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Effects of LSD and BOL on the Catecholamine

Synthesis and Turnover in Various Brain Regions
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Abstract. In the rat, lysergic acid diethylamide (LSD) cerebral dopamine (DA) levels (Diaz et al., 1968).
0.5 mg/kg and 2-bromo lysergic acid diethylamide However, increased cerebral DA levels after LSD have

- (BOL) 0.5 mg/kg increased the rate of the striatal in also been reported (Smith et al., (1975), Relatively few
vivo tyrosine hydroxylation as measured by the DOPA studies on the cerebral catecholamine turnover have
accumulation after decarboxylase inhibition. Neither been reported. High doses of LSD increased the
LSD nor BOL significantly changed the DOPA accu- disappearance of NA in the rat brain after treatment
mulation in the olfactory tubercle, a dopamine-rich with a-methyl-p-tyrosine methylester (a-MT) (And6n
part of the limbic system. LSD but not BOL increased et ai., 1968). LSD did not affect the disappearance of
the DOPA accumulation in the cerebral cortex and in DA. Da Prada et al. (1975) found that LSD decreased
the brain stem. LSD and BOL appeared not to alter the the disappearance of DA in the rat teldiencephalon
rate ofa-MT-induced disappearance of DA or of NA in after _t-MT and that LSD also decreased the homova-

the whole brain, nor did they change the rate of the a- nillic acid (HVA) level in the striatum and in the eyes,
MT-induced disappearance of DA in the striatum. It is suggesting a decreased DA turnover after LSD.
suggested that in the striatum LSD and BOL block We reported an increased rate of the in vivo tyrosine
autoreceptors (presynaptic receptors) regulating the hydroxylation as measured by the DOPA accumulation
tyrosine hydroxylation. These receptors may be DA after decarboxylase inhibition in the rat brain after
receptors, but may also be 5-HT- or LSD-sensitive LSD as well as after its 2-bromo analogue, 2-bromo
receptors, lysergic acid diethylamide (BOL 148, BOL) (Hollunger

The regional differences observed between LSD and and Persson, 1975). LSD and BOL were also found to
BOL suggest that LSD in the cerebral cortex and in'the increase the in vivo tyrosine hydroxylation in the DA-
brain stem increases the DOPA accumulation by rich striatum(Persson, 1977a), suggesting anincreased

__ mechanism other than that functioning in the striatum. DA synthesis or turnover. Our findings were further
One possible explanation is that LSD and BOL may supported by the observation that both LSD and BOL
differ in their effects on 5-hydroxytryptaminergic sys- increased the striatal DOPAC levels (Persson, 1977b).
tems in the cerebral cortex and in the brain stem. The present,study provides more information on

the effects of LSD and BOL on the DOPA accumu-

Key words: LSD - BOL - DOPA - Tyrosine lation in various brain regions. The influence of LSD
hydroxylation - Noradrenaline - Dopamine - and BOL on the rate of _t-MT-induced disappearance
Antagonist - Autoreceptors of DA and NA in the whole brain and on the rate ofct-

MT-induced disappearance of DA in the striatum was
............. investigated.

In some early investigations into the effect of the Materials and Methods
psychotomimetic agent d-lysergic acid diethylamide
(LSD-25, LSD), the drug markedly activated the ,.0,,,e,,/.,.. Male Sprague-I)awley rats (Anticimex, Sollentuna.

Sweden)weighingIqg--294 g wereused in all experiments.They
sympathetic nervoussystem in animals (Rothlin. 1957). werefedtheI-wos-Anticimexcommercial-typepelleteddiet.R3,and
Later, LSD was found to decrease cerebral noradren- had frceacccssto food andwater, I)uring the experiments thc rats
aline (NA) levels (Freedman, 1963; Sugruc. 1969) and had free access only to water.
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Table I. DOPA accumulation in various parts of the brain

Treatment DOPA ng/g +_ SEM (IV)

Eye Cortex Brain stem Hypo- Striatum Olfactory
. thalamus tubercle

NaCI 9_+4(4) 68_+6(6) 144+_14(6) 228+-30(6) 1169-+ 49 (6) II01 +80 (5)
LSD 13 + 4 (3) 88 +-6 (5) 218 +_18 (4) 358 +- 57 (4) 1688 _+75 (5) 1076 + 183 (5)

BOL 12_+2(4) 78+ 11(4) 124_+ 11 (4) 189_+ 21 (4) 2323+232(4) 1336+52

Comparisons
between the

various treatments P-values

NaCI vs. LSD NS P < 0.05 P < 0.02 NS P < 0.001 NS
NaCI vs. BOL NS NS NS NS P< 0,001 NS
LSD vs. BOL NS NS P< 0.005 P< 0.05 P< 0.025 NS

o/

NaCI (0.9/o) LSD (0.Smg/kg) or BOL (0.5mg/kg) were administered 30rain before sacrifice. The decarboxylase inhibitor NSD 1015
(100 mg/kg) was administered to all animals 20 min before sacrifice

Drugs. The following drugs were used: 2-bromo lysergic acid In the experiments in which DA and NA were measured in the
diethylamide bitartrate, BOL (Sandoz AG, Basle), d-lysergic acid whole brain, the recovery of 500 ng taken through the entire
diethylamide tartrate (LSD. Sandoz AG, Basle), D,L-n,-methyl-p- procedure was for DA 76.6 + 7% (mean _+ SEM, N= 11 and lqA
tyrosine methyl-ester HCL. _-MT, H44/68 (Astra AB, Si_dert_ilje). 3- 63.1 +- 1.9 '_:.(mean + SEM, N = 19).
Hydroxybenzylhydrazine HCI, NSD 1015 was kindly synthesized by Since the DA recovery in the experiments in which DA was

Dr. B. Magnusson, Department of Organic Chemistry, University of measured in the striatum was about 90 %, no correction for recovery
Ume_. Sweden. Doses of LSD and BOL refer to the base. All drugs was u_d in these experiments. All other values are corrected for
were dissolved in 0.9 0g _ nejust before injection. All drug adminis- recovery.

trations were i.p. Stat£s,ti(,al Treatment. Student's f-test was used to assess the signifi-
Experimental. The experiments were performed between 9 a.m. and cance of the results.
12:30 p.m. at a room temperature of 21-26' C. DOPA accumu-
lation after central decarboxylase inhibition was used as an index of
the in vivo tyrosine hydroxylation (Carlsson et al., 1972). The rats

were killed with a guillotine. The brains were rapidly removed and Results

dissected on ice. The dis_ction was performed mainly according to in agreement with earlier findings (Persson, 1977a),Glowinski and Iversen (1966). in the experiments in which DOPA

was measured, brain parts from three rats were pooled. Striata from LSD (0.5 mg/kg) and BOL (0.5 mg/kg) increased the

two rats were pooled for the determination of DA. The whole brain DOPA accumulation in the rat striatum (Table 1).
derterminations of DA and NA were performed on a single brain. However, LSD and BOL did not significantly change
The brains or brain parts were weighed and either analyzed ira- the DOPA accumulation in the olfactory tubercle, amediately or frozen ( - 70 C) for not more than 3 days before the
chemical analysis. DA-rich part of the limbic system. In the NA-rich

-, DOPA was then isolated and measured fluorimetrically by means cerebral cortex LSD but not BOL significantly in-
of the technique of Kehr et al. (1972) with some modifications creased the accumulation in the brain stem. The DOPA

(Persson, 1977a). In order to get rid of disturbing fluorescent malerial accumulation in the hypothalamus and in the eyes was
when isolating DOPA from extract of whole brains or pooled brain
parts, the extract was adsorbed on acid-washed AI2()_ (Rentzhog, not significantly changed after the administration of
1972). After homogenization of the tissue in 0.4-M 11('10 4 and LSD or BOL.
centrifugation at 14,000 g,0 C, for 10 min, the pH ofthe extract was LSD (0.5 mg/kg) and BOL (0.5 mg/kg) did not
adjustedwithK2COst°ab°ut4"Afteran°thercentrifugati°nlospin significantly change the disappearance of DA or NA

down perchlorate, the pH was adjusted to 8.6 and catechols adsorbed from the whole brain 1 and 2 h after the administration
on 400 mg Al_Oj prewashed with 0.1-M acetate buffer pH 8.6. The

adsorption procedure was performed in small bottles under con- Of _-MT (Table 2).
tinuous shaking for 5 rain. After washings with glass-distilled water, In the DA-rich striatum neither LSD nor BOL

DOPA was eluted with 2 + I ml 0.I-M [I._PO4. The eluale was Ihcn significantly changed the _-MT-induced disappearance
put on a small column containing Amberlite ('G 120 (Na') and of DA (Table 3). Unexpectedly, BOL (0.5 mg/kg) rais-
DOPA was isolaled as described by Persson (1977a), rFhe recovery of cd the strialal I)A levels.
500 ng DOPA taken through the entire procedure was 62.0 ± 1.2 ".
(mean _+ SEM, N= 17).

Dopamine was isolated and determined spectrophotofluorimetri-

cally according to Alack and Magnusson (1970) and Alack (1973). Di_ussion
Noradrenaline was isolated according to Alack and Magnusson

(1970) and determined spectropholoflt, orimelrically (Kehr et al.. The present study confirms our earlier observations
1976). that BOL, and to a lesser extent LSD, increase the rate
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TableI.EffectsofL_D andEIOLonthea-MT-induceddisappear- theDOPA accumulationincerebralcortex,brainstem,

anceofdopamineandnoradrenalineinthewholebrain hypothalamus,and olfactorytubercle.In contrast,

Treatment Dopamine Not'adrenaline LSD significantly increased the DOPA accumulation in
ng/g ,1-SEM(N) ng/g ± SEM(N) cerebral cortex and in the brain stem. LSD also tended

to increase the DOPA accumulation in the hypo-
a) No treatment 853_+9O(8) 360_+34 (5) thalamus. Remarkably, LSD appeared not to have any
b) LSD+ NaCI 968_+21(3) 443_+37(3) effect in the olfactory tubercle. The stimulating effect
c) BOL+ NaCI 998± 13(2) 429+ 23(3) of BOL and LSD on the in vivo tyrosine hydroxylationd) NaCI+ _-MTI h 620 -t-22(6) 302+ 20(4)
e) LSD+ _-MT I h 672+ 39t6) 246+ t,) (4) in the striatum observed in our earlier report (Persson,
0 aOL + _-MT I h 652+ 3! (6) 327_+13 (5) 1977a) was thought to be due to a blockade of DA
g) NaC! + a-MT2h 347±35 (8) 210:i: 7 (4) receptors regulating the tyrosine hydroxylation, At
h) LSD + Qt-MT2h 375±3q (8) 159+47 (2) these receptors BOL probably is a pure antagonist
i) BOL+ a.MT 2h 339+_33(8) 208+ 27 (3) and LSD a partial agonist. We also found evidence
Comparisonsbetween suggesting a 5-hydroxytryptaminergic control of thethe varioustreat-
ments P values tyrosine hydroxylation in the nigro-neostriatal
a-b;a-c;b-c NS,NS.NS NS.NS,NS pathway.

a-d; a-g P<0.05, P< 0.OOt NS, P<0.01 From the present work it is apparent that such ad-e; d-f; e-f NS. NS. NS NS, NS, P< 0.OO5
- g- h; g- i; h- i NS, NS. NS NS. NS. NS control mechanism seems not to exist in that part of the

mesolimbic system, which ends in the olfactory tU-
D,L-_-methyltyrosine methylester (a-MT, 250mg/kg)wasadminis- bercle. LSD and BOL did not significantly change the
teredI or 2h beforesacrif_e.NaCI(0.9%),LSD(0.5mg/kg)orBOL DOPA accumulation in the eyes. However, the DOPA(0.5mg/kg)wereadministered15rainbeforea.MT, i,e,,1h 15rainor
2h t5rain beforesacrifice levels in the eyes are at the lower limit of the sensitivity

of the present method of determination. The finding
that LSD but not BOL increased the DOPA accumu-
lation in the cerebral cortex and in the brain stem is not

Table3. EffectsofLSD andBOLon the et-MT-induoeddisappear.
maceof doparninein thestriatum easily explained within the framework of the above
- hypothesis, Maybe the dominating effect ofLSD on the

Treatment Dopamine DOPA generation in these parts of the brain is se-
ng/g ± SEM(iV) condary to an effect of LSD on central 5-hydroxy-

a) No treatment 7179± 121(5) tryptaminergic pathways.

b) NaCI+NaCI 6928±294(5) It is well known that blockade of postsynaptic
c) LSD + NaCI 6615+_421{3)
d) BOL + NaCI 8204± J89 t3) receptors on target cells of DA-neurons increases the
e) NaCI + a-MT 4878+ I_ (3) DA turnover (Cheramy et al., 1970; And6n et al., 1972).
0 LSD + ,,-MT 4508± 59(2) In the present work there were no indications that BOL
8) BOL + a-MT 4413± lS7(3) and LSD increased DA turnover in the striatum or in

Comparisonsbetween the whole brain as measured by the rate of disap-
__ the various pearance of DA after _-MT. These negative findingstreatments P values

suggest that BOL and LSD exert their blocking
a-b )qS activity predominantly at presynaptic receptors (auto-b-c; b-d; c-d NS, P< 0,025, P<0.05
a-e; b-e P< 0.001, e < 0.OOS receptors) (Carlsgon, 1975; Roth et al,, 1975; Persson,
e-f; e-g; f-g NS, NS, NS 1977a). BOL increased the DA concentration in the

striatum, a finding that may reflect an increased DA

D,L-a-methyhyrosinemethylester(a-MT. 250mg/kg)was adminis- synthesis and/or turnover. Our finding that LSD didtered1h before sacrifice.NaCI (0,9%). LSD (0.5mg/kg},or BOL
(0,5mgpkg)wereadministered15rainbefore_-MT, i.e.. t h 15rain not change the DA turnover in the whole brain agrees
beforesacrifice with earlier observations in the rat (And6n et al., 1968)

and the mouse (Menon et al., 1977). However, we were
unable to observe an increased rate of disappearance of
NA in the whole brain as observed by And6n et al,

of the in vivo tyrosine hydroxylation in the striatum as
measured by the DOPA accumulation after inhibition {I968).
of the L-aromatic amino acid decarboxylase (Persson, Da Prada et al. (1975) reported that LSD decreased

1977a). The main new result of the present study is that the _-MT-induced disappearance of DA in the tcldien-
the effects of BOL and LSD in several brain regions ccphalon. They also reported that LSD decreased HVA

investigated differed from their effects in the striatum, in the eyes and in the striatum, in contrast, we found
BOL thus seemed to have only small, if any. effects on that LSI) did not significantly change the a-MT-
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induced disappearance of DA in the striatum. In Carlsson, A., Davis, J. N., Kehr, W., Lindqvist, M., Atack, C. V.:

addition we have in the present study and in earlier Simultaneousmeasurementof tyrosineand tryptophanhy-
droxylase activities in brain in vivo using an inhibitor of the

studies(Persson, 1977a, 1977b)demonstrated that LSD aromatic amino acid decarboxylase. Naunyn Schmiedebergs
and BOL increased the DOPA accumulation in the Arch. Pharmacol.27_, 153-168 (1972)
striatum. Furthermore, we found that LSD and BOL Carlsson,A.: Receptor-mediatedcontrolof dopaminemetabolism.
increased the DOPAC levels in the striatum (Persson, In: Pre- and postsynaptic receptors, E. Usdin and W. E. Bunney,

1977b). ' Jr. eds,, pp. 49-65. New York: Marcel Dekker 1975
Cheramy, A., lksson, M. J., Glowinski. J.: Increased release of

The present study confirms our earlier findings that dopamine from striatal dopaminergic terminals in the rat after
both LSD and BOL increase the in vivo tyrosine treatment with a neuroleptic: thioproperazine. Eur. J.

hydroxylation in the striatum (Persson, 1977a, 1977b). Pharmacol.10.206-214 (1970)
The finding that LSD but not BOL increased the DOPA Da Prada, M., Saner, A., Burkard, W. P., Bartholini, G., Pletscher,

A.: Lysergic acid diethylamide: evidence for stimulation of
accumulation in the cerebral cortex and in the brain cerebraldopaminereceptors.BrainRes.94, 67-73 (1975)
stem suggests that LSD primarily affects 5-hydroxy- Diaz, P. M.1 Ngai, S. H., Costa, E.: Factors modulating brain

tryptaminergic pathways and may be explained by the serotonin turnover. In: Advances in pharmacology, voL 6, part

observed differences between the drugs in their effects B, S. Garattini and P. A. Shore, eds., pp. 75-92. New York:

on central 5-HT neurons (Aghajanian et ai., 1970; AcademicPress1968
Freedman, D. X. : Psychotomimetic drugs and brain biogenic amines.

Aghajanian, 1976). The increased DOPA accumulation Am. J. Psychiatry ! 19, 843- 850 (1963)
- after LSD and BOL probably means that LSD and Glowinski,J., Iversen,L. L.: Regionalstudiesofcatecholaminesin

BOL block DA receptors. The unchanged DA turnover the rat brain. I. J. Neurochem. 13, 655-669 (1966)

in the striatum suggests that LSD and BOL block Hollunger, G.,Persson, S.A.:TheeffectofLSDand2-bromoLSD
on the DOPA accumulation after central and peripheral de-

autoreceptor (presynaptic receptors) (Carlsson, 1975; carboxylase inhibition. Eur. J. Pharmacol. 31,156- 158 (1975)
Roth et al., 1975; Persson, 1977a). These receptors may Kehr, W., Carlsson, A., Lindqvist, M.: A method for the de-

be DA receptors, but they may also be 5-HT- and/or termination of 3,4-dihydroxyphenylalanine (DOPA) in brain.

LSD-sensitive receptors (Lovell and Freedman, 1976; Naunyn-SchmiedebergsArch.Pharmacol.274,273- 280(1972)
Kehr, W., Lindqvist, M., Carlsson, A. : Distribution ofdopamine in

Persson, 1977a). The present investigation gives no the rat cerebral cortex. J. Neural Trans. 38, 173-180 (1976)

evidence for a DA-receptor-stimulating effect of LSD. Lovell, R. A., Freedman, D. X.: Stereospecific receptor sites for d-
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