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Abstract--The effects of repeated administrationof small doses of D-lysergicacid
diethylamide(LSD) on brainstem norepinephrine(NE), serotonin (S-HT), 5-hydroxy-
indoleaceticacid(5-HIAA),tyrosine, tryptophan,tyrosinehydroxylaseand tryptophan
hydroxylasehave been studied in male Sprague-Dawleyrats.A daily dose of 20 _g/kg

.... given for 14 days resulted in a significantlylowered NE level and tyrosine hydroxylase
activitymeasured 24 hr after the last injection. Treatment with 100#g/kg/day for the
same period of time produced similar changes together with a significantly lower brain-
stem tyrosinecontent. Evidence was obtained that the NE turnover in rat brainstem
wassignificantly increasedat the higher dose levelonly. The lower dose of 20/_g/kg/day
also resulted in an elevated5-HT and lowered5-HIAA content. However, when the dose
was increasedto 100#g/kg/day the 5-HT content was unchanged and the 5-,HIAAcon-
tent increased.The 5-HT turnover was reduced when the rats were treated with 20#g]
kg/day but significantlyelevated when the 100-p.gdose was used.

NUMEROUSreports have described adverse reactions after repeated use of D-lysergic
acid diethylamide (LSD) by human subjects. _-s Many users describe "flashbacks" or
occasional transient returns to the hallucinatory state long after the immediate effects
of the drug have worn off. 4,s Since LSD is rapidly excreted, 6 these effects may repre-
sent a persistent metabolic change in brain.

A single administrationof LSD to experimentalanimals produces a number of
physiological and behavioral effects, v-Is It has been known for several years that these
effects are paralleled by small but statistically significant changes in the levels of

norepinephrine(NE), serotonin (5-HT)and 5-hydroxyindoleaceticacid (5-HIAA)in
, brain, 1_-_. and several investigators have suggested possible relationships between

NE and 5-HT and the physiological and behavioral effects of the drug. _9-za
" LSD is believed to block release of 5-HT from nerve endings z4-z_ which may be

the origin of the observed changes in 5-HT and 5-HIAA levels z_._v after administra-
tion of a single dose of the drug to experimental animals. Using microiontophoretic
techniques, LSD has been shown to block the firing of serotonergic neurons in the rat
midbrain raphe 27 and to inhibit the 5-HT-induced excitation of neurons from several
brain areas, zs.za LSD also stimulates certain serotonergic neurons in the CNS. 29

Reserpine potentiates the psychotomimetic effects of LSD in man a° and the
behavioral changes in rats _4 which may be consistent with an interaction of LSD
with 5-HT in the mechanisms involved in the formation of the psychotomimetic
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effects. However, reserpine also depletes NE, and it is significant that a-methyl-p-

tyrosine, a catecholamine-depleting agent, abolished the LSD-induced excitation in
rabbits, j3 Leonard and Tonge 18 reported that LSD caused a significant decrease in
rat brain NE and slightly elevated dopamine content, although in this case a-methyl-

p-tyrosine had no effect on the gross behavioral changes produced by LSD. 31 LSD
has also been reported to produce a moderate increase in the catecholamine fluores-
cence in the septal region of rat brain. _: Dixon 3_ investigated the effect of a very large
dose of LSD on rats and suggested that the distinctive pattern of arousal which resulted
was mediated through the catecholamines and not 5-HT.

Little is known of the effects of repeated administration of LSD to experimental
animals despite the fact that abuse of the drug by human subjects frequently involves
chronic use over a long period of time. Since there is considerable evidence to link

at least some of the acute effects of the drug to an interaction between LSD and
noradrenergic and serotonergic systems in brain, we decided to start a study of the
chronic effects of LSD in the rat with an investigation of its effect on 5-HT and NE

synthesis, utilization and breakdown. We now report that chronic LSD treatment to
rats produces a persistent change in the levels and turnover rates of both 5-HT and
NE in brain.

.... MATERIALS AND METHODS

For the acute study, male Sprague-Dawley rats (160-180 g) were injected by th.e
intraperitoneal route with 500 t_g/kg of LSD dissolved in saline (0.2 ml/100 g). Control
animals received saline alone. The rats were killed by decapitation either 0.5, 4 or 24 hr
after the LSD injection. In a further group of experiments,'the same dose of LSD was
divided into five equal portions and given at half-hourly intervals, the rats being
killed 0"5 hr after the final injection. For the chronic study the rats were treated
similarly except that the injections were given daily and the rats sacrificed 24 hr after

the final injection. In both cases the brains were removed and homogenized in either
10 ml of acidified butanol (0.2 ml of 10 N HCI in 200 ml n-butanol) or in 4-6 vol. of
ice-cold 0-25 M sucrose. The butanol homogenates were used for the estimation of

5-HT, 5-HIAA and NE by the methods described by Curzon and Green 34 and
Maickei et aL 35 An aliquot of the sucrose homogenate was used to measure trypto-
phan-5-hydroxylase a_ and tyrosine hydroxylase 3_ activities. A l-ml aliquot of the
remaining sucrose homogenate was diluted with 5 ml of 6% trichloroacetic acid and
centrifuged. The supernatant was used to assay tryptophan 3a and tyrosine. 39

Some of the rats were treated with pargyline (100 mg/kg) injected intraperitoneally
' I hr before sacrifice. Measurement of the increase in brain 5-HT and NE levels

produced by this inhibitor of monamine oxidase allowed an estimate of the 5-HT
and NE turnover to be made. 4°

RESULTS

The results of various LSD treatments on rat brain 5-HT, 5-HIAA, tryptophan

and tryptophan-5-hydroxylase are given in Table 1. A single 500 t_g/kg injection of
LSD resulted in a significant increase in brain 5-HT content (12 per cent) and a con-

comitant decreasein brain 5-HIAA (14per cent). The tr_ptophan concentration was
" slightly but not significantly (P = 0-1) decreased while the tryptophan hydroxylase

activity was unchanged. Slightly greater changes were obtained when the same dose
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of LSD was given in five equal portions at half-hourly intervals. In both experiments, low chroni

the animals were killed 30 min after the final LSD injection. Alternatively, when the hydroxylas
rats were killed 4 or 24 hr after LSD treatment, there were no detectable differences both grout
between experimental and control animals, dose.

Similar results were obtained when a much smaller dose of LSD (20/_g/kg) was given
daily for 14 days. However, whereas the changes following an acute dose of LSD
were found only a short time after the treatment, following chronic administration of TAUL!3. EI_
the drug, the changes were significant 24 hr after the final injection.

A higher dose level of LSD (100/zg/kg/day) for the same period of time (14 days)

resulted in a different pattern of changes. The 5-HT content was not significantly LSDtreat_
different from the control level but the 5-HIAA level was markedly increased, an
indication of an increased 5-HT turnover rather than the decrease found before.

Acute
Additional information on the effect of LSD on 5-HT level after inhibition of break. Control
down gives an indication of relative turnover rates. 4° The results are shown in Table 2. 500 p,g/kl_

In control animals, pargyline caused approx. 100 per cent increase in brain serotonin 5 x 100j
content. However, after a single LSD injection (500 p.g/kg) pargyline pretreatment Chronic(IZ
increased the serotonin content by only 77 per cent suggesting a decreased serotonin Control
turnover, although the difference was not statistically significant (P = 0'08). A 20_g/kg_
similar result was obtained after the chronic treatment with the lower dose schedule 100_g/kl

_- (20/zg/kg/day). The higher dose schedule resulted in a markedly greater accumulation * Results
ofserotonin than in control animals (137 per cent) which is consistent with an increased t Denote
turnover. Both methods of detecting changed turnover rates were, therefore,"con-
sistent with an increased serotonin turnover after 2 weeks of treatment with 100_,g/
kg/day of LSD. The eft

A single
TABLE2. EFFEctor LSDANDPARGYLINEONRATBRAINSTEM5-HT* significav

accumul_
5-HT(t_g/g) of LSD I

LSD treatment Without pargyline With pargyline Change (_.)

Acute
Control 0.85 4- 0.04 1"71 4- 0"03 +101
500/_g/kg 0"99 4- 0"06 1'75 4- 0"11 +77

Chronic (14 days)
Control 0"864- 0"03 1.694-0"02 +96
20/_g/kg/day 0"95 4- 0.06 1"53 -t- 0.04 +61"
100 t,g/kg/day 0.80 4- 0.05 1.90 4- 0.05 +137t

• Results are given as mean 4- S. E. M. for a minimum of five animals in each
group.

t Denotes that the increase in 5-HT produced by pargyline treatment is sig-
nificantly greaterthan incontrolanimals.

The effects of LSD treatment on rat brain NE, tyrosine and tyrosine hydroxylase
are shown in Table 3.Neither a single large dose of LSD (500/_g/kg) nor the same dose

given in five equal portions at half-hourly intervals produced any significant change in
brain NE, tyrosine or tyrosine hydroxylase. However, treatment with both high and



Effects of LSD treatment on rat brain 5-HT and NE 235

",xperiments, 10wchronic dose schedules resulted in a significantly lower NE level and tyrosine
ly, when the hydroxylase activity. The brain tyrosine content was lower than control values in
-"differences bothgroups but the decrease was statistically significant only after the higher chronic

g)was given dose.
3se of LSD

Listration of TASLS 3, EFnc"r or LSD TRPATMENT ON RAT BRAINSTEM NE, TYRO_I|NE AND TYII_OSINE HYDAOXYLABB e ;.

ce (14 days) NE Tyrosine Tyrosine hydroxylase
ignificantly

LSD treatment (/_g/g) (_/o) (P,g/g) (_) (nmoles/g/hr) (_),'reased, an

md before.
n of break- AcuteControl 0.50 4- 0.04 100 20.9 4. 0.6 100 16.9 4- 0.5 100
in Table 2. 5oo_g/kg 0.49 -4-0.06 98 21.0 4. 0.7 100 16.6 -4-0.5 98

a serotonin 5 x 100 _,g/kg 0.49 -F-0.01 98 20.5 -4- 1.4 98 16.9 4- 0.6 100

etreatment Chronic (14 days)
I serotonin Control 0.45 -F-0.02 100 22.2 + 0.5 100 16.5 :k 0.3 100

= 0"08). A 20_g/kg/day 0.37 4- 0.02? 81 20.9 4- 0.9 94 14.6 4- 0"51" 88
e schedule 100_g/kg/day 0.38 4. 0.011, 84 18.4 -6 0.71, 83 13.5 4. 0.51, 82

umu_ _" ")n )
* Results are given as mean 4. S. E. M. for a minimum of five animals in each group, i

I increased 1"Denotes values which are significantly different from the control values at P < 0.05.
_fore,con-

th 100_,g/
The effects of LSD treatment on brain NE turnover are summarized in Table 4.

A single injection of 500/_g/kg produced evidence of a slight and not statistically Ii

significant decrease in NE turnover, Treatment with pargyline produced a greater i
accumulation of NE in the brainstem of rats previously exposed to 100/_g/kg/day
of L_D for 14 days than in control animals.

/.)

TABLE4. Erv_,cr oF LSD ANDPAROYLINEON RAT]BRAINS'r£MNE*

' NE (F,g/g)

LSD treatment Without pargyline With pargyline Change (5/)

Acute
Control 0.53 :k:0.06 0.82 :i: 0.05 +55

"_" 500/_g/kg 0"49.4- 0"06 0"71 4- 0.09 +45h

Chronic (14 days)
:" Control 0.45 4. 0.01 0.72 4- 0.04 +59

20 _g/kg/day 0.37 4. 0.021, 0.57 4. 0.03 +56
I00_g/kg/day 0.38-60.011, 0.764.0.04 +I03_

roxylase * Results are given as mean -4-S. E. M. for a minimum of five animals in each
tree dose group.

hange in 1,Denotes values which are significantly lower than control values at P < 0.05.
Denotes that the increase in NE produced by parilyline treatment is signifl-

tigh and cantly greater than in control animals.

Jl,L
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DISCUSSION even 4 hr after

A single large dose of LSD (500/_g/kg) produced similar changes in brain 5-HT tionship betw(

metabolism to those reported by others, 16-ts notably increased 5-HT content and persistent effec
reduced 5-HIAA level. The 5-HT turnover appeared to be reduced, although in this demonstrate p
experiment the difference was not quite statistically significant (P = 0.08). Lin et al. 41 in brain at a p
report a significant increase, although in this case a higher dose of LSD (l mg/kg) was
used. However, we found no significant changes in NE content or turnover, although ,,4eknowledtemenFoundation. The
Leonard and Tonge Is reported a short-lasting decrease in NE level when using a
smaller dose of LSD (200 _g/kg). At present, the reason for the discrepancy between
our result and that of Leonard and Tonge is not clear. However, it is significant that

1. S. COHEN an
Freedman iv reported a smaller decrease in rat brain NE than that described by 2. J. T. UNGER
Leonard and Tonge even though they used a much higher dose of LSD (1300/_g/kg 3. M.. SCHWAR'

compared with 200/_g/kg). It is possible that rat strain differences may be responsible 4. D. F. WEEP"5. M. J. HORO'
for these inconsistencies. It is also interesting that de la Torre a2 noted a moderate 6. J. AXELROD,
increase in catecholamine fluorescence, probably due to NE, in the septal region of 7. E. ROTHLIN,
rat brain after LSD treatment. (1957).

LSD appears to be rapidly excreted in rodents. 6 In order to produce conditions 8. G. BI_N^MI9. A. R. K,N(;_
more clearly resembling those found in man, we decided to investigate the effect of I0. M. D. SCHE
prolonging the time the LSD was in the rat tissues by administering the same dose of 11. J. H. GADD12. A. HOFMAN'_
drug in five equal portions at half-hourly intervals. It was found that the effects on 13. A. HORIT;̂
serotonin metabolism were similar to those found after a single dose but were generally 14. Z. VOTAV^,
enhanced. As with a single acute dose there were no significant changes in NE, 15. J. DELPHAU16. J. A. ROSEC
tyrosine or tyrosine hydroxylase. 17. D. X. FREE_

The increased serotonin turnover after 14 days of the 10Ot_g/kg/day dose schedule 18. B. E. L_ON,
is in agreement with the results of Diaz and Huttunen 42 who reported a significantly 19. J. B. APPEL20. A. HORITA
increased conversion of H3-tryptophan into serotonin after treatment of rats for 21. J. T. ELr'E_
I month with 20/_g/kg/day of LSD. In our study there were slight reductions in the 22. W. C. STER

activities of tryptophan-5-hydroxylase and tyrosine hydroxylase, the enzymes involved 23. R. J. BOAKI24. T. N. C,AS
in the rate determining steps in the conversion of tryptophan to 5-HT 43 and tyrosine 25. G. K. AGH
to the catecholamines. 44 It has been suggested that in rat brain tryptophan-5-hydroxy- 26. G. K. AGH

lase is probably not saturated under normal conditions, and the rate of 5-HT synthesis 27. G. K. AGH28. M. H. T. F
is partially dependent on the brain tryptophan concentration, a_.43 Since in both this 29. N.-E. AND

stud_ and the work of Diaz and Huttunen 42 the brain tryptophan content was increased, 30. o. REsN|o

it is possible that the elevated 5-HT turnover was due to an increased availability of 31. S. R. TONe32. J. C. DELA
substrate. 33.A.K.Dlxq

When the LSD dose was reduced to 20/zg/kg/day for the same period of time the 34. G. CURZOI

results were markedly different. Evidence of a significantly reduced 5-HT turnover 35. R. P. MAte36. D. A. V. F
without change in NE turnover was found. These data and those of Diaz and 37. E. G. Mc(

....i Huttunen 42 would suggest that chronic LSD treatment can produce two possible 38. w. D. DEt

effects on rat brain 5-HT and NE. First, a low daily dose of LSD (20/_g/kg/day) for 39. T. P. WAA40.T.N. Toz
a short period of time (14 days) produces results which are similar to those obtained 41. R. C. LIN,
after a single acute dose except that the changes persist for a longer period of time. 42..I.-L D,Az

Second, if either the dose level or the length of the experiment is increased (to 100 pg/ 43. E. Jr.t/UlEJ
kg/day or to 1 month), the effect on 5-HT and NE turnover is distinctly different from 44. g. UDENI_
that following a single acute injection, both being significantly increased.

The changed 5-HT and NE turnover was obtained 24 hr after the last injection.
By comparison, a far larger single injection of LSD produced no significant changes
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even 4 hr after the treatment. No conclusion can be made at this time as to the rela-
in 5-HT tionship between these prolonged changes in 5-HT and NE metabolism and the

ent and persistent effects of LSD in man. However, it is highly significant that it is possible to
in this demonstrate persistent biochemical changes in 5-HT and catecholamine metabolism

et al. 4_ in brain at a period when in all probability very little LSD remains in the tissues.
'kg) was

lthough AcknowledgementsBThis study was assisted by funds provided by the Ontario Mental Health

using a Foundation. The capable technical assistance of Miss Wendy Lee is gratefully acknowledged.
3etween

ant that REFERENCES
I. S. COHEN and K. S. DITMAN, J. Am. med. Ass. 181, 161 (1962).

ibed by 2. J. T. UNGERLE_DER,J. Am. med. Ass. 197, 389 (1966).

0/_g/kg 3. M. SCHWARTZ, Milit. Med. 132, 667 (1967).
_onsible 4. D. F. WELPTON, J. herr. merit. Dis. 147, 377 (1968).

oderate 5. M. J. HOROWITZ, Am. J. Psychiat. 126, 565 (1969).
6. J. AXELROD, R. O. BRADY, B. WITKOP and E. V. EVARTS, Ann. N.Y. Acad. Sci. 66, 435 (1957).

gion of 7. E. ROTHLIN, in Psychotropic Drugs (Ed. S. GARATTINIand V. G,E'rn), p. 36. Elsevier, Amsterdam
(1957).

tditions 8. G. BIGNAMi, Psychopharmacologia 25, 146 (1972).
9. A. R. KING, I. L. MARTIN and K. A. SEYMOUR,Br. J. Pharmac. Chemother. 45, 161P (1972).

ffect of 10. M. D. SCHECHTERand J. C. WINTER, Archs. int. Pharmacodyn. Ther. 196, 64 (1972).
dose of 11. J. H. GADDUM and M. VOGT, Br. J. Pharmac. Chemother. 11, 175 (1956).

12. A. HOFMANN, Svensk. kern. Tidskr. 72, 723 (1960)._cts _....
13. A. HORITA and A. E. HAMILTON, Science, 164, 78 (1969).

:nerally 14. Z. VOTAVA, S. N. _rLISSON and H. E. HIMWlC,, Int. J. Neuropharmac. 6, 543 (1967).

in NE, 15. J. DELPHAUT and M. LANZA, J. Physiol., Paris 52, 70 (1960).
16. J. A. ROSECRANS, R. A. LOVELLand D. X. FREEDMAN, Biochem. Pharmac. 16, 2011 (1967").
17. D. X. FREEt_MAN,Am. J. Psychiat. 119, 843 0963).

;hedule 18. B. E. LEONARD and S. R. TONGE, Life Sci. 8, 815 (1969). ,

ficantly 19. J. B. APPEL, R. A. LOVELL and D. X. FREEDMAN, Psychopharmacologia 18, 387 (1970).

ats for 20. A. HORITA and J. H. GOGERTY, J. Pharmac. exp. ?'her. 122, 195 (1958). i:
21. J. T. ELDER and M. L. SHELLENBERGER,J. Pharmac. exp. Ther. 136, 293 (1962). i

; in the 22. W. C. STERN, P. J. MORGANE and J. D. BRONZINO, Brain Res., Osaka 41, 199 (1972).
Lvolved 23. R. J. BOAK_, P. B. BRADLEY, I. BRIGGS and A. DRAY, Br. J. Pharmac. Chemother. 40, 202 (1970).

24. T. N. CHASE, G. R. BREESEand I. J. KoPIN, Science, N.Y. 157, 1461 (1967).
yrosine 25. G. K. AGHAJANIAN and B. L. WEISS, Nature, Land. 220, 795 (1968).
,droxy- 26. G. K. AGHAJANIAN, W. E. FOOTEand M. H. SHEAgD, Science, N.Y. 161, 706 (1968).
nthesis 27. G. K. AGNA3ANIAN, H. J. HAIGLER and F. E. BLOOM, Life Sci. 11,615 (1972).

,th this 28. M. H. T. ROaERTS and D. W. STRAUGHAN, J. Physiol., Lond. 193, 269 (1967).
29. N.-E. ANDEN, H. CORRODI, K. FUXE and T. HOKFELT, Br. J. Pharmac. Chemother. 34, 1 (1968).teased, 30. o. RESN,CK, D. M. KRUS and M. RASKIN, Life Sci. 4, 1433 (1965).

ility of 31. S. R. TONGE and B. E. LEONARD, ,4rchs int. Pharmacodyn. Thdr. 195, 168 (1972).
32. J. C. DE LA TORRE, Nature, Lond. 219, 954 (1968).
33. A. K. DixON, Experientia 24, 743 (1968).

me the 34. G. CURZON and A. R. GREEN, Br. J. Pharrnac. Citemother. 39, 653 (1970).

rnover 35. R. P. MAICKEL, R. H. COX, J. SA1LLANTand F. P. MILLER, Int. J. Neuropharmac. 7, 275 (1968).
36. D. A. V. PETERS, P. L. McGEER and E. G. McGEER, J. Neurochem. 15, 1431 (1968). _tz and
37. E. G. MCGEER, S. GlaSON and P. L. MCGEER, Can. d. Biochem. Physiol. 45, 1557 (1967).

ossibV-- 38. W. D. DENCKLAand H. K. DEWEY,d. Lab. clin. Med. 69, 160 (1967).
1y) fol 39. T. P. WAALKES and S. UDENFRIEND, J. Lab. clin. Med. 50, 733 (1957).

_tained 40. T. N. TozER, N. H. NEFF and B. B. BRODIE, J. Pharmac. exp. Ther. 153, 177 (1966).
41. R. C. LIN, S. H. NoAI and E. COSTA, Science, N.Y. 166, 237 (1969).

f time. 42. J.-L. DIAZ and M. O. HUTTUNEN, Science, N. Y. 174, 62 (1971).

00 p.g/ 43. E. JEQUIER, W. LOVENBEROand A. SJOERDSMA, Molec. Pharmac. 3, 274 (1967).

t from 44. 8. UD_NFRI_ND, Pharmac. Rev. 18, 43 (1966).

.'ction.

ranges


