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EFFECTS OF LSD-25, SEROTONIN ANI) _I';RA I:I;OM bCHIZOPHRENI¢

t PATIENTS ON ADULT MAMMALIAN BRAIN CUI/FURES

R S. (;_:l,:t:H, lql.l).

_: ABS TRA( f

Morphological changes o[ nert'c ccll._, glial cells m.I I.,,,t,,._ ., r,' _t.dicd
in cultivated brain tL_s'ueby the use v{ tiutc-ltll),w" l_/_1_ _,,ntra._'tmtt t._ttt.'ma-

. _ photography. The morphological chanm's _[ the al)o_e ,_trt.'ture._. a._ tttai rc-
actior_ o/ the living cells to LSD-2,5. ,_.rt,ttmi_ ._ut .vcra /rom ,vcldcophr_rti_"
patients, are described arm discussed. Ttw ability ,.: wat,'r v./.I,l_ co._l_onc_t.v
o/ normal brain to prevent the long-term chtmm _ ../,_,, d., .,'m',m._ 1._ _chi:.o-
phrenic sera is noted.

The successful cultivation in vitro of neu- show t'vi_h.iw(, i_( nwclini_,atitm ai'tcr fixillg
_ns and neuroglia from the cerebral and and stafifin K

¢erebellar gray cortex, as well as subcortical By tilt' ,ise _,t timc-I'.tpse phase-contrast mi-

white matter, from adult mammalian brain ero_.inenlat_l._t,,v;ral_hy, it is l)ossibh ' to study
(rabbits, monkeys and humans), has been eontin.o.sly, h_r periods of hours or <laxs. the

....previously described. 9 Such ]train cultures a_'tivitv ot brain cells. P_m_erat _::' gaw' a
'have been maintained up to two years. <h,tailed d('scril)ti(m of the. p_dsatile activity

through six to seven subcultures. In sub- of _di_odendrt_lia in human brain cultures.
ehltures, almost pure neurons, mixed cultures Ovcr a 1)criod ot six yt'ars, a t'onsidcrable

neurons and glia, or pure glial cultures amtnmt t_f data has been accumulated in the
were obtained. Neurons, glia and other cells autl..r's lal)o|at_rv on the internal movements

), present can be identified by their character- of sul_c_'lltdar stl'_wtures within neurons:
_tic size. shape and internal struct.re irt the cb.na_'t.'risti_, _n_,w'me_tts and c'hangcs in opti-

: Wing state, with phase-contrast microscopy col pr<q_crtics cd the cells as a whole; the
{Figure 1). Neurons generally show a struc- relationship dex¢lopia_ between neurons, and
lural polarity, as the axon hillock and axon can betwe_'n lwuro_s and gila; the formation of

often be distinguished from the rest of the synapses; and changes in morphologyy
perikaryon and dendrites. Neurons retain Tire effect of drugs and of biogenic s||l)-
their special staining properties for Nissl sub- stances on these properties (ff the brain cul-

stance and neurofibrils; and axons may also tures has been studied during the past fi_e
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jects are maintained by the lying-drop double LSD-25 occur also when the cells are stimu-
cover slip method of Maximow. Explants fated by Metrazol, electric current, s etc., and
are ernbeddect ira a coaguh_m. _:nat)ling thc are usually accompanied by increased pro-
cells to migrate out, form associations, grt)w duction and accumulation in the cytoplasm of
processes and remain undisturbed in their liponucleoprotein aggregates (Nissl bodies).
associations over a period of m_mths. The However, under the effect of LSD-25, in spite

feeding solutions, always containing homolo- Of the changes in the nucleus, a diminution,
gous sera in the supernatant, are changed instead of an accumulation, of Nissl substance

every three days. Details of maintaining cul- is seen. The neurons gradually show a de-
tures have been previously described. :_ In a crease in osmophilia (Figure 4), and, with

large number of experiments, sera from acute prolonged exposure to this concentration ot
schizophrenic patients were suhstituted for LSD-25, chromatolysis results. Application of
the usual normal sera used in the media. In LSD-2,5 at this concentration, during the first

other experiments, lysergic acid diethylamide few minutes, causes contraction of oligoden-

(LSD-25), in a concentration of 0.0002 to droglia, which then gradually expand and
0.001 -//ml. supernatant, was added to the remain in this state for several hours (Figure
supernatant of normal cultures. Testing of 5). When LSD-25 is washed out, and the
serotonin was carried out in the same manner, feeding solution renewed, the observed effects

using concentrations of 0.5 to 2.0 3,/ml. super- are usually reversed within a half hour, often
natant. Immediately' on addition of the sub- accompanied by an increased number of gila
stance to the culture, time-lapse microphotog- (Figure 3-c). A lower concentration of

raphy (using phase-contrast optics) was corn- LSD-25 (0.0002 -//ml.) also causes the ob- ,
menced at the rate of four frames per minute, served effects on gila and changes in the neu-
In some cases, control films were taken on ron, which gradually reverse. J
the same cell before additiol_ of the sub-

stances being tested. In order to aw)id corn- EFFECT OF SEIIOTONIN I
plicating factors (such as prolonged exposure Serotonin, in concentrations of 0.5 y to 2.0 '
to light_ before the addition of substances ,//ml., has a marked effect on cytoplasmic

being tested, numerous controls were run on movements in the neuron. Normally, in the
comparable cells in cultures from the same perikarya of neurons, slight pulsatile move-

material, ments of the cytoplasm can be inferred by
the slow rhythmic movements of granules,

EF_'Ecrr OF LSD-25 when observed with time-lapse microphotog-
The addition of LSD-°_5 has a visible action raphy at the rate of four frames per minute.

on structual elements of neurons in culture. However, when serotonin is added, a slow

Within 15 to 20 minutes after the addition of rhythmic expansion and contraction of the
LSD-25 (0.001 y/ml. ), granules which have whole perikaryon develops, imparting a mas-

been concentrated around the nuclear mem- sive rhythmic pumping movement to the neu-
brane become dispersed throughout the sur- ron. The time r,equired for one cycle of con-
rounding cytoplasm (Figures 2 and 3); the traction and expansion varies between 45

body of the neurons as a wh, de shows some minutes and 1½ hours (Figure 6). During the
contraction, and the processe_ _f the axonal slow contraction phase, cytoplasm is seen to

endings and dendrites may retract; the re,we- be forced down into the axon. When this oc-
ment usually seen at synaptie endings is curs, the proximal portion of the axon bulges,
slowed down; the nucleus sh,,ws an increase and the axon as a whole becomes more rigid
in optical density; the rate of movement of the ( Figure 7). In the perikaryon and dendrites,

nucleolus and nucleolar satellite increases; the the liponucleoprotein becomes more aggre-
nucleolus enlarges, becomes irregular in shape gated and the thionine stain more dense, ae-

and shows sharp differences of refractivity, companied by an increased osrnophilia. Fine

Nuclear changes similar to those caused by undulating membranes may appear at the
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edges of the neuronal perikaryon or its proc- drites become more noticeable and retract
_. and extend(Figure 10);the degreeof pump-

Irr_erstble changes occur in certain neu- ing movement .varies with the type of neuron
rotxt Ittft_ prolonged exposure to serotonin and the area form which it originates; the
(24-48 hours of 9. y/ml.), even if the drug is boutons appear more dense; the oligoden-

subsequently washed out of the culture, droglia increase their rate of movement, and,
These changes are accompanied by loss of when present as perineuronal satellites, their
staining properties of the nucleoplasm, which transfer of material to the neuron becomes
normally stains a reddish color with May- more evident (Figure 11 ). Along the length
Griinwald-Giemsa stain, thus indicating a of the axon, the oligodcndroglia show an

change in the form or content of the usually increased rate of spiderlike movement. Pro-
highly polymerized desoxyribonucleic acid. toplasmic astrocytes and microglia also show
Within one to three days, the nerve ceils increased motility (Figure 12). The in-

undergo chromatolysis and completely de- creased acceleration of glial movements per-
generate. However, if, instead of the usual sists throughout the ten-day period--the
feeding solution, a feeding solution contain- longest period in which an individual serum
ing a Tyrode's extract of brain tissue is added, has been studied.

the neurons recover form the prolonged effect The increased cytoplasmic activity, mani-
of serotonin_thus far, after 48 hours. The fested initially by the neurons, gradually
rhythmical pulsating movement of oligoden- disappears and is rarely manifest after 79.
droglia, when present, is gradually arrested hours. At this later stage, the dendrites show
in the contracted state (Figure 8). Murray _ a tendency to flatten out, and may retract.

has described a similar arrest in the contrac- The liponucleoprotein aggregates gradually
, tile state of oligodendrocytes in cultures of become smaller and more diffuse (as seen

f human fetal brain with a higher concentra- with LSD-25), and tend to disaplx_ar. By
tion (5 y/ml.). Microglial motility (whether the tenth day, or even s_Mmer, the shape of the

" the cells are in a rod form or in gitter cell neuron and its staining properties can i,ncler-t

form) is unaffected, as are certain movements go a complete change (Figure 13)." Sera
:, of protoplasmic astrocytes (Figure 9). teste_t thus far have retained their activity

EFrv.c'r OF SEItA FROM up to three weeks when kept at 4 ° C. When
a Tvrode's extract of brain (not necessarily

SC'HIZOPI-IIAENICPATIENTS homologous) has ]x*en added to the super-

When, in place of normal human sera, sera natant of the culture along with the schizo-
from patients with acute schizophrenia are phrenie sera, this has prevented the major
used over a period of ten days in the feeding long-term changes otherwise caused by the
solution of cultures or subcultures of adult hu- schizophrenic serum.
man cerebral cortex, a series of changes occurs

in the morphology of the neuron and in the EvvEcr o}- BnA1N EXTIR^CTS

nature of its cytoplasm. Glial motility is en- It was observed previously s that brain
hanced throughout this period. During the tissue contains a substance or substances
first few days after the addition of schizo- which can protect the neurons against moder-

phrenic serum, the Nissl granules appear ate amounts of drugs or other damaging
more aggregated_at first around the nuclear agents. These protecting factors can be ex-

membrane. This effect is seen one to two tracted from the brain by Tyrode's solution,
hours after the addition of the schizophrenic Well-centrifuged Tyrode's extracts of rabbit
serum. During this period, the cytoplasm of brain effectively protect not only rabbit brain
the neurons shows increased pulsatile and ceils, but also those obtained from monkeys
pumping movements; fine undulating mem- - ........"These findings may have some bearing on changes
branes appear on cell surfaces as well as on in brai_ ceUs of schizophre_lic patients described in

: axons and dendrites; the spines on the den- the literature.'", '". '-'s

P,

l
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or humans, showing that this factor(s) is not tracted state were often observed to extrude

species specific. Although all cells in the cellular material into the surrounding en-
culture (even those still in the explant)react vironment, and possibly into the neurons.
to LSD-_. serotonin and schizophrenic serum. One of the most striking effects of serotonin--
cells which have migrated from the explant namely, the induction of marked pumping

show greater sensitivity, partic_tlarly those movements--may be an exaggeration of the
which have been long in cultHr_, _r are in normal slow cytoplasmic movements in the

subculture. All of the photographs presented neuron. Rhythmic contraction of the neuron
in this paper are of cells in subcultllres, may be part tff the normal mechanism by

The changes in the neurons brought about which it supplies its processes with those
])y LSD-_5, serotonin and schizophrenic sera metabolites which are synthesized in the nu-

vary in degree with different types eft neurons cleus and perikaryon.
and seem to depend also on the area from When a long time-lapse movie is taken of a
which the cells derive, as well as _n the _._ndi- neuron under the usual culture conditions

tion of the neuron in culture pri,,r t,, the (over a period of several days) at a slow rate
addition of the drugs. For example, the Nissl of tw_ frames per minute, and the movie is
substance of neurons from the cerebellar eor- then projected at a speed of 24 frames per !
tex underwent more rapid ehanRes than the se_'ontl, it is seen that the neuron normally
Nissl substances in neurons fr,_m th,. ,.,.rvbral shows some pumping movement, each cycle
cortex under the influenc'e of serot,,mn, tt_ _f which re_luires six to eight hours. It is

ever, chromatolysis was less exidcr_t in th,. hkcl_ that neurons, like glia, also give off
former. Pumping mow'ments were most substances to their milieu during the phase of
marked in neurons from the occipital area, contraction, and during expansion take up
with or without the presence _f _lia. _mdvr material from the environment which includes

the influence of serotonin. ()Ii the oth,.r hand. the gila. The appearance of fine undulating
schizophrenic sera seem to'induce the greatest membranes on the neurons in the presence of
increase in pulsing _n_l t)mut)inK movements serotonin, and even more so after the addition
in ne,,r,,T_s obtained from the temporal lobe. of schizophrenic serum, is also conceivably

• It h,t_ Iwen suggested that a lack or excess associated with a change in surface permea-
of ser,,hmin may play a r_,l_' in menial bility and with uptake of substances from the
disturt)ance, zs' '-'_ Depr_'ssed conditions arc environment. The increased movements of the
treated with m,,noamine oxidase inhibitors spines on the apical and basal dendrites, as

(ipromazid, etc. ))7 e'_whic'h alle_zedly act bv well as the increase in their optical density
inereasillg the concentrati_)tl t)f serotonin or and osmophilia, may also indicate an in-
noradrenaline in the brain. _' '_'z The evidence creased metabolism at these sites, accom-

for this action, however, is highly cow,triadic- panied by an exchange of substances with
tory, '_' :7 there is also evidcm:c tl_at serotonin their surroundings. One effect of all the sub-

may facilitate axonodendriti(' syndptic trans- stances tested here was the increased sensi-
mission. The present cxperinwnts show that tivity of the neurons to light. Those treated I
serot,_nin increases the siz<, a,,l 0(,nsitv of fine with LSD-P.,5 became most sensitized.

fibers and endings _,f dcndrit,.s. \l_,e_ver, Evidence has been accumulated in the past,

the initial _.ffcct of st.rt_t_ _ th,. n_wlear describing a number of specific changes in
apparatus. Nissl gramth's ,_d _ll,qd_ilia of the properties of blood, _4 red cells, _, _ the
the neuron is somewhat _imil_tr to th,t oh- accumulation of substances in the blood _s

served durin_ electrical or chc_uit:tl stimula- and urine, '_,_'_etc., of schizophrenic patients.
tion of the neurons (\h'Irazol, adr,._laline, Of most recent interest are the extensive
noradrenalinel." t_ In fact, a n_'t_r_,n, after studies of lteath et al., 1_ who were able, by

proh)uKed exp,)st,re to ser_t_nin, rt_s,'_,,l_h's a injecting into normal individuals sera (or
fatigued neuron. ()ligodendro_lia il, tl,, t',,n- fractions of serum proteins) prepared from
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blood of schizophrenic patients, to induce for pounds were compared. Adrenochrome in-

short periods some ,of the symptoms of the duced much more rapid and drastic changes
disease, in neurons than did either adrenaline or nor-

During the past six years, hundreds of adrenaline in the same concentrations: With-
different sera and cord sera from normal in 24 hours it killed those neurons which are

individuals have been used for making up outside the area of the explant. However,

feeding solutions for human brain cultures, it should be kept in mind that in all the
None of these "normal" sera induced the above studies we were dealing with direct o

kinds of changes caused by sera from schizo- effects ,,f drugs, etc., on neurons and glia
phrenic patients (none of whom were under without the presence of the blood-brain
drug treatment). Since the content of cerulo- barrier.

plasmain is.unusually high in cord sera, and

cord sera dld not produce any such changes, R_w_:nr:,_(:Es
we can rule out the possibility that these 1. Abo_l, L. (;.: in Braceland, I:. J. (ed.), The
changes are due to ceruloplasmin. F[fe_t of Ph,rrm,',logie A_ents o_ the Nerwms

S!/stt'm, Prac. o1 Assn. for Res. in Nerv. and
In addition, the factors present in schizo- Mont. Di,.. Willi:tm_ t_ \Vilkius, Baltimore, vol,

phrenic sera which induce the above-des- 37, pp. 384-3,96. 1959.
eribed changes in brain cells are much more 2. Boszormcnyi-Na_y, 1., and Getty. F.: Am. ],

stable than ceruloplasmin in sera. _ The fact es.qckiat.. 112:11-17, 1955
that a water-soluble component of normal 3. BraceLmd, I:. J., Mtwltma, L. J., and \"achulis, J.A.: Ant. 1. P_tccktat. 102:108, 1,945.
brain is able to prevent the long-term changes 4. Brc_lie, B. B., l'letsclwr, A., and Sh_)rc, P. A.:
induced in neurons bv schizophrenic sera Science. 122:968, 1955.
suggests that normal brain contains sub- 5. Brodie, B B., l'h,ts<,ht.r,A, a,d Shore, P. A.: 1,
stances which are able to neutralize certain Pharmacol. & Exp. Th,,rap., 11(_:,9.1,956.

specific substances present in the schizo- 6. l)avison, A. N.: Ph!tvi,l. Re_, 38:729, 1958.7. (;addtml, J. 11., and Vogt, .M: grit. ]. Pht_rma-
phrenic sera; or that brain, cells in culture col, 2:175-179, 1956.
may not c_ntain these protecting substances 8. (;cig_,r, R. S.: iu Korey, I'. E., at,d Neurnberger,
in suf_cient quantity and are therefore de- .l I. /_.<l_.,_,_'ltr, struct_,re and Cellular Chem-
pendent on their constant supply by the _.,'rr!t _,f Ne,,ral )"/s.vue, tlocbt.r, Philadelphia.

vol. 2, pp. _i,/-99, 1,9.57.added serum. This need of the neurons may
9. ct,i_cl, 11.s.: E.rp. C_,IIRe.s.,14:541-566, 1958.

be greater when metabolic stimu]ants are Io. (;cig,.r, H. s.: Fed. Prtw., 17(1 ):52, 1958.
present. The reversal of early (,hromato]vsis I1. (;,,i_t.r, 1{.S: Nat,re, 182:1674-75, 1958.
(caused by oyerstimulation of th, _ nc_mm by 12. (;.,i_cr, H. ?_: F,'d. /'roe., 16:44, 1957.
Metrazol, adr_.naline, serotonin, eta'.), by t],' 1_. (;ciKcr, H. S.. Tt,' PIzttsiologist. 1(1), 1957.
addition of Tvrode's extract ¢)f normal br_m_ 1t. (;ci_cr. I_ S., Adachi, C., and Sh,wart, M.: Fed.

['roc. (m pr_s_.
to the feeding solution, als, points t_) the 15. |i,.ath, It ¢;., I,¢,ach, B. E., and Coh_,n, M.: in
possibility of the supply of a(l<liti, mal neces- Braccland, F. J. (t_l.}, The Effect of Pharma-
sary compounds. (.ol._tzicAgent.v oft the Nervous Sqstern, Prec. of

Osmond and Hoffer-"e have collected evi- A,s_. for Res. in N_,rv.and Ment. Dis., Williams

denee indicating that some disturbance in the a \Vilkins, Baltimore, vol. 37, p. 397, 1959.16. Jo_cph.v.H.: Z. f. d. ges. Neur. u, Psych,, 86-S:
metabolism of adrenaline may be connected 391-485, 1923.
with schizophrenia. They suggest that accumu- 17. Klim,. N S.: in Brat's.land,F. J. (cd.), The Ef-
lation of certain adrenoehromes or adrcnolu- feet ,f Ph,rm,col,gic Agent.s, on the Nervous

tin may be responsible for the symptoms Systtm, |'roe. of Ass_ f[_r Hcs. in Nerv. and
of schizophrenia. In the author's experiments, \|¢,nt. Dis., Williams & \Vilki_s, Baltimore, vol.
adrenochrome (prepared by L. C. Abood) 37, p. 218, 195,t).

was used in the same low concentration 18. ,Mcduna, L. J., (;erty, F. J., and Urse. W. G.:A.M.A. Arch. Neurol. & Ps_chiat., 47:38, 194°.
(0.001 _z/ml.) as that of adrenaline and nor- 19. Miskolczy, I).: Z. f. d. ges. Neut. u. esv,'h., 147,
adrenaline; and the effects of these com- 19:_'_.
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