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E. ADRENERGIC ENDINGS AND VESICLES ISOLATED FROM

BRAIN’

EDUAIII)O 1)E HOBEETIS

Institutu cle Anatomia General y Embriologia, Faculla(1 (le 3ledicina, Boc-no.s A iis

Catecholamines are widely distributed in different tissues. In most cases, cells

that synthesize these monoamines are of neuronal nature or related to neum’oiis,

e.g., the adrenomedullary cells and the adrenergic chromaffin cells, diffusely

distributed in tissues, embryologically derived from the neural crests. Of the

various catecho1an�ines Ilore�)inephrimie (NE) is the �)ostganglionic transmitter ill

the sympathetic system. It is concentrated in the adrenal medulla of certaimi

species and in the sym�)athetic systen�, reaching a 1uaxin�ulu in the splenic nerve

(34). Catecholamuines are also present in brain �vith a preferential localization in

certain anatomical regions. The highest concentration of NE is in the hypothala-

mus, central gray matter of the mesencephalon, and area postrema (4, 9, 27, 53),

while dopamine is localized mainly in the corpus striatumn and associated with

basal ganglia (see 8, 38).

The subcellular distribution of catecholamines has beemi studied Inainly imi the

adrenomedullary cells, front which special granules containing these muonoaniines

were isolated (see 3, 7, 26, 32, 48). Vomi Euler and Hillarp (55) separated a grami-

ula�r fraction rich in NE from homogenates of the spleen and splenic nerves.

\Veil-I\Ialherbe and Bone (56) isolated a particulate NE from braimi homogenates,

and similar findings were obtained by Bertler et al. (6). Chru�ciel (10) found NE

concentrated in the vesicular fraction of Whittaker (57), which contains nerve

endings, and this was comifirmed by Inouye el al. (33).

Electron IUiCFOSCOI)iC studies on catecholamimie deposits were initially clone on

cells of the adrenal medulla, and special membrane-bound granules or vesicles

which intensely reduce osmium tetroxide were recognized (35, 50). The formation

of these catechol-containing vesicles in relation to the Golgi complex and their

secretion after stimulation of the splanchnic nerve were studied with the electromi

microscope (24, 25).

GRANULATE1) VESICLES IN SYMPATHETIC AXONS AND ENI)INGS.

In adrenergic axons and endings iminervating the pineal gland anti in the splenic

nerve a plurivesicular material was described by Dc Robertis and Pellegrino de

Iraldi (11, 16, 17). Thisconsistsof clearhomogeneousvesiclessimilarto the synap-

tic vesicles of De Robertis and Bennett (14, 15), intermingled with granulated

vesicles containing a demise granule of reduced osmium. Similar components have

been observed in various parts of the sym�)athetic system (31, 44, 52). In 1961

Pellegrino de Iraldi and Dc Robertis (39) showed that the granulated vesicles

almost completely disappear a few minutes after a simigle injection of reserpine.

1 The original research contained in this report has been supported 1w grants from the

National Institutes of Health (NB-03991-03) and (AF 314-64) of the Air Force Office of

Scientific Research.
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414 SECTION IV. AI)RENERGIC TISSUES

Restoratioli of the IiOrlflal amount of gramiulated vesicles occurred after 6 to 8

(lays. The exl)eriluental ��‘ork carried out in this laboratory with denervation of

the pilleal gland, the actiomi of drugs releasing catecholamines, and the imijection

of VILIi0115 catecholalnimle 1)recUm’sors and iuonoaniimie oxidase (\IAO) inhibitors 011

the ratio of granulated to nongranulated vesicles in the adrenergic endings,

suggests that the graiiulated vesicles al�e of aclrenergic nature (13, 40, 42).

Sinlilamly the hmi(lings of \Volfe c/ al. (58), that by ra(lioautography H3-NE is

localized III the legion of granulated vesicles also suggests that the contents of

t he5P vesicles a,e adrel 1el�gi(

(�ItANULATE1) VESICLES IX THE HYPOTHALAMUS

Ill tlie brain the cellular localization of catecholamines has beemi studied with

the light flliclOScOI)e by a special fluorescemise lllethOd (see 9, 28, amid Sections III

1” alid C, VIIIC). l”imie va��icose nerve fibers were found in the I)reoptic region aiitl

lIt the 5UI)fli- ,IELI’U- ttrl(l i)elivelitliculam miuclei of the amlterior hypothalamnus. They

\Vel�e interj)reted as ternlinal adrenemgic axons lilakilig synaptic cOlita(ts. In our

laboratory the same hypothalaiuic regiomi of the rat �s’as studied with the electron

microscOpe. After a sj)ecial technique involving j)erfusion of fornlalimi followed by

OslfliUIfl tetroxide (29), a slflItll piece of the alitemior hypothalaiuus colitainilig the

nucleus h ypothaiani icus anleriw, the nucleus periventricularis inferior, and the

anterior hypothalamic area ��‘as dissected amid observed with the electron nhicro-

5(’Ol)e (41). In the neuropile of this region numerous varicose axons contaimiing

granular vesicles ame l)reselit. Imi the nerve terminals there is a wide variety of

vesicles. Imi addition to round or oval synaptic vesicles there are others having an

elliptical shape (fig. 1). These clear vesicles constitute about 80 �7 of the total,

whereas the other 20 % correspond to granulated vesicles of different size and

shal)e contaimung �t dense deposit of reduced osmium. The clear vesicles range

between 200 ali(l 800 A with a mean diameter of 510 A, and the granulated

vesicles range betweeli 700 amid 1700 A with a meaii of about 1300 A. These

special granulated vesicles of the anterior hypothalamus were tentatively inter-

preted as re�)1esenting catecholanillie stores, and this has now been more directly
supported by chemical analysis of the isolated fractions (21). In addition Shinlizu

an(l Ishii (49) with reserpine and 1\latsuoka et al. (36), with the NE releaser Win

18501-2 have shown that these granulated vesicles tend to disappear from the

hypothalamus, as they do iii the adrenergic endings of the pimleal body.

SUBCELLULAR LOCALIZATION OF NE ANI) DOPAMINE AND OF RELATEI) ENZYMES

IN THE BRAIN

The discovery of synaptic vesicles as the most characteristic morphological

colnpollent of mierve endings (14, 15) l)er11�itted the idemitification of these struc-

tures ill braimi fractions (18, 19, 30). The technique of cell fractionation employed

ill our laboratory involves a mild homogenization and the separation of the four

l)rinlary fractions: nuclear, nlitochondrial, nlicrosonlal, alid soluble (table itt).
The “nlitochondrial” fraction contains nun�erous intact nerve endings in addi-

tion to free mitochondria and myelin. On a sucrose-density gradient, five sub-
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I’�1G. 1 . Elect ro�i niicrographs of t he anterior IiV1)OthaIaIiitlS of the rat Sli(IWi hg : a, A
typical synaptic ending (ill a (len(lrite wit 11 ellipt ical clear vesicles :01(1 t wo large� graliu-

lated vesicles (gv . b, AXons and endings colit ttining several granulat (�1 vesicles (gv ) and

sn�aller clear synapt ic vesicles (sv) . liii I , M i t och( )Iidria . Arrows i lidicat e syliapt ic clefts.

a, X 70,000; 1), X 80,000.



TABLE 1

Subcellular distribution ofNE, dopamine, and three related enzymes in rat brain by cent rifuga-

lion (a) and by (lensily-gradieni separation of the mitochondrial fraction, either

wilho�t (b) or with (c) previous osmotic di.�ruplion. (For techniques see 20, 23)

� .5-llydrox-
� ytrypto-
� Protein NE Dopaminc phan MAO COMT

Fractions � Ultrastructure � boxylase

Relative specific
Concentration Relative specific activity

References

Nuclei, capillaries

NIyeliII, niitochon-

dna, lierve

endi ligs

Nlicrosoiiial Nlicrosolnes

Supernal aiit Soluble

4fi 45
0.90 0.49 1.10
0.91 1.00 1.80

0.93 0.68 0.35

1.25 2.05 0.00

a

0.42

0.72

0.59

2.03

A � M\elili

B Synaptic debris,
Iiiellibranes

C Nerve endings

1) Nerve endings

F� Free niitochondria

M1

a Unpublished results.

1.41

0.00

0.00

0.39

1.04

2.46
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Nuclear

�11i I OClIOIidCial

Table Jo

00

14 0.72

49 1.04

12 1.42
25 0.88

Table lb

S tLbfll itochondrial fractions on gradient

20.0 � 0.32 0.79
� 9.6 � 2.05 1.85

23.0 � 1.66 � 1.13

32.0 0.77 0.91

15.4 0.72 0.71

Table ic

Sobiii itochondrial fractions afte r osmotic shock

Myelin, mitochon- 65.2 0.40 � 0.49 0.33
dna, nerve end-

ings, ghosts

Synaptic vesicles, 10.8 2.56 2.46 0.51
niembranes

Soluble 24.0 1.93 1.72 3.05

0.05 0.00 0.54

1.05 0.00 0.94

2.05 0.17 1.02

1.22 1.16 1.42

0.26 2.28 1.01

fractions (A to E) with the morphological composition shown in table lb can be

isolated for study umider the electron microscope amid by chemical analysis (20).

Another techmlique, based on the hypotonic treatment of the mitochondrial frac-

tion, results in the swelling and bursting of the nerve endimigs with release of the

symiapt ic vesicles amid other compomients. By different ial centrifugation, three

fractions can l)e separated : M� contains the nerve endimig-ghosts, myelin, and

nutochomidria; i\12 i mainly composed of synaptic vesicles; and i\13 represents the

soluble axoj)lasfll (table ic) (22, 23).

The Use of these two techniques has given imiteresting information about the

subeellular localizat ion of the acetylcholine and 5-hydroxytryptarnine (5-HT)

systems (see 13, 59) and of the enzymes related to the glutanlic acid, glutamine,

and -y-ami nobutyric acid cycles (47). Thus acetylcholine, acetylcholinesterase,
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and cholinacetylase are concentrated in the C fraction of nerve endings and ace-

tylcholine and cholinacetylase in the synaptic vesicles isolated from the rat brain

(20, 23). On the other hand glutamic decarboxylase, the enzyme that synthesizes

‘y-aminobutyric acid, is concentrated in the nerve endings of fraction D.

Here the results obtained on the localization of NE and dopamine, assayed by

the method of Bertler et al. (5), and of some of the enzymes related to the metab-

olism of these amines will be briefly summarized. NE and dopamine are concen-

trated in the mitochondrial and microsomal fractions; about 50 % of NE and 45 %

of dopamimie are in the mitrochondrial fraction. Dopamine is more soluble than

NE (table la). 5-Hydroxytryptophan decarboxylase is mainly soluble, but a large

ProPortion of the bound enzyme is present in the mitochondrial fraction. MAO is
mainly bound to mitochondria, and catechol-O-methyltransferase (COMT),

although mainly soluble, is also present there. Among the subfractions of tile

mitochondrial fraction, NE and dopaniine are concentrated in fractions B and C,

which contain synaptic debris and nerve endings, respectively ; NE shows a

higher concentration there than dopamine (table ib). 5-Hydroxytryptophan

decarboxylase and COMT are localized in fractions C and D, the nerve ending

fractions ; while MAO is a mitochomidrial emizyme.

Laverty et al. (34) observed that most of the dopamine in tile caudate nucleus of

the dog is soluble and the remainder is associated with nerve endings. Also related

to the localization of NE is the work of Potter and Axelrod (43), who demon-

strated that radioactive-NE is taken up by the layer of the gradiemit containing

nerve endings. More recently Snyder et al. (51), after intraventricular injection of

H3-NE, H3-E and H3-dopamine, found them concentrated in the nerve ending

fraction. After hyposmotic shock NE and dopamine are concentrated in M2,

1\IAO remains with the mitochondria in fraction M� and 5-hydroxtryptophan

decarboxylase and COMT are solubilized into M� (table ic). The fit-st report of

NE in synaptic vesicles was presemited at the Galesburg Meeting on Biogenic

Amities in January 1963 (12). Further studies on the localization of NE and dop-

amine ill synaptic vesicles were presented by Zieher and Dc Robertis (60) and

De Robertis et al. (21). ?tiaynert et al. (37) reported NE and 5-HT concentration

in vesicles from nerve endings disrupted by ultrasound and hyposmotic shock.

ISOLATION OF NERVE ENDINGS AND SYNAPTIC VESICLES FROM THE ANTERIOR

HYPOTHALAMUS.

The finding of special axons and nerve endings containing granulated vesicles

in the anterior hypothalamus of the rat led us to attempt the isolation of nerve

endmgs and synaptic vesicles from this region of the brain, which is specially rich

in NE (21). The anterior and intermediary hypothalamus were homogenized and

fractionated. Homogenates from total brain were prepared and compared with

the above. In the mitochondrial and the nerve ending fractions of the hypo-

thalamus, numerous isolated nerve endings are found (fig. 2). They are identical

with those observed in the intact hypothalamus (fig. 1) and filled with vesicles of

different size and shape. The largest ones are empty or contain a dense deposit of

osmium Sel)arttted by a clear rim from the enveloping membrane. Some vesicles
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l’l( . 2. F�lect ron Inicrograph of isolal ed nerve en(lings froln I he anterior liypot liallililils

of the rat . The three elicliligs in this figure contain grallillated vesicles (gv) and in one there

are ellipt ical clear vesicies. nut, Nlitocht)Iidria. a an(l I), X 80,00(). (Fronl 1)e ilobertis et at,

Life Sci. 4: 193, 191i5.)

Itl�(’ (�llil)ti(�’Ll tLIi(l �nay rel)resent stages iii tht! (levelol)lnent of the granulated

vesicles (fig. 2). rn electronmicrographs from M2 show the �)olymor�)hism of

tlI(� vesicular miiatt�rittl (fig. 3). Smitall synapt ic vesicles identical to those found in

(lie corres�)oIidi1ig fraction of total braiti (22, 23) � imitertuingled with elongated

OlE’S Itli(l fliUch larger elemuents. In sj)ite of the osniotic shock, which probably has

released 1)I11t of theim’ content, nniny vesicles show a snlall del)osit of OsliliUfli. The

Iluniber of granulated vesicles �nay Vary betweeti 10 and 20 % while in i\12 froiu

total braimi they are foumid only exce�)tionally (23). The remarkable silnilarity of

tiie liistogramus of isolate(I synaptic vesicles to those in situ suggests their identity

(21).

Ill tai)le 2 tlie (ontemit of NE of tile hypothalanius it comupared to that of total

l)rItiti. Ill hotli (It5(�S the highest relative slu�ciflc concentration is in \12. Imi

ai)solute values there is about 10 tinmes n�ol�e NE per grain in the vesicular frac-

tiOll of the hvpotlialanlu5 than in whole i)rain.

Ill figure 4 the highest NE comitemit is in the synaptic vesicle fraction with 38 ng

NE l)e1 iiig proteili ill hy�)Otiittlai1ills as ttgainst 7. 1 ng NE i�er tug l)rotein in brain;

ill OtheF words, liypothalalnus has 5.3 tinles niole NE in this fraction tiutn does

brain. In the hypothalanlus, tile symia�)tic vesicle fraction has 2.5 timiies ii�ore NE

( mig/nig l)rotein) than does the total honlogenate.



Fi;. 3. Flect ron inicrographs of t lie isolat ed vesicular fract ion frons I lie rat hvpot lialarnus

See tile variety (If sizes and shapes of the isolated vesicles :111(1 the presence of tumnierotis

granimlated ones (arrows. a, X 45,000; b, X 70,()00. (Floni I)e Hobertis ci (Ii., Life Sci. 4:

193, 1965.)
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TABLE 2

Comparison of whole brain and hypothalamus with respect to XE in subfractions of the crude

initochondrial fraction offer osnwtic disruption

Fraction Ultrastructure

Norepinephrine

Total brain Hypothalamus

I

ng/g
Relative specific

concentration

I
ng/g Relative specific

concentration

M,

M2
M3

Symiaptic ghosts

Mitochomidria

Myelin

Symiaptic vesicles

Soluble

32.4 0.40

34.2 2.56

57.5 � 1.93

730

300

550

0.67

1.94

1.58

NE is expressed in ng (10’ g) per g wet tissue and in relative specific concentration,

i.e., percent recovered NE divided by percent recovered protein. Absolute values of NE in

mitochondrial fraction for total brain: 111 ng/g; for hypothalamus: 1100 ng/g. Recovered

NE for total brain: 111%; for hypothalamus: 148w. Absolute values of protein in mito-

chondrial fraction for total brain: 33.0 mng/g; for hypothalamus: 57.6 nig/g. Recovered

protein for total brain: 90%; for hypothalamus: 126� (from ref. 21).

ngNE :i-: Brain
mgP �Ant.Hypoth

FIG. 4. Diagram showing tile concentration of NE in Jig/mg protein in total homogenate

(HT), crude miiitochondrial fraction (MIT), and synaptic vesicle fractioml (SV) of both of

the total brain (exclusive of the cerebellum) and the anterior amid intermediary hypothala-

mus of the rat. (Fromii De Ilobertis et al., Life Sci. 4: 193, 1965.)

BIOCHEMICAL ORGANIZATION OF THE ADRENERGIC SYNAPTIC COMPLEX

The correlations summarized above suggest a tentative scheme of spatial

orgamzation of the catecholamines of the brain amid some of the key enzymes

involved in their metabolism in relation to the synaptic complex.

There is considerable evidence that bound NE atid dopamine are present in the

nerve ending fraction from total brain (10, 12, 13, 33, 34, 43, 51, 60) and from the

anterior hypothalamus (21). The disruption of the nerve ending by osmotic shock

demonstrates that the fraction containing the symlaptic vesicles has the highest

relative specific concentration of both NE (12, 37) and dopamine (60). This



DE ROBERTIS 421

FIG. 5. Diagram of a central noradrenergic synapse in which the IliLill data from elect ron

microscopic and cell fractionatiomi studies are indicated. The nerve ending with the unto-

chondrial, axoplasmnic, and synaptic vesicle compartments makes synaptic contact with the
second neuron. See the intersynaptic filaments attaching the two synaptic membranes (23).

MAO localized in the mitochondria of the ending (and ill others) may inactivate free NE

and dopamine. Dopa decarboxylase is ill the axoplasni of the ending and may prodtmce
dopamine fromu dopa. 1)opaniine is tralisforlned into NE, which can be free or i)ecome

trapped and bound within the synaptic vesicle. A similar niechanislu of binding may take
place imi dopaminergic synapses. Granulated vesicles are thought to be the quantal units

of NE ready to be released upon arrival of the nerve impulse. Tile NE released reacts with

tile receptor amid may he inactivated by refixation (r) on the ending or by tue action �
COMT.

indicates that the synal)tic vesicle is the 11111111 store for NE timid (lopamnine as was

previously demonstrated for acetyicholine (23). I1’or the three tramisniitters, tile
symiaptic vesicle represents a multimolecular or qualital umiit of storage and release.

The results on NE in the anterior hypothalamus, in which a large proportion of

granulated vesicles is found both in the axons and terminals in situ and in the

vesicular fraction , as ��‘elI as the �)harnlacological invest ignitions on the adrel tergic

nerve endings in the pineal gland (39, 40) and hypothalamus (36, 49), suggest that

the granulated vesicles are the containers of the adremiergic transmitter. The

presence of a membrane in these graliulated vesicles would protect tiie NE stored

from the action of the imiactivating enzymes (fig. 5).

The results omi the localization of 5-hydroxytryptophan decarboxylase, and by

extetision of dopa decarboxylase, indicate that this enzyme that synthesizes 1)0th

5-HT and dopaniine, in spite of its solubility, is contained within the nerve ending

(46, fig. 5). It Illay be postulated that dopa decarboxylase is probably ill the axo-
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plasmn of the eliding not bound to any special intrasymla�)tic structure. The dop-

amine synthesized may remllain free imi the axoplasm OF may he stored withimi the

synaptic vesicles of (lo�)anlimiergic symlapses. The fimidimig of a larger proportion of

free (lopanulie thami NE is ill accordance with this line of reasoning. In noradrener-

gic syliapses it Inay become hydroxylated an(l transformed imito XE. Unfortu-

miately tile localiztttiomi of (iol)aniilie-l3-hydroxylase within the sytiaptic cOITil)leX

hits yet hot been deternuned.

Cell fractiontttioii fllethods give information also about the subeellular distribu-

tion of MAo amid COMT, the two eiizyme� that inactivate catecholamines. The

nlitocholi(lrial localization of INIAO imidicates that it could act intracellularly

W’ithuli tile IICFVC emidimig, (ontrollimig tile level of freeamine, whereas a 1)OstsYliaPtiC

action of this enZynle, after release of the transmitter at the synaptic cleft, would

1)e fll01#{128}� difficult to explaimi on these structural bases (fig. 5). COMT (2) is miow

definitely locate(l iii mierve en(lings, but its high degree of solubility and lack of

structural i)imiding mnttkes very difficult its fine localization within the synaptic

colllplex. This enzyme n�ay haVe a sylia�)tic action, as postulated by Axelrod (1),

but imi adreliergic syna�)ses tile refixation or uptake of the NE liberated at the

ending iuay 1)(� another inll)ortant niechallisnl of physiological imiactivation.

Figure 5 should be colisidered as a tentative diagram of a noradrenergic

synapse of tiit� brain in which the main data fromu the electron nlicroscope amId

cell fractionation studies am’e l)Iit together in a llflhllllCF susceptible of �)hysiologica1

interpretation. It differs from other models in the use of these data to reveal the

true structure of the synapse and thus imitroduces more facts and less fancy to

explain tile fulict ion of a�i adreiiergic syIlapse.
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