see. Administra-
tion of an intraperitoneal dose of 5 mg/kg of
CIMI produced a total inhibition of raphe cell
firing for approximately 1 hour (fiz. 1, top
{race). An ip. injeetion of LSD (76 pe/kg)
alzo produeed a total inhibition of raphe cell
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firing for approximately 1 hour (fig. 1, bottom
trace). As previously reported (laigler and
Aghajanian, . 1973), the inhibition of raphe
firing by LSD was not found to be associated
with a deerease in action potential size. This
was also observed with CIMI indieating that
neither drug produces its inhibition by a local
ancsthetic effect.

Perfusion studies. We attempted to deter-
mine how these drugs, at doses which have sim-
ilar effeets on raphe firing, would affect 5-11T
efflux. 18D (75 pg/kg 1.p.) administered at the
end of the control perfusion period produced a
significant deerease (P < .025) in the cfflux of
SH-5-1IT  (fig. 2). Higher doses of LSD (150
and even 300 pg/kg, not shown) were not able
to reduce further the efflux of *H-5-HT (mean
of six rats at cach dose = 815.). *II-5-1IT
etflux did not return to base line but remained
depressed  and parallel to the control curve
throughout the perfusion period. In a separate
group of animals, 75 pg/kg (i.p.) of LSD pro-
duced a total inhibition of raphe firing for
approximately 63 minutes (fig. 2, shaded bar).
LRD did not alter the efffux of 3H-TRP at any
time during the perfusion period (table 1).

In contrast, CIMI at a dose of 5 mg/kg i.p.
did not, exeept for one point, significantly alter

CiMI{5mg/kg)
150
z ° T e
b3 10 50 55
~N
v
w
p°4
= LSD(75pglkg}
1%2]
150-
o IFE0 st S PV
[ | [}
0 5 10 50 55 60 65

Time After Injection {minutes )

Fre. 1. A comparison of the vesponse of eells in the dorsal raphe nucleus to the systemice administra-
tion of CIMI and LSD. The wrvow in hoth eases marks the point at which drugs were administered
ip. In the fop trace, a raphe cell s totally inhibited for 55 minutes by the ip. injection of 5 mg/kg
of CIMI. In the lower traee another raphe cell is inhibited for 60 minutes by the 1p. injection of 75
ag/kg of LD, Both traces shown here ave-infegrated rade records, with the ordinate indicating the
firing rate in spikes per minute of neurons in the dorsal raphe nueleus,
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Fra. 2. The effeets of LSD (75 and 150 pg/ke, 1p.) on ihé spontaneous efflux of 3H-5-HT into the
ventrieular perfusate and on the firing rate of raphe neurons. *H-TRP (200 uc) was injected intra-
ventricularly 1 hour prior to the start of perfusion. LSD was administered after a predrug perfusion
period. The mean absolute amount of #H-5-HT recovered in the predrug perfusion period was 0.66 *=
0.31 gc/10 min (75 pg/kg of L8D; N = 6) or 049 = 009 nc/10 min (150 ug/kg of 1.8D; N = 6).
The mean absolute amount of 3H-5-HT recovered from the perfusate of the same period for con-
trol animals was 025 * 007 nc/10 min, N = 11 3H-5-HT efflux in subscquent samples was expressed
as a percentage of the respective predrug amounts of SH-5-H'T. In n separate group of rats, repre-

sented by the shaded bar, the response of raphe coll fiing was followed after an 1p. dosc of 75 ug/keg
of 1.SD. Dorsal raphe ecells were totally inhibited for 633 % 29 minutes (¥ = 10). *Indicutes o

significant difference from control levels (P < 03).

the efffux of *11-5-11T from that of control rats
(fig. 3), although this dose of CIMI totally
inhibited raphe neuronal firing for approxi-
mately the same duration as the 75 pg/kg dose
of 18D (fig. 3, shaded bar). However, CIMT at
a dose of 20 mg/kg produced n significant
inerease IP< 05) in fHS5-HT efftux (mean ol
six rats at cach dose = S1.). This mereased
offlux of 31-3-11T returned to control levels
approximately 00 minutes after the administra-
tion of CIMI. CTMI did not alter the cfflux of
SII-TRP  from  control values at any time
during the perfusion period (table 1).

Both LSD and CIMI have been reported to
inhibit 5-HT synthesis  (Lin et al, 1960;
Sehubert et al., 1970a,b; Andén et al,, 1968,
Corrodi and Fuxe, 1969). Since efllux of 5-11T
was measured by the presence in the perfusate
of $H-5-1T formed from *H-TRP, 1t was nee-
essaty to eliminate the possibility that H-5-HT
synthesis was oceurring during the perlusion
interval. Schubert and  Sedvall (1072) have
reported that 1 hour after precursor adminis-
tration, synthesis of 3H-5-IIT from SIITRP

4 mwnﬁ [T IO UL

was negligible. To confirm  this in our system,
we administered the aromatic L-amino  acid
deearboxyvlase inhibitor, Ro 4-4602, i a dose
sufficient to block totally 5-HT syunthesis (800
mg/kg i.p.: Bédard et al, 1971). This svuthests
inhibitor did not significantly alter the rate of
3]1-5-I1T efflux as compared to =aline-treated
animals (mean of six rats = S, fig. 4). This
indicates that #11-3-11'T synthesis was negligible
during the perfusion period suggesting that the
efflux of preformed *H-5-1IT was the only phe-
nomenon being measured v these experiments.

Other control experiments were also necessi-
tated by the use of precursor-formed s[1-5-11T.
While the intraventricular administration of
labeled TRI permitted high specifie activities
of the precursor and product to be measured in
the limited area of brain sampled by perfusion,
it was assumed that the late of labeled 5-HT
reflected that of the endogenous amine, 1t has
been shown that when TRT i3 employed us the
precursor, the produet, 51T, is speeific for
serotonergic  neurons  (Moir and - Eecleston,
1968; Kuhar et o, 1972 Aghajanian and



I

790 GALLAGER AND AGHAJANIAN Vol. 193

TABLIS 1

Spontancous *H-tryplophan efflur in control and
drug-treated rafst

Time Treatmentt

. after :

injection |

Saline Lsb CEMI Ro 4+ 1602
min
0 100 100 100 100

10 97 = 10| 78 £ 0 | 82 £ O | 90 1
20 81 + 9 R7 £ 6 77 o+ 8 76 4+ H
30 6t & 6 66 1 8 W15 67 B
40 5h 4 | 66 k1161 R [ 62 44
50 46 £ 5 52 £ 0 57 £ 8 Hhd 4 3
60 43 & ¢ SO Y |52 &7 49 k6
70 396 | 408 | 19 A2 £ 6
80 R 3 [ A8 £ 11| 49 b 6 | 47 A
90 20 £ 3 | 40 £ 10| I8 £ 12 38 4 4
100 30 = 36 £ 10 41 £7 | 35+ |
110 32+ 2 33 £ 7 39 8 38 = H

A pulse dose of FI-TRP (200 pe) was injeeted
intraventricularly 60 minutes prior to the start of
perfusion. One hundred minutes after *H-TRI or
40 minutes after the start of perfusion, saline, LSD
(75 pg/kg), CIMI (5 mg/kg) or Ro 44602 (K00
mg/kg) was administered i.p.

5 The mean absolute amounts of *II-TRP re-
covered in predrug perfusion periods were: saline
14.7 4+ 3.8 ne/10 min, N = 11; LSD 104 4 2.3
ne/10 min, N = 6; CIMLI 10.7 £ 1.5 ne/10 min,
N = 6; Ro 4-1602 13.5 4= 3.0 ne/10 min, NV = 6.
SH-TRP efflux in subsequent samples was expressed
as the mean pereentage of the respective predrug
amounts of *H-TRDP t S0

Asher, 1971 Aghwjaman o o, 1973). low-
ever, several investigators  (Asheroft et al,
1065 Moir and Feeleston, 1968;  Fernstrom
and Wurtman, 1971) have demonstrated  that
TRP availability ean alter brain 5-I'T" levels
and turnover. To be sure that steady-state con-
ditions were not affeeted by our labeling proce-
dure, we evaluated the effeets of the SO-pg
dose of labeled TRP on endogenous levels of
indoles in brain (1able 2). One hour after
mtraventricular administration of this pulse
dose of SH=TRP, the endogenous levels of the
precursor (TRP) product (5-HT) and meta-
holite (5-1TTAA) were not altered. Nonlabeled
TRP in approximately the same dose (10 pg)
alzo had no effeet. on endogenous indole Jevels,

suggesting  that labeled  and authentic TRP

behave similarly. TRP (100 pg) given intraven-
tricularly 1 hour prior to sucrifice significantly
increased endogenous tryptophan and 5-HTAA
levels in rat brain, These data suggest that the
label did not represent a “loading dose” of
TRP at the time of perfusion.

It has alszo been postulated that certain drugs
could alter TRIP availability (Tagliamonte et
a.. 1971 Bruinvels, 1972). Sinee this could
result in changes of braan 5-11T as well, 3H-
TRP efflux was measured after cach drug. In
addition, Snodgrass and Iverson (1974) have
shown that release of the precursor, *H-TRP,
i addition to *H-5-HT, is associated with non-
speetfie, non-neuronal effeets, Sinee SH-TRP
efllux was not affected by any drug treatment
(table 1), the data suggest that 3H-TRP accu-
mulation in tissies was not significantly altered
by these drugs and that changes in *H-5-HT
efiux were specifie drug cffeets.

Discussion

Our results show that LSD and CIMI, at
doze< which eauze a ~imilar degree of inhibition
of raphe ccll firing, affected 5-IIT efflux differ-
ently: a deerease occurred after LSD but there
was no change in efftux with the low dose of
CTMIL.

In studies in which LSD was administered {o
perfused ratg, at both the 75 and 150 pg/kg
doses, o similar decrease in H-5-HT efilux was
observed. While other investigntors have sug-
eested that LSD blocks release of 5-HT (Chase
et al., 1967; Farncho and IHamberger, 1971;
Tilzon and Sparber, 1972), there ix little infor-
mation about how the hallucinogenic ngent
accomplishes  this, Hagler  and  Aghajanian
(1974) have shown that LSD eauses o direct
imhibition of raphe cell firing. This inhibition of
firmg conld lead to a reduction in impulse flow-
dependent 5-I°T release from =erotonergie ter-
minals as suggested by our data. However,
ISD has wdso heen <hown to deerease the for-
mation of 5-HT formed from labeled trypto-
phan (Lin et al., 1969; Schubert ef al., 1970a).
It 1= therefore significant that although efflux of
A-5-T was deerensed by LSD, *H-5-HT
svithesis was negligible during the perfusion
period. Thus inhibition of synthesis = not
suflicient to explain the reduction of #*11-3-HT
eflux by LS.
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Fia. 3. Liffects of chlorimipramine (CIMI, 5 and 20 mg/kg 1.p.) on the spontancous effux of *H-5-HT
measured in ventricular perfusate and on the firing rate of raphe neurons. CIMI was administered
ip. (5 or 20 mg/ke) after a predrug perfusion period (N = 6). The mcan absolute amount of *H-
§.HT recovered in the predrug perfusion period is 0.18 % 0.05 nc/10 min (5 mg/kg of CIMD) or 0.14
+ 003 ne/10 min (20 mg/kg of CIMI). The meun absolute amount of 3H-5-HT recovered from the
perfusate of the same period for control animals was 025 + 007 nc/10 min, N = 11. 3H-5-HT efftux
in subsequent samples is expressed as a percentage of the respective predrug amounts of 3H-5-HT.
In a separate group of rats, represented by the shaded bar, the response of raphe cell firing was
measurcd after an 1.p. dose of 5 mg/ky of CIMIL. Darsal raphe cells were totally inhibited for 562 *
36 minutes (N = 8).
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Fic. 4. A comparison of the spontancous efflux of 3H-5-HT in control rats to the efflux of sH-5-HT
after Ro 4-4602. *H-TRP (200 gc) was injected intraventricularly 1 hour prior to_the start of per-
fusion. At the end of a predrug perfusion period, Ro 4-4602 (800 mg/kg ip.) was administercd to rats
and ventricular perfusion was continued for 11 additional collection periods of 10 minutes. The mean
absolute amount of 3H-5-H'T recovered in the predrug perfusion period was 028 + 011 ne/10 min;
N = 6. The mean absolute umount, of sH-5-HT recovered from the perfusate of sume period for con-
trol animals was 025+ 007 ne/10 win; N = 1L SH-5-HT efftux in subsequent samples is expressed
as a percentage of this predrug “H-5-H'T.
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TABLIS 2
Concentrations of tryptophan, 5-HT and 5-HIAA in
whole ral brain tissue following the intraventricular
administration of tryptophan

Tryptophane]  Tryptophan srr ! SHTAA
By wy/y £ S.D wy/n - S.D. 1 wa/0 £ NS.D,
(1] .09 £ 047 0.62 £ 011 1 027 £ 001
R O 506 + 046 0.66 + 0.08 ) (1L28 4+ 0.04
11 H0O0 £ 018 068 £ 001 | 028 + 0.3
100 740 £ 063 | 066 4 007 “ 0ot 4+ 0,230

1
l
| \

o Tryptophan was ndministered ina constant voliume of 20 ul
ria polyethelyne eannula implanted aecording to the method of
deBalbian Verster ef al. (1971). Rats were implanted 36 hours
prior to trentment and saerificed 1 hour after the intraventrieu-
jar injection. Values are the menn of H rats 4+ 8D,

b This dose of AH-TRE (200 we) wax computed to represent
8.9 ue of the amino acid.

<01

K L] 5N

Another possible explanation for the ability
of 1.SD to inhibit 5-II'T efllux is based on the
potent presynaptie effeet of the hallucinogen
(IInigler and Aghajanian, 1974). Presynaptie
receptor theory suggests that, in some systems,
there are reeeptors on the presynaptic mem-
hrane which are eapable of modulating trans-
mitter release (Kirpekar and  Puig, 19715
Starke, 1971; Encro et al., 1972). Thus 1LSD
could inhibit transmitter release by activating
prosynaptie reeeptors located on serotonergic
terminals. In wvitro studies by Chase et dl.
(1967), Katz and Kopin (1969) and Farnebo
and Iamberger (1971) have shown that LSD
canzes a0 reduction i stimulation-indneed
release of 5-11T in brain tissue slices. Sinee it is
unlikely that intact serotonergic pathways exist
in hrain slices, such presynaptie receptors could
explain the effeets produeed by LSD in these
experiments  where nerve terminal areas are
separated from their soma. Beenuse the inhibi-
tion of impulze fow by LSD and its possible
presynaptic effeets were not xeparated inour in
vivo  experiments,  we  eannot distinguish
hetween these possibilities, Tt i inferesting 1o
note that although raphe cell firing was inhib-
iteed for approximately 1 hour and complete
recovery  of neuronal firing fo conirol rates
required an additional 20 to 30 minutes (Agha-
Jnian et al., 1963), cfllux of “TE5-TT did not
return fo control levels at any time during this
interval. These data suggest that inhibition of
firing may not he a complete explanation for

the diminished efflux of *H-5-HT during the
period of recovery from LSD.

CIMI at a doxe (5 mg/kg) that totally
inhibited raphe neuronal firing for approxi-
mately the same duration as LSD did not
deerease the efflux of #11-5-HT. Furthermore,
CIMI at a dose of 20 mg/kg produced a signif-
ieant inerease in AH-5-HT efftux. Thus, it is
clear that changes in firing rate cannot alone
explain the dose-dependent effects of CTIMT on
efthix,

It. hax been postulated that CIMI inhibits
raphe neuronal firing through an indireet mech-
anism by first blocking 5-HT uptake: the
resulting excess of 5-ITT in the synaptic cleft
could then lead to a negative feedback inhibi-
tion of raphe neurons (Corrodi and Fuxe,
1069). The indireet action of CIMI on raphe
ecell firing ix supported by the observation that
the depression of raphe firing by CIMT ean be
blocked by pretreatment with the 5-HT syn-
thesis inhibitor, p-chlorophenylalanine (Sheard
et al., 1972). In terms of the negative feedback
model, the reduetion in impulse flow-dependent
5-11'T release may entirely compensate for the
bloek in 5-HT uptake by low doses of CTMI.

Presvnaptie receptor theory has heen used to
explain why potent inhibitors of norepinephrine
(NE) neuronal uptake are not very effective in
inereasing  “transmitter  overflow”™  or  efflux
(Encro et al., 1972), When neuronal uptake is
impaired, presynaptie inhibition of transmitier
release 15 enhaneed beeause a higher synaptic
gap coneentration of NF ix available for aetiva-
tion of presvnaptic reeeptors (Langer, 1074). A
parallel =erotonergic presynaptie reeeptor could
also account for the lack of effect of CIMI on
S5-1TT efffux ax seen in our =yvstem. Since evi-
denee ix accumulating that 5-HT is inhibitory
on the raphe (presynaptie) system (Aghajanian
et al., 1972 Thagler and  Aghajanian, 1074)
perhaps the CIMID effeets are suggestive of a
presynaptic 5-TIT reeeptor. However, efflux of
SH-5-11T is inercased, not deereased, by a high
dose (20 mg/kg) of CIMI. Thus presynaptic
inhibition of 5-1TT release eannol explain this
effeet of CIMIL The inerease in *I-5-11T efflux
at a high dose of CINT (20 mg/kg) may be
due {o a more complete blockade of 5-1T
reuptake. Carlsson (1970} has reported that a
dose of 7.5 meg/kg of CTMI (intraperitoneal

e
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administration in mice) is the KED50 for the
chlorimipramine-induced blockade of the mem-
brane pump in 5-HT neurons. Thus, uptake
blockade of 5-HT is a dose-dependent effect of
CIMI whieh may be correlated with the cifects
of this drug on 5-HT efflux. Increased eftlux of
sH-5-11T returns io control levelx 90 minutes
after the administration of 20 mg/kg of CIMI.
While the metabolic fate of CIMI has not been
determined, a closely related compound, imi-
pramine, has a half-}ife of 0.6 hour in brain
tissue (Bickel and Weder, 1968). In addition,
liver microsomal studies indicate that CIMI
and imipramine are metabolized at the same
rate (J. Schenkman and 11, Nybick, personal
communication). Thus, the time required for
3[-5-11T efflux to return to convrol levels
could be related to the rate of degradation of
CIMI.

The inerease in 3-HT eflux caused by the
high dose of CIMI could conceivably result
from n direct release of 5-11T. However, datla
of Nalaris et al. (1973) show that the cndogen-
ous levels of 5-HT are increased and levels of
5.11TAA are decreased by this treatment. Since
release of 5-HT is associated with a lowering of
5-11T as well as an increase in 5-11TAA (Sheard
and Aghajanian, 1968; Gumutka et ol., 1969;
Kostowski et al., 1969), these data are not con-
sistent with a direet release of 5-11T by CIMI.

In conclusion, these data suggest that LSD
and CIMI, at doses which cause a similar
degree of inhibition of raphe cell firing, affect
5-11T efftux differently and by different mecha-
nisms. Tt appears that LSD, by dircetly inhibit-
ing impulse flow produces a reduction in “H-5-
HT  efflux. However, 2 possible  loeal
presynaptic inhibition of 51T release by LSD
must also be considered. In contrast, a low dosc
of CIMT does not cause a deerease in sj1-5-11T
efffux  despite an  inhibition of raphe  firing.
Although a bloek in 5-1IIT reuptake by low
doses of CIMI might be expected to inerease
efflux, this is apparently counterbalaneed by
the reduction in impulse flow-related 5-1T
release, resulting in no net change in $H-5-HT
efilux. This is consistent with the view that the
primary action of CIMI is to block 5-11T reup-
take and that the inhibition of firing 15 a com-
pensatory response to this diminished neuronal
reuptake.
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