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It has recently been demonstrated that dopantine, norepinephrine (NE), and

5-hydroxytryptamine (5-HT) occur in neurons within the central nervous system

(2, 5, 11, 16, 17, 30), where they probably serve as transmitters (3, 4, 34). Such

neurons scent to be the storage sites of enzymes, e.g., dopa decarboxyla.se and

monoamine oxidase (MAO), which are involved in the synthesis and breakdown

of these amines (1, 6, 35, 49, 50). However, there are reasons to assume that both

the decarboxylating enzyme and MAO have also an extraneuronal location. Thus,

it has beeii shown that after transection of the spinal cord a conli)lete loss of

molloamilles occurs below the lesion (16, 19, 44) but only a partial disappearance

of dopa decarboxylase, this enzyme still being present at a stage wilen the spinal

adrenergic neurons niust be assumed to have uiidergone a complete degeneration

(7). Furthermore, significant activities of both dopa decarboxylase and MAO

are found in brain areas, e.g., the cerebral cortex and the cerebellum, that contain

only ti sIllttll amount of catecholamines an(i 5-HT (14, 15, 51).

Prelinlinary observations have suggested that part of the dopa decarboxylase

alld MAO present in the central nervous system of the rat and moose is located

in the capillary walls (12). The present report deals in greater detail with the prob-

lent whether these enzymes constitute a specific barrier nlechallism in the caj)il-

lanes of the central nervous systelu (including the optic trtt(t aIld retina). A

contbination of cheillical aIld histocheniical nlethods has been applie(l which

allows a direct demonstration of certain Illonoalllines 1111(1 their inllne(liate

irecursors at the cellular level.

MATERIALS AN!) METHODS

Histochemical investigations. I\Iost of tile experinlents in the histochemical

part of the present study were performed on adult mice of both sexes, weighing

20 to 35 g. The animals were subjected to the treatments summarize(l in table 1.

In 9 other (etherized) ntice, 0.01 1111 of a saline solution of 0.5 #{182}L-dOl)a was

deposited in tile cerebellar parenchylna by a fine cannula (outer diameter 0.5 mm)

through a burr hole ill the calvarium. A further 9 1111cc were sintilarly given a 5 %

solution of dopallline. The aninlals were killed 1 hr after tile a(lnlinistration.

The spinal cords of 6 rats weighing 200 to 250 g were transected at tile Tb 3

level under ether anesthesia. After 10 days 4 of the animals received nialanlide

and L-dopa 1111(1 2 were given nialamide alone (doses alid times as in table 1).

The cellular localization of dopa and catecholainines was studie(l \Vitil the

fluorescence iitetiiod of Falck and Hillarp (22, 23, 28, 29). Immediately after

decapitation of the anilnals, performed under light ether anestilesia, tile follosving

tissues were rapidly dissected out: eye (including tile distal portion of the optic

nerve), hypothalamus, area postrenia, cerebellum, and cervical (in the rats also
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370 SECTION IV. ADRENERGIC TISSUES

TABLE 1

Experimental design of hisiochem ical investigation

Exp. No. Pretreatment” Dose Time� Treatment5 Dose �

rng’kg miis mg/kg mi,s

I Unt reated 34

II L-Dopa 50 20 11

III a L-Dopa 10, 20, 40, 20 4/group

80, 160
III b L-Dopa i.v. 10, 20, 40, 20 4/group

80, 160
I\. � D-Dopa 500 20 6
lb� � in-llvdroxybenzvl 1()0 60 L-1)opa 50 20 9

� l1\.(lrazilled

VI in-Ilvdroxvbenzvl � 100 80 � 6
hV(lraz ine

VII a � Nialamidee 100 60 L-Dopa 50 20 13
VII 1) � Pargyliiie’ 100 60 L-Dopa 50 20 4
VII c � NS1) 2023� 30 10 i�-Doptt 50 20 4

VIII � Nialanlide 100 80 6

IX � Nialamide + )� � �oo �o 1
� �n-IIvdroxvbenzvl � � 60 tL-Doplt 50 20 6

hvdrazille J � J
x � Heserpilte” � 5 60 L-Dopa 50 20 4

XI � Dopaniine 50, 100, 300, 20 4/group
500

XII Nialamide 100 60 1)opamine 500 20 16

a Intraperitoneal if nothing else stated.

a InterVal l)et weeit pret reatnlent and treatment.

C Interval before killing.
d NSI)-1015 (Smith and Nephew).
e Nianiid (Pfizer).

J i1() 911 (Eta oityl, Abbott).

I, Btitvropheiuuie (lerivat lye (Ferrosan).
S Serpasil (Ciba).

lunlhar) 5J)illal cord. Tile whole brain was removed in 21 mice. A peripheral

l)rel)artttiolt (Olisistilig of trachea, thyroid, larynx, and surrounding muscle
tissue was also removed. All specimens were freeze-dried, treated in formaldehyde

gas, embed(le(1 ill para(hn, se(’tioned at 6 M, 1111(1 mounted for fluorescence micros-

co�)y, till according to the descriptions by Falck and Owman (31) and Ham-

berger vi a!. (37).

Cheniieal investigations. The experiments in this section were performed in

illice divided into four groups: (a) normal untreated; and treatment with (b)

L-(lopa; (c) in-hydroxybenzyl hydrazine and L-dopa; and (d) nialaminde and

L-(1OI)a. Doses aIl(I times used were the sante as those appearing in table 1. The

ttllilllals were (lecapitate(i under light ether anesthesia. Dopantine and NE were

determined fluorimetricaily ill the cerebellum as described previously (10, 13,

20). The content of (lol)a � estimated chromatographically (9) in four ex-
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1)eriniellts IVitil extra(’t front the cerebella of 15 Illire. The aninlals were either
(a) untreated or treated with (b) L-dopa alone, or (r) )1l-hy(lroxybellzyl hydrazine

aIld L dopa (doses and tinies as in table 1). The spots oi)tailled 011 the J)ttp(’r

chronlatogranl ts’ere evaluated senliq uanti tat ively by (01411 )��ISOI 1 Wi 1 11 a � of

references.

RESULTS

1. Noriiial aniiiials. Fluorescence nlicrosco�)y of the central nervous system

of the m�t�se revealed widespread systenls of nerve-cell i)o(lies 1111(1 varicose

nerve terlllinais eillitting a green or yellow fluorescence clue to their content of

catecholanurtes or 5-HT, respectively. The general patterti of distribution of the

Illolloantinergic iieurons conforills to lrevious extensive investigations on the

central IlC�VOUS systent (2, 5, 11, 16, 17, 30) in(’luding the Inedian enlinelice

(28tt, 32), the area postrenta (36), ItS well as the retina (26, 45). Xo fluorescent

nerves were found in the optic tract. A specific yellow 5-HT fluoresreitce (level-

oJ)(5i also ill Illttst (ellS located along intracerebral vessels. The nunlber of cells

ss’as usually quite small and was subject to individual variations, mast cells

being practically absent itt soille ItIlilnalS.

The monoaminergic nerves of the cerebellum enlitted a green fluorescellcc.

Characteristically, only the terntinal varicose portion of the fibre was demon-

strable. These varicose nerves were mainly (listrii)uted in the granular layer,

coursi ng iii an irregular 111111111cr antong t he i ionfluorescent pel�i carya , 50111(1 � ines

contiguous to tile latter in a Inallner suggesting a syna�)tic arl’angeluent. 811(11

fibres were occasionally also seen in (‘lose coittact wit h Purkinje (elis. Few greeti-

fluorescent fibres issued into tile molecular layer, an(l only scattered axons were

found i II the Illedullary layer. A greenish backgrotn id fluorescei ne o(rllrre(l

throughout the parencilylna in all specinlens; this was very low, however, and

did Ilot interfere with the observation of s�)ecifically fluorescent neurons. It

faded rather rapidly 111)011 ultraviolet irra(liation. The (horoid plexus aI)l)eare(l

dark. The a(irenergic innervation of tile vessels within the (entral nervous system

wIts sparse, larger vessels occasionally being accomj)allied by single aXOlls. The

pitt! vessles, 011 the other hand, were enclosed I�r a typical Inlrell(’rgic grouli(l-

plexus (fig. 1) of moderate density (ef. 30).

FIG. 1. Pial artery enclosed by a characteristic adreiiergic grotlnd-plcxtls. X 115.
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TABLE 2

Summary of pertinent data from results of the histochemical and chemical investigations

Capillary �
fluorescence” I E ‘

Exp No. � Treatment � .� � izg/g ±SE (n) �g/g�SE(n) Dopa (n)

� \\all Lumen �

� dose in rngjkg

I Untreated � 0 0 (+)�0.18 ± 0.02 (11)0.00 (8) Absent (4)

II L-Dopa ++ 0 (+) 0.17 ± 0.02 (11) 0.43 ± 0.01 (5) Small

(50) amounts

� (4)
lb� m-Ilydrox- (+) 0 ++ 0.25 ± 0.01 (6) 0.12 ± 0.03 (6) Large

ybenzvl � amounts
hydra- (4)

zinc
(100), L-

dopa
(50)

VI m-Ilydrox- � 0 0 (+)
ybenzyl

hydra-
z I Iie

(100)

VITa Nialamide ++++ 0 (+)0.40 ± 0.0,3 (5) 3.5 � 0.08 (4)

(100), L-

dopa
(50)

VIII Nialanlide 0 0 (+)0.28 ± 0.03 (4) 0.00 (4)
(100)

Ix Nial- (+) 0 ++
amide,

ni-by-

droxy -

benzyl

hydra-

zinc, L-

dopa

x Reserpine ++ 0 (+)
(5), L-

dopa

(50)

I\. D�1)opa � (+) or 0 +++ (+)
(500)

XI Dopalnine 0 +++ (+)
(500)

XII Nialalnide (+) orO +++ (+)
� (100),

� Dop-

� aniine

� (500)

a Fluorescence intensity : 0, nonfluorescent; (+), scarcely any; +, slight; ++, moder..

ate; +++, high; ++++, very high.
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In a(’(or(lan(’e \Vitil the tunount of (‘ate(holanline-colltailling nerve fibres In

the iliolise cerebellunl, cilenu(al deternunatiolls revealc(l 0.18 �g i)cr g of NF ; no

(loj)aluine 01’ (101)11 was present (table 2, I).

2. 1�[j�t 0J L-(lOpa. After tile injectioll of L-dopa (50 ing!kg; table 1, II) 110

definite change �vas noted �I1 the fluorescence of the a(lrellergic nerves 1111(1 mast

cells in tile 1110115#{128}! cerebellunl, 1111(1 tile cerebellar �ttrc’Ilci1yllltt showed tilt’ saine

lo�v greenisil i)ackground fluorescence as that seeii in untreated animals. Oti I he

other haiid, tile larger pial arteries iio��- exhibite(l a (hifuse tuid relatively strong

fluorescence in their nle(lia; a �veak green light � also Oi)seri’ed in tile vascular

�s’alls ttii(l el)itilelial (ells (ilicludillg the nuclei) of the thoroici i)lexus.

A striking feature, however, �va� that a lno(ierate gicen fluorescellce had

(ievelOpe(l iii the wall of capillaries distributed throughout the whole (‘erei)elluln

(ef. fig. 3). They were l1Ulll��OU5 in the gray fllattel’, but were more sparse ill tile

white ulatter. r[�h fluorescence ��‘as (liffusely located in the cyto�)lasIll as well as

II! tile nu(’leus of both the endothelial cells and the J)eri(ytes: the slender ntl(letls

of tile eitclothelial cells i)tllging into tile capillary lunlen �sas (�Ietll.ly dist inguisilai)le

from tile SiloFt FoIlIi(le(l nucleus of tile pericytes w’hicil buige outward fF0111 t lie

lunlen (fig. 2) (ef. 41). The content of tile capillary lumina � nonfluorescent.

Chelltirally, 110 significant cilange o(durred �l1 the NE content (0.17 �g,/g) of

mouse (‘erei)ellunl, i)1lt it \5.�5 now i)ossible to (lenlonstrate tile l)reselice of

(lOj)ailtiiie (0.4:3 /.Lg/g). Only 51111111 aillounts of dopa could i)e found (table 2, II).

Iii tile (OlitrOl l)rei)artttiolls of i)eril)heral tissues, there � fouiid at the niost

a weak green overall fluorescence. No acdulnulatioll of fluorescelit material

occurred within tile capillary walls. A n�ore pronouiicecl, cytoplasnuc fluorescence

a�)peare(l, ilo\VeVer, ill l)ttrafollicular (ells of the thyroid and in ma�iy flask-siiaped

cells located III tile tracheal ei)itilelium. It has recently been dentonstrated that

these si)eciIIl cell systems, \Vilich 111 liOrllltll mice are nonfluoresceiit, readily take

up exogenous L-dopa, \Vilicil is decarboxylated to dol)allline \Vitiiili tile cells

(42, 4:3).

The (iifference iii response to L-dol)a between c’entral 1111(1 i)eril)ileral capillaries

� esl)eciallv a�)parent 111 the eye. In all 1)eril)heral 0(’Ular tissues a weak green

Fl� . 2. Li � . Fluorescence iii cerebellar cal)illarv ��all . The fItlorescelIce is local ed lit

cvtoplasiit as �vell as nucleus of I he eiidot heli:tl cells, :111(1 a l)ericyt c, htilgi ig out ward from

the lunien (ci. 41). X 790.
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fluorescence a�)peared diffusely without ttliy accumulation in capillaries whereas

endothelium and pericytes of the capillaries lIt the retina and o1)tic nerve

fluoresced ill tile same maniier as in the other central nervous tissues.

III the dose-response studies using the intraperitoneal route (III a) a fluo-

rescence in the brain capillaries was registered first at the dose level of 40 mg per

kg; tile intensity was very weak. An increased fluorescence intensity wa.s regis-

tered at the two higher dose levels. The outcome of the experiments with intra-

venous injections (III b) was essentially the same, although a weak capillary

fluorescence a�)peared eveit at the 20 mg per kg level, and the intensity at the

(lifferent dose levels was sOllle\Vhttt higher than with the corresponding intra-

peritolleal inj ect 10115. With increasi ng dosages, the fluorescence increased sintul-
tttneously iii both the endothelial cells and the pericytes. After both the intra-

l)eritolieal and the intravenous adnlinistrations, a (‘lear-cut increase in the diffuse
�)arenchymal fluorescence occurred first at the SO nig per kg level.

The cerebellum of animals given L-dopa directly into the cerebellar paren-

chynia \va.s analyzed iii serial sections. Tile stich channel wa.s easily localized.

Around its dId-point was found a narrow region of parenchynta having a diffuse

green fluorescence of very high intensity. In spite of this it was possible to dis-

tinguish a considerable accumulation of fluorescence in the capillary walls,

whereas the luntinal content seemed to be nonfluorescent. The diffuse fluo-

rescence showed a gradual but rather rapid decrease out to parenchyma with

only a very weak background fluorescence, characteristic of untreated animals.

Numerous capillaries in this fluorescent area, as well as in the adjacent areas of

essentially nonfluorescent parenchynta, also displayed a wall fluorescence varying

from nloderate to weak. Farther away from the point of injection, however, no

fluorescence was found in the capillaries. This shows that the accumulation in

the endotheliurn and pericytes is not due to L-dopa taken �p from the circu-

lation. Noncapillary vessels never accumulated any fluorescence.

3. Effect oJ� L-(lOpa after (iecarboxyla.se inhibition. When L-dopa was injected

after previous iilhibitiOil of dopa decarboxylase (V) there was detected only a

very weak cal)iilary fluorescence, often barely visible and confined to the walls.

A slight green fluorescence, clearly of higher intensity than after L-dopa admin-

ist ration alolle, had developed diffusely t hroughout the brain parenchyma,

including su(’h regions as the median eminence and area postrema. Because of

tiiis increased background fluorescence it was not possible to establish whether

tile fluorescence intensity of inonoalninergic neuronal structures had changed.

A (iifftise light, somewhat more intense thall after L-dopa alone, was seen in the

choroid plexus.

The NE (‘OliteIlt (0.25 �g/g) measured fluorimetrically in the mouse cerebellum

was slightly higher (P < .01) Than after L-dopa injection alone, while the level

of (lopanlilie was considerably lower (P < .001), although it did not reach zero

(0.12 Mg/g; P < .01). In this experiment a large amount of dopa wa.s found

(table 2, V). Thus, the decarboxylase seeme(i to be sufficiently although not

collll)leteiy inilibited (see Discussion, below).

Ill the �)eri�)ilery, the general diffuse tissue fluorescence was slightly more
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intense thttll when L-dopa was given alone. rfltere was no acdunlulatioli of fluo-

rescent Illttteritti in the special cells in tile thyroi(l and tracheal epitileliuln (42,

43).

Central and PeriPheral tissues fF0111 aliiillals receiving only tile clecarboxylase

inhibitor (VI) tt�)peared quite sinlilar to those from untreated animals.

4. Effect of L-dopa after MAO inhibition. After treatment with miialanticle,

�)argyline, or NSD 2023 combined with L-dopa (VII), the j)arenchyma of the

central nervous tissue exhibited tile same very slight fluorescence as after r�-doptt

alone. In the capillary walls as well as imi tile choroid plexus, the fluorescence

intensity was highly increased. Again the content of the brain capillaries seemed

com�)Ietely “drained” of fluorescent material, iii contrast to the picture found

after D-dopa 01’ dopamine (see below). In the controls given MAO inhibitor only

(VIII), Ito overt changes were registered iii comparisoml with untreated amumals.

III the rat, the same j)icture of highly fluorescent capillaries wa.s seen in the

cerebellum and in the spinal cord, above as well as below the transection. The

fluorescence of the monoamillergic nerve fibres had almost completely disap-

peared lIt the lumbar spinal cord tissue below the lesion (cf. 16).

It was 110W evident that the fluorescent material occurred throughout tile

ca�)iliary walls giving almost a three-dimensional appearance of the capillary

tubes ill tile sections (fig. 3). Tile distribution of the fluorophore was, however,

not quite even; slender, more intensely fluorescent striations were often found

to run everywhere In the wall. These striations may represent tile processes of

Fn;. 3. Nialan1ide and i�-dopa. Three-diniensional network of capillary tubes iii cere-

helium. Fluorescence of Iligh intensity iii cytoplasm and nucleus of 1)0th endothelial cells

and pericytes. X 250.
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the pericytes kmio�vn to form a discOlltiIiuotls layer superimpose(l 111)011 the

elidothelillln.

No fluorescetice � observed in the walls of the larger ititracerebral vessels,

altilough they (OlItttiIle(1 It (‘erttlill alllOtllit of fluorescent substance in their

lunlen. (in the Otilel’ iland, tile pial vessels, includiiig the thickest arteries, sitowed

it clear-cut fluorescelice in their walls and, to some extent, also in tileir luminal

content. The j)Htl membrane itself ��‘as moderately fluorescent. A narrow zone

of the brain parellrhynla lOcate(i just umiclerneath the pia exhibited a sonlewhat

higher fluorescence intetisity tilan t he rest of the bI’aiIl. It was often possible to

follow how front ti pial artery witit a green fluorescemice \Vitilin the luIlleil Its well

as in tile wttll there issued a radial artery that still possessed ltIlllillal fluorescent

fllaterial i)tit, ilnmlle(liately insi(le the brain surface, no longer timly wall fluores-

cence.

No (‘ttI)illttries �vem’e seell in the eye prel)aration, except in the retina aitci optic

Fic. 4. Nialamide and L-dol)a. Frontal section through median eminence. Considerable

fluorescence related to l)ortal svstens (below) , seeti also iii nut reated aitinlals (cf. 32) . In-
tense, (liffllse fluorescence in the l):sreilchYnsa lit :u�l :tbove t he nieclian enunence. Fluores-

cent nerVe-cell l)o(lies, but lit tie or ito capillary fluorescence. Outside t his area l)ract ically
no parenchyns:tl fluorescence, but several capillaries wit ii �vall fluorescence. Note fItiores-

ceitce at epcitdynutl surface. X 80.
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tract, Wilicil contaitied a consi(lerable numliber of cal)illaries showing a iugh

fluorescence in both their endothelial cells an(l their pericytes.

Within timid immediately around tile ntedian elllinence and the area lostrellla,

the fluorescence of the paremtchynta wa�� more intense than in the rest of tile

central nervous systenl (fig. 4), whereas that of the capillaries was weak or absent.

Nerve-cell bodies arid varicose fibres with considerably increase(l fluorescence

intensity were found in these areas (ef. 36). Highly fluorescent nlaterial tvas

present at the surface of the ventricular ependynla (fig. 4).

A sonleiviltit higher �)arenchynlal fluorescence, though only a conlpal’atively

weak ca�)illary fluorescence, was also found in a narrow region at the nlediaml

surfaces of tile olfactory bulbs (fig. 5). In this area, a large number of nerve-cell

bodies appeared, exhibiting a green fluorescence of nloderate intensity ill tile

cyto�)lasnl timid nuclei. These nerve cells, \vhicil were intermingled wit h nonfluores-

ccitt ones, (10 miot (lisplIty a specific fluorescence in the miormual bl’ain t’�’eii aftet’

1\LAO ilihibitiOll. No accumulation of fluorescent niaterial ocdurre(l ill t he (‘al)il-

lanes of the peripheral tissues.

j�-Dopa given to 1111cc Pretl’eated tvith mualanticle (‘11115cc! a very mnarke(l ilicrease

ill cerebellar dopamnine (3.5 �g/g) (‘Olllj)ttl’e(l tvitli L-(lopa alone; nittialilide itself

does not cause any dopamnine to appear (table 2, VIla 1111(1 VIII). The increase in

the NE level was less Promllinent (0.40 �g/g) timid differed tvitli omily sligilt sig-

nificance (.01 < P < .02) fl’omll tilat tifter Ilialalnide injection alone (0.2M .ig1g).

FIG. 5. Nialaniide 5111(1 t�-dopa . i\letlial surface of olfact Oi�V 1)1111) (above) , fInn t :tl sPct Oil.

Increased ParenchYnial fluorescence in :t narrow zone, coot aining fluoresceti t iierve-cell

bodies and c:tJ)illaries. Below this ZOOP, capillaries \�it Ii ��all fltorescence ut esseiit iall� dark

l)aienchynla. X 180.
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,5. Effect of L-(lopa after conibined (/ecarbo.rylase and MAO inhibition. The

conlbine(1 enzyme illilibitioll (IX) followed by adntinistration of L-dopa l)roduced

results similar to those from treatillent \Vitil (lecarboxylase inhibitor alone amid

L-(lol)a (\/), tilttt is, the whole brain �)arenchyma had a diffuse, rttther intense

fluorescence, and few cal)illaries, ilaving but a very slight green fluorescence in

their walls, could be detected.

(I. Effect of L-dopa after reserpine treatment. i�-Doptt administered to mice

�)1’eVi0t15ly treate(l with reserpine (X) resulted in the sanle vttscular fluorescence

l)icttil’e of both central timid peri�)herItl tissues as did L-dOpa injectiOll alone (II).
7. Effect of D-dopa. After a huge systeniic dose of o-dopa (IV) a large number

of capillttries emitting a green light of high intensity was visil)le, but the fluores-

cent nlaterial was in this series almost exclusively confined to the capillary

lumen, where the erythrocytes 5(00(1 out as dark spots. Only few capillaries with

�veak, if any, ivall fluorescence could i)e detected. The �)arenchyma wa-s essentially

mionfluorescent, as in the untreate(1 animals, i)ut a diffuse parenchymal fluo-

rescence of relatively iligil intensity was seen iii certain restricted areas, such as

the nle(litiil enlinelice, tile regions of the arcuate nuclei, and the intercolunimiar

tubercie. Especially in the region of the arcuate iiuclei were found capillaries

with fluorescent walls. Further, a strong fluorescence appeared in the lumen,

but not in the wttll, of larger intracerebral vessels. In comitrast to this, the pitt!

vessels were loaded with fluorescent material in their walls. A diffuse intense

light was also emitted from the choroid plexus.

As after tile L-dopa injectiomis, a Pronoumlce(l green fluorescence was present

diffusely iii all tissues of the PeriPheral tracheal preparation. No accumulation

of fluorescent material occurred in the cal)illaries or in the special cells of the

thyroid and tracileal epitheliumn (cf. 42, 43).

8. Effect of (lopamine. Groups of n�ice received (lopamimie in four dose levels

(XI). Tile results obtained after tile administration of the highest dose, 500

ing per kg, agreed with those obtained after n-dopa (IV), i.e., a marked fluo-

rescence a�)peared in the blood (cf. fig. 7) (miot in the erythrocytes) but not in the

i�’a1ls of tilty intracerebral vessels, whereas the pial membrane amid the walls of

the 1)111! vessels showed a moderate green fluorescence. Essentially the sante data

were obtained iii the 300 mug per kg group, although the fluorescence intensity of

the 1)100(1 was lower. Iii both groups, a fairly high fluorescence occurred in till

tissues of the choroid plexus.

At till dose levels the genertil background in the brain substance was dark,

Its it w’as in untreated animals. A substantial increase in fluorescence, however,

was registered in the median enlilience, in the region of the arcuate nuclei, and

in the intercolunintir tubercie. In the arcuate nuclei, some cal)illaries fluoresced

ill their ��‘alls. At tile two lowest close levels, no fluorescence was observed in the

i)lOO(l vessel content.

Iii the trttciletil tissue j)repttration, a diffuse green fluorescence was found

everywilere ill all groups. The intensity was huge in the two highest dose groups.

Only a sligilt It(’cumulation of fluorescent Illateritil was found in parafollicular

cells of tile thyroid as well as in the special cells in the trachetil epithelium (cf. 42,

43).
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In one group of animals, dopamine was administered directly into tile cerehellar

parenchyma, and the cerebellum was analyzed in serial sections. In a rather wi(Ie

region around the stich channel, the parenchyma showed a great fluorescence

intemisity of an almost green-yellow to yellow colour, owing to tile very high

concentration of the amine (cf. 31). Because of the intense fluorescence it was

iiot possible to distinguish any details. Farther out in the parenchyma followed

a zone with diffuse high greemi fluorescence which, adjacent to tile area around the

stich channel, conttuned capillaries with nonfluorescent luniumia and a loiv to

sometimes moderate fluorescence ill their endotheliurn and �)ericytes. The (apil-

lanes in other more peripheral parts of this zone were, like all ltirger vessels in

the whole zone, nonfluorescent and therefore appeared sharply outlimled. Out-

side the zone, the parenchynlal fluorescence gradually decreased towar(ls the

essentially dark background.

9. Effect of (lopanune after MAO inhibition. The whole mouse brain was studie(l

lIt serial sections after the conibimied treatment with dopamine timid nialamide

(XII). The pial vessels were found to be loaded with fluorescent mttterial ili tileir

lumen. The walls also fluoresced, but in the thickest arteries only iii a narrow

zomie near tile lumen. A green fluorescence was also emitted by the pial membrane.

Imlllediately after entering the brain substance, the radial vessels that issue

from the 1)ial vascular system lost their wall fluorescence, although tile lumen

content was still highly fluorescent. The choroid plexus emitted everywhere a

high, diffuse, green fluorescence (fig. 6). Intensely fluorescent material � oftemi

present at the surface of the ependymal lining in the ventricular system.
The parenchyma of the central nervous system wtts, as in umitreated mice,

essentially nonfluorescent. The capillaries comitained intensely fluorescent lllfl-

FIG. 6. Nialanlide and dopamine. Intense fluorescence in all components of choroid l)leXlIs

of lateral ventricle. Fluorescence at surface of ventricular lining. Several capillaries with

fluorescence in their lunsina run in essentially dark I)ttreiichyn1a. X 115.
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Fit;. 7. Nialaioide antI dopansitte. (‘erehelltlI� . Nulncrotls capillaries, I oget lsei �vitli one

iioitcapillarv vessel (above, left ),en�i t t log an intense fluorescence fron� 1 heir lumen content

l)tlt lit tie om ito fluoresceitce iii t heir walls (cf. fig. 3 ) . Pareitchyma csseitt mliv itonfittorescent

x 115.

tei�ial in their lunlina (fig. 7), i)ut little or no fluorescence was exhibited froni the

(tt�)illIl1.y wttlls (ilicitidilig those of the optic tract) ; these ��‘ere (oni�)letely 11011-

fluorescent in Illttll\’ regions. In (cItttili aietts, 511(11 tc- t he nie(Iian eniinence,

there occurred a clearly increase(l fluorescemice intelisity of the tidrenergic neurons

(onll)ared �vitli those foumid in the rest of (lu hrttin. Tile diffuse j)arenchymal

fluorescemlce � ttlso higher tiittn in surroun(ling hrttin ttreas. In this region, niore-

over, were foutid rather mnmn�erou� (al)illaries showing mnoderate fluorescemice in

the �vall, ItI)aI’t frolli that of the 111111cm! content. Tile �)arenchymal fluorescence

\‘.tts nlarkedly increased also in a peril)ilel’al 11111 ttt the nledial surfaces of the

oifactorv bulbs (fig. 8). Several nio(lerately green-fluorescent nerve-cell bodies

� foumiti in the region, as in exl)erimnent IV. As in the meditin eiliiltelice, the

capillai’ies sho�ved an intensc’ itmmiiinal fluorescence toget her �vith a slight l)ericYte-

endotileli al fluorescei i(e.

A considerable fluorescence, �vithout tilmy spe(ittl a(cunluhttion in the capil-

lanes, �vas registere(l (liffusely in the pel’ipileral traciletil l)reptirtttion. �k high

sPecifi( a((illlltllttt ion 0(’cul’l’e(l in l)1t1’ttfOlli(tllttl cells of the thym’oid, and in the

special cells in tli(’ I l�tt(liCttl cpu ilel 111111 (42, 4:3).

I)I5CUSSION

The (OIi(cJ)t of a i)al’rieI’ bet tveeii the blood an(l the brain J)am’eli(hynlti orig-

mates fromli t lie 0i)SeI’VIttiOII of Ehrlich (27) that (erttun aliiline dyes pass freely

from the (ir(uiatioli into l)eril)hemal tissues hut tire excluded from the central
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FIG. 8. Nialantide :tii(l (lopanhine. NIetlial surfaces of I he olfactory bulbs (middle of figure),
frontal sect ion . I ncreased I)arenchYnlal ho )rcscencc in a naiio�� zone , cont aining flimores-

cent nerve-cell l)O(liPS and capillaries. ( )titside this zoiie essentially dark I)arcn(llYnl:L wit Ii

nunierous cal)illarics exhul)it ing hmm�ieii fluorescence (ef. fig. 5) . X 110.

nervous systeni. Since tiieii, liunlerous other sul)stan(es have i)eell found to he

niore or less Pr(Veilted from entering the brajll. It 11115 heeii suggeste(l that

several tissue st ructtires ttll(l 1)io(heniical l)ro(esses (onstitute t he hv1)ot het wtil

blood-brain i)arriel’ (cf. 25, 39). ��ithotlgii nO definite l)rill(il)Ie has l)een (lenion-

strated, it (‘If! he assunled that tiier(’ are (lifferent lilecilallismiis �vhicli inipede tile

�)asSage of vttriotms stli)stallces ilito the i)i’aill.

It is �vel1 estai)lished thttt the (‘ate(’iloiamnines 1111(15-H1� (10 iiot rea(li the i)raill

�)aren(’ilymlia froni t lit’ ci rculat ioi i (8, 4�, 52) . ‘Flit’ resul t s of I lie j �resei I I i i ivest i -

gation strongly In(h(’ate tllttt (h)l)aliiille in i)lOo(l (loes iiot 1)1155 th(’ \�t5(tllttI�

endotileliuln lot o t lie i)rtull, (x(el )t i ii (crtai 11 areas. hums, i ii s� � ‘ �f t lie high

sensitivity of t ii(’ llistochenli(ttl miiet hod (47), 110 fluorescellce (‘0111(1 he observed

ill tile �s’alls of t lie i mit racel’ebl’Itl vessels or i ii t lie (0111 iguous brai Ii I arcmirliymna,

eve!! after tt(llliinistratioll of huge doses (500 nig/kg) of (lol)amiline, at �vhicli (lose

level the luniiimai content is highly fluorescent. This does imot prove t hat t lie

luniinal nlenli)ralle is niore om� less ilnpel’nleai)ie to (lol)amine ; t he ailline �iiay

peiieti’ttte tins llienii)l’ItIle hilt tiieii raj)i(lly disap�)ear fmomn the \-ascuitu �valls
\Vitilolit ever retuhing a cOllcelltI’tttiOlI there high ellOugil to i)e (Ieliionst l’ate(l

histochemictilly.

Tile fttcts tilat large anloumits of dopanline are accumulated iii the capillary
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wttlls tifter L-dOpa adniinistration in aniluals pretretited with miialanlide (further

discusse(l below), timid that 500 tug PCF kg of dopamine after MAO inhibition

prodlu(’es only tt \Vettk fluorescence in it few brain (al)illaries, show that dopamille

l)elietrates the luniiiittl Inelllbramie only to a liniited extent. \loreover, in areas
known to be located outside the blood-brain harrier, ti definite fluorescence in the

vascultir \VItlls tinci the �)arenchynla ttppetii’s after adniinistration of dopaniine

iVitil OF \�‘itilOUt l)revious )IIAO inhibition. Further, under the same condition,

the l)iltl arteries show both a luminal florescence amid a wail fluorescence, wherea.s

the iiitracerebral tirteries display only ti lunlinal fluorescence. Thus, in one and

the same section of the brain, vessels �‘ami be demonstrated which are apparently

eitiler Perilletible or inlpernleable to doptunine.

The results ttfter systemic adnlinistrtttion of L-dol)tt (‘ontrast sharply with

those obtained tifter the dopamine injections: alrettdy tit dose levels of 20 to �50

nlg �er kg (depending O� the route of adnlinistration) L-dopa gave rise to a

clearly oi)servttble Ii(’cumulation of fluorescent material in the walls of the intra-

cerebrttl (‘apillaries, whereas no fluorescence (‘Otlld be (letected in their luminal

contellt. As in the dopamlline-treated animals, no chamiges in the fluorescence

charttcterist a’s were recorded in t he adrenergic terminals, i )arenchyma, or ‘ion-

capillary vascultir walls of the (‘erebellunl, (‘onll)ared with nornial tininials. Parallel

chemical deternlinations revealed no (‘hange in the cerebellar NE, hut measurable

tinioutits of dol)allline i�’ere now delllonstrated. Since little dopa appeared to be

l)m’esellt, the observed cIt�)i1lary fluorescelice cttn probably be ascribed to dopamine.
Treatniemit with a MAO inhibitor before the L-doj)a adnlinistration produced

only �mie Illarked effect histochemuictilly: a gretit enhtincement of the capillary

wall fluorescence, whereas t he lumen colitent rentained nom lfluore.scellt. l�’luo-

rinietricaliy, there was a considerable increase in cerebelltir dopamine; the NE

level was raise(1 only slightly above that after nittitinlide treatment alone. This

inhl)lies tiitit the fluorescent Illaterial was, tit least mainly, derived from dopamine.

SIIi(’d’ (lol)ttmilimle obviously passes the lumlunal nienibrane of the brain capil-

ltti’ies only with tilt greatest difficulty, the nlost reasonable comiclusion to draw

fromu these findiligs is tilat L-doplt readily iasses into the caj)illary walls, where

it is decarhoxylated to dopamine. The accurttcy of this assuml)tioli was confirmed

i)y the fact tilat after decarboxyla.se inhibition, ttnd even tifter simultaneous i’sIAO

imiiiibitioii, treatment �vith L-dopa resulted in a diffuse fluorescence throughout

tile brain l)tlreIl(�iiynla, wilereas tile capillary walls is’ere only faintly fluorescent.

Conconlitalitly, a considerable anlount of dopa, but only little dopamine, was

detected.

These results leave little (ioubt that both dopa-decarboxylase and MAO are

l)l’esemlt ill the i�’alls of the brain capillaries, where they form an enzymatic
i)ttrrier mecilltnislll to L-(lOpa, tts well as to 5-hydroxytryptophan (12). The

experiments ivitii intrttcerebellar deposition of m�-doptt indicate that the amino

tt(’i(l easily i)tt55e5 also fronl the �)ttremichynial side into the cal)illary. The capillary

fluorescence alter L-dopa injection, seen �)articularly well tifter previous �t1AO

ilillibitiOli, \\.tLs loctited in the thin, (‘ontinuous, endothelial sheath and also in

the peri(’ytes knowmi to be included lIt various intervals in the capillary walls
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(38, 46). The uptake of i�-dopa into the capillary lining seems to be specific in the

sense that D-dopa in huge doses gives �)ractically no capillary fluorescence. It is

known that the 1)-isonlers of many amino acids penetrate (‘ertain cell membranes

with greater difficulty than the corresponding L-fOrms (21, 24, 40).

On the other hand, there seems to be no specific storage mechanism for tile

dopamilie formed from L-dol)a Withili the capillary walls. Dopamine is obviously

present in both the (‘ytoplasm amid tile nucleus of the pericytes amid endothelial

cells, tuid reseri)ine does not chamige its accumulation (cf. 42). Further, it dis-

appears rapidly unless MAo is inhibited (12, 35), in which case it a(’cumulates

ill very high quantities.

After transection of the spinal cord, n� change in the fornltttion of dopanune

from L-dopa within the capillary walls (‘Ould be detected below the lesion. Thus,

the capillary decarhoxylase activity must represent at least pttrt of tIle extra-

neuronal activity recently found chemically in the spinal cord (7).

As judged from the histochemical observation, this specific barrier nlechanism

seems to be fairly efficient since a break-through of L-dopa could first be observed

at the dose level of SO mug per kg. This seems to agree with the observation that

wheii administered in relatively high closes i-dopa reaches central neurons (13,

18).

It should be borne in mind, however, that also very smtill doses of exogenous

L-doptt readily penetrate into certain regions known to be located outside tile

blood-brain barrier, e.g., the median emuimience, the area postrenltt (cf. 36, 48),

and the choroid plexus. Iii the l)reselit investigation, also in an extensive tirea

at the medial surfaces of the olfactory bulbs there appeared a (‘omisiderable,

diffuse �)aren(’hynlal fluorescence after adnumustration of L-dOpa as well as

dopamine.

While the barrier for i�-dopa at tile cttpillary level is tin enzymtitic trtt�)�)iI1g

mechanism, the barrier for dopanlimle seems to be of quite another nttture. Even

though large amounts of dopanline are present in blood or deposited ill hrtiin

�)are1lChyma in tinloumits high enough to penetrate till l)arelichymal cells, the

amine does not pass into the (‘apilhtry walls from either side unless these tire

exposed to excessive concentrations of tile tinline. In the nonctt�)illary intra-

cerebral vessels this ty�)e of nlenlbrane harrier nlechamiism tippears to be o�)erttting

for both dopa isomilers amid for cloptimine.

Iii the Peril)hertll tissues, tile pail vascular system (imicluding tue choroid

plexus), and certain (‘ircumllscribed brain areas beyomid the barrier syslenl there

occurred a free diffusion of the amino acids timid dopamiiine without any dete(’tai)le

accumulation imi the vascular walls.

Thus, it has been demonstrated that the intracerebral vessels tire unique,

precisely in ternis of httrrier properties, (‘ompared witil noncerebral vessels.

SUMMARY

The passage of dopti timid dopamuine into the mouse brain has been studie(l

with a combination of chemical determination and histod’henlical localiztttion of

certain nionoaniines and their precursors. L-Dopa, hut not 1)-dopti om’ doi)Itmilie,
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readily Penetrates into the capilitiry walls. These contttin dopa decarboxylase

and MAO, which imupede the further passage of L-dopa into the brain. None of

the (onlpoumidls cttli l)1155 into the etidothelial lining of mioncttpillary intracerebral

vessels. A free �)assage occurs iii peripheral tissues as well as in brain areas known

to he located beyond the blood-brain barrier.

Tile results demonstrate the existence of specialized brain harrier mechanisms

at the vascular level.
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