
Several observations indicate that post-

ganglionic nerve endings of the sympathetic

system are able to take up and retain 5-hy-

droxytryptamine (5-HT). Interest in this prob-

lem has arisen from the demonstration that the

adrenergic nerves of the pineal gland of cer-

tain species are unique in that they normally

store both norepinephrine (NE) and 5-HT

(Bertler et at., 1964; Pellegrino de Iraldi et at.,

1963, 1965). Histochemical studies performed

with the formaldehyde-induced fluorescence

method for monoamines have also demonstrated

that the adrenergic nerves of the vas deferens

normally storing NE can incorporate 5-HT after

the administration of the amine together with

a monoamine oxidase inhibitor (Owman, 1964).

Further investigations using radioautography
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ABSTRACT

JAIM-ETCHEVERRY, GUILLERMO AND LuIs MARiA ZIEHER : Ultnastructural cytochemistny

and pharmacology of 5-hydnoxytryptamine in adrenergic nerve endings. I. Localization of
exogenous 5-hydroxytryptamine in the autonomic nerves of the rat vas deferens. J.
Phanmacol. Exp. Then. 166: 264-271, 1969. Pharmacologic and electron microscopic cyto-
chemical procedures were performed in the rat vas deferens in order to study the localiza-

tion of exogenously administered 5-hydroxytryptamine (5-HT) in adrenergic nerve endings.
Exogenous 5-HT accumulated in the nerve terminals was not incorporated into the intra-

vesicular compartment, demonstrating that it is unable to displace norepinephrine from
this storage site. Administration of a-methyi-m-tyrosine markedly reduced the norepi-

nephnine content of the vas deferens as well as the dense cores of the granulated vesicles of
nerve endings. The administration of 5-HT to a-methyl-rn-tyrosine-pretreated rats re-
sulted in a marked increase of 5-HT concentration in the organ and in the reappearance of
the dense cores of both types of vesicles observed within the endings. That these cores

corresponded to 5-HT was confirmed by the results of cytochemical tests. These data sug-

gest that, under appropriate conditions, 5-HT can be incorporated and stored in the intra-

vesicular compartment of the postganglionic sympathetic nerve endings normally storing

norepmepllnine.

at the electron microscope level showed that

the adrenergic nerves are able to store 5-HT

after the administration of the precursor amino

acid (Taxi and Droz, 1966). Moreover, bio-

chemical studies demonstrated that the vas

deferens is able to incorporate 5-HT in vitro

and that this uptake, presumed to take place

in the nervous fibers, is blocked by desmethyl-

imipramine (Eccleston et al, 1968). A possible

function for 5-HT as a transmitter in the

peripheral nervous system has been also pro-

posed (Gershon et at., 1965).

Recent cytochemical observations in the

adrenergic nerve endings of the pineal gland of

the rat indicated that both NE and 5-HT are

stored within the same granulated vesicle char-

acteristic of these endings (Jaim-Etcheverry

and Zieher, 1968b). Such studies were per-

formed by means of a cytochemical reaction

that is effective in differentiating indoleamines

from catecholamines at the electron microscope

level, as we have recently shown in a detailed
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study of its specificity (Jaim-Etcheverry and

Zieher, 1968a).

The present investigation was initiated in

order to determine whether other nerve endings

considered as typically adrenergic and storing

exclusively NE within their vesicles might in-

corporate 5-HT into the intravesicular compart-

ment, and to determine the conditions under

which this incorporation could take place. Nor-

mal vasa deferentia, as well as others depleted

of their endogenous NE, were studied after the

administration of exogenous 5-HT. The effec-

tiveness of the pharmacologic treatments was

checked by assaying the amines present in the

tissue and by observing the morphologic and

cytochemical changes in the endings.

METHODS. The experiments were performed on
100 male Wistar rats of 250 to 300 g b.wt. The
following drugs were used: nialamide HC1 (Nia-
mid, Chas. Pfizer and Company, Inc., New
York, N.Y.), 5-hydroxytryptamine creatinine sul-
fate (Sigma Chemical Company, St. Louis, Mo.)

and DL-a-methyl-m-tyroslne (a-MMT) (Sigma).
All drugs were dissolved in saline immediately
before use and injected i.p. The drug dosages

are expressed as the free base. The rats were
separated into five groups, and the experimental

design is described in table 1. After the injections,
the animals were kept in a recovery room, and
they were decapitated between 3 and 4 P.M. to

eliminate possible diurnal variations in amine
content. The vasa deferentia were removed
quickly, a small portion was retained for electron
microscopy and the remainder was extracted and

assayed for amine content.
Electron microscopy. From two rats in each

group in the 5 experiments, three thin transverse

slices from the vicinity of the prostatic end of
one vas deferens were removed and placed in the

different aldehyde fixatives for an initial period
of 15 mm. Blocks of approximately 1 mma com-
prising the outen muscle layer were trimmed and

returned to the fixing solution for the times
given below.

The different processing schedules used were:

a) 3% glutaraldehyde in 0.1 M phosphate buf-
fer, pH 7.3, for 4 to 6 hr, washing in 03 M
sucrose in the same buffer and refixation in 1.5%

osmium tetroxide in the same buffer for 2 hr

(G-Os fixation).

b) 3% glutaraldehyde in 02 M cacodylate

buffer, pH 72, for 4 hr, washing in 0.3 M sucrose

in the same buffer and treatment with a 2.5%
solution of potassium dichnomate and 1% sodium

sulfate in 02 M acetate buffer, pH 4 to 4.2, for
4 to 6 hr (GD reaction).

c) 8% formaldehyde in 02 M cacodylate buffer
for 24 hr, washing in 0.3 M sucrose and
subsequent treatment with glutaraldehyde and
dichromate solutions as in b) (FGD reaction).

After dehydration in ethanol, the blocks were
transferred to propylene oxide and finally were
embedded in Epon 812 (Luft, 1961). Thin see-
tions were cut with glass knives in a Porter
Blum MT 2 ultramicrotome, mounted on copper
grids and observed in a Siemens Elmiskop I
electron microscope with double condenser and
an objective aperture of 50 �e operating at 80
kV. Some of the blocks fixed in glutaraldehyde
and osmium tetroxide were immersed before de-
hydration in 2% aqueous uranyl acetate. Later,
this procedure was avoided because the dense
cores of the small granulated vesicles of normal
nerve endings containing NE disappeared, al-
though the uranyl acetate had no such effect on
the cores observed in vesicles storing 5-HT

(group V). Sections of material processed as
indicated in a) above were observed after stain-
ing with lead citrate (Reynolds, 1963), uranyl
acetate or both stains. Some of the blocks

processed as in b) and c) above were immersed
in 1% buffered osmium tetroxide for 20 mm, in
order to enhance the overall contrast of the
preparation. The material processed as in b) and
c) was observed without further staining, with
this sole exception.

We have recently introduced a new methodol-
ogy for the fine structural differentiation be-
tween catecholamines and 5-HT. This procedure

and its specificity, based upon previous studies
performed with the visible light microscope
(Pearse, 1960; Wood, 1967), have been discussed

in extenso (Jaim-Etcheverry and Zieher, 1968a).
It has been used in the ultrastructural localization

of 5-HT in blood platelets, pineal adrenergic

nerves and in various polypeptide-producing cells
that store 5-HT (Jaim-Etcheverry and Zieher,
1968a,b,c,d,). In general, the procedure that in-
volves treatment with 3% glutaraldehyde and 2.5%

potassium dichromate (GD reaction) depicts cellu-
lar sites containing both catecholamines and 5-

ITT. The fixation in 8% formaldehyde prior to
glutaraldehyde-dichromate treatment (FOD re-
action) results in the disappearance of the re-
action given by catecholamines, whereas it leaves
unaffected that of structures containing 5-HT.

For the analysis of the effects of drugs on the

cytochemical pattern of the adrenergic nerves of
the vas deferens, 10 blocks from each of the five
groups were selected at random from those ob-
tained in all the 5 experiments. Care was taken
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to choose blocks corresponding to different ani-
mals. Half of these blocks were processed with

the GD technique and the other half with the
FGD reaction. Three to five grids were ex-
amined for each block, and a total of 250 to 300
grids were surveyed. Photomicrographs of proc-
eases between muscle cells were observed with a
final magnification of 15,000X. The photographs
were arranged in random fashion and evaluated

by two observers who were not aware of the
animal treatment. The presence or absence of
granular reactive material was recorded, and the

results were found to be reproducible within
each group of treatments. In the preparations ob-

tamed with both cytochemical reactions used,
only the clusters of reactive granules which re-
suit from the interaction between amines and
reagents are visible. Thus, only the presence of
NE or 5-HT produces an electron-dense granule
in the photograph, and the other structures

usually observed in the endings (membranes,
mitochondnia, tubules, etc.) are not apparent in
these preparations. For this reason, nerve end-

ings are unidentifiable when the granules are
absent (i.e., in depletion experiments). Therefore,
we cannot express our experimental findings in
the usual way (i.e., number of granulated vesicles
per total number of vesicles or number of
granulated vesicles per nerve ending). The post-
fixation in osmium tetroxide which would allow
a semiquantitative analysis by demonstrating the
vesicular profiles, an approach that has been
formerly used in such analyses, had to be
avoided since it interferes with the pattern
given by the above cytochemical reactions. For
this reason, the dose of drug required to produce

an almost complete depletion or a massive

restoration of the granular reactive sites (i.e.,
an all-or-none response) was determined by trial
and error at the beginning of the study.

Amine assay. NE was extracted in 0.4 N
perchloric acid and purified by column chro-
matography on Dowex 50W-X4 (Column size
42 X 50 mm). The amine was eluted from the
column with hydrochloric acid and was measured
according to H#{228}ggendai (1963). The fluorescence
was read at 400 and 515 m�, corresponding to the
excitation and emission wavelengths, respectively.

5-ITT was extracted in 0.4 N perchloric acid

containing ascorbic acid and ethylenediamine
tetraacetic acid (And#{233}n and Magnusson, 1967),
and the extract was purified in a small column
(2.7 X 20 mm) of Amberlite IRP-64. The eluate

(0.9 ml of 1 N hydrochloric acid) was processed
according to And#{233}nand Magnusson (1967), and
the fluorescence was read in an Aminco-Bowman
spectrofluorophotometer at excitation and emis-
sion wavelengths of 300 and 540 m� respectively.

Mean recoveries were 92% for NE and 95% for
5-ITT. The fluorescence of samples was plotted
on an XY recorder.

RESULTS. Group 1. The ultrastructure of the

nerve endings observed between the smooth

muscle cells of the vas deferens has been

thoroughly described (Richardson, 1962) . With

the G-Os fixation they are characterized by the

accumulation of granulated synaptic vesicles of

two types : small granulated vesicles of 300 to

600 A in diameter with a dense core of about
200 A, which constitute the major population

of the ending, and a few larger granulated

vesicles (800 to 1200 A) with a core of mod-

erate electron density (fig. 1) . The GD reaction

demonstrates the presence of clusters of reac-

tive sites corresponding in size to the dense

cores of both types of granules in the ad-

renergic ending. This finding indicates that

both of them participate in the storage of

amines. With the FGD reaction no reactive

sites are observed in the nerve endings. This

indicates that no 5-ITT is normally present in-

side the vesicles and that NE is responsible for

the reaction observed within them with the GD

treatment.

Group II. After the administration of nial-

amide and 5-HT, no apparent changes in the

aspect and number of granulated vesicles are

observed in the nerves of the vas deferens fixed

with glutaraldehyde-osmium tetroxide or proc-

essed with the GD technique (table 1). The

fact that the reaction is also negative with the

FGD technique indicates that, in spite of the

great increase observed in the 5-ITT content

of the tissue (table 2), the amine is not in-

corporated into the intravesicular compart-

ment of the nerves. With this treatment values

of NE remain unaltered.

Grcsup III. The administration of a-MMT is

effective in depleting the small granulated

vesicles of their dense cores (fig. 2). The GD

reaction also fails to show reactive sites. In

spite of the fact that the large granulated

vesicles are still observed after a-MMT with

glutaraldehyde-osmium tetroxide (fig. 2), the

GD reaction does not show any reactive site

in the ending. This finding indicates that the

metabolite resulting from a-MMT administra-

tion and accumulating in the vesicle, probably

metaraminol, does not give a positive reaction

with any of the preparative techniques used.
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FIG. 1 . Electron Iluivrograj)ll of t%v() sympathetic nerves in the vas deferens of the nornlal rat (group

I). Gr:u1�LIated vesicles of 4(X) to 600 A in diameter are observed as well as a few larger vesicles $00 to
1000 A � (lianleter. This shows a glLtanaldehyde-dichromate (UI)) preparation which has been briefly
immerse(l iii OSfllilIfl� tetroxide iii order to depict the membranous structures of the ending. X42,000.

FIG. 2. Cross-section through a sympathetic nerve of the vas deferens of a rat treated with a-methyl-
m-tynosine 22 hr prior to sacrifice (group III). Empty vesicles corresponding in size to the small granti-
lated vesieles present in normal nerves are observed. Large granulated vesicles are seen in the endings
in spite of the pharmacologic treatment. Glutaraldehyde-osmiinn tetroxide fixation. X 40,(XX).

FIG. 3. A sympathetic nerve of the vas deferens of a rat pretreated with a-methyl-ni -tynosine 18 hr
before the administration of nialamide and 5-ITT (group V). The presence of dense cores within almost

all small vesicles is clearly observed, wherea.s largegranulated vesiclesseem to have an increased density.
Glutaraldehyde-osnlillm tetroxide fixation. X40,000.

FIG. 4. A sympathetic nerve coiling between two neighboring smooth muscle cells of the vas defer-
ens. 1�at pretreated with a-methyl-rn -tyrosine 18 hr before the administration of nialamide and 5-IIT
(group V). This preparation has been processed with the formaldehyde-glut araldehyde-dichromate
reaction to demonstrate 5-lIT reacting sites. Two types of dense reactive sites may he distinguished by
their size: small granules of about 2(X) to 300 A in diameter and large dense l)reeiPitateS of 500 to 600 A.
These densities can be matched with the dense cores of tile small and the larger granulated vesicles
observed in figure 3. X42,(XX).
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TABLE 1

Dosages, intervals between drug administration and effects of the drugs on the granular vesicle population
in the nerve endings of the rat vax deferens

a-MMT Nialamide s�1ITb Effect on the Population
of Granulated Vesiclesc

Group#{176}

Dose Time Dose Time Dose Time G-Os GD FGD

mg/kg lie mg/kg mm mg/kg mm

I (controls) + + -

II 200 75 80 135 + + -

III 400 22 - - -

IV 400 18 200 210 - - -

V 400 18 200 75 80 135 + + +

o Five different experiments were performed, in which four animals were used in each of the corre-

sponding groups.

5-Hydroxytryptamine was administered as two injections (if 40 mg/kg each with an interval of 75
mii between injections. The animals were sacrificed 60 miii after the last injection.

Under this heading the presence or absence of granular vesicles with the different pharmacologic

treatments are shown. The schedules corresponding to the (1-Os, 01) and FOl) procedures are given in

METHODS.

TABLE 2

.\orept neph rine and 5-hydroxytryptamine content
of the vas deferens of the rat in variou.’�

experimental conditions

Resutts are expressed as means ± SE. for 5 experiments. In

each of these experiments the pooled vasa deferentia of four
rats per group were assayed.

Group Norepinephrine

I: controls
II: nialamide + 5-HT

III:aMMT
Iv: aMMT + nialamide

V: aMMT + nialamide +

5-HT

iig/g wet weight

14.31 ± 1.00 0.35 ± 0.07

13.27 ± 2.12 69.0 ± 1.65
4.82 ± 0.23#{176} 0.44 ± 0.07
4.77 ± 0.46 0.37 ± 0.09
4.83 ± 1.42 91.4 ± 1.80�’

#{176}P < .001 when compared with control values.
b P < .01 when compared with values of 5-HT in group II.

With this treatment there is a 67% decrease in

the NE content of the vas deferens with

respect to control values, whereas the small

amount of 5-HT normally present is not af-

fected (table 2).

Group IV. The administration of nialamide

to a-MMT-pretreated rats does not introduce

any modification in the cytoehemical pattern

exhibited by the adrenergic nerves of rats

treated with a-MMT alone (group III); no

reaction is observed in the nerves with the GD

or FGD procedures. These cytochemical find-

ings are confirmed by the biochemical analysis

of amine content of the vas deferens (table 2),

which show that the administration of nial-

amide together with a-MMT results in con-

centrations of NE and 5-HT similar to those

found in organs of animals treated with a-

MMT alone (group III).

Group V. When nialamide and 5-HT are ad-

ministered to animals pretreated with a-MMT,

dense cores eccentrically placed reappear within

the small vesicles, whereas tile larger ones ex-

hibit a denser core in the material fixed in

glutaraldehyde-osmium tetroxide (fig. 3) . The
positivity of the FGD reaction demonstrates

that the cores of both types of vesicles con-

tam 5-HT (fig. 4) . In this group the 5-HT

content of the vas deferens is greatly in-

creased with respect to control values and is

also significatively higher (32%) than the in-

crement obtained after administration of 5-ITT

to normal rats (group II). NE values do not

differ significantly from those of a-MMT-

treated animals (table 2).

DIscussIoN. By means of the fluoresence

technique for the histochemical demonstration

of monoamines, Owman (1964) has shown that

the administration of nialamide and 5-HT to

normal rats results in the incorporation of the

exogenous amine into the adrenergic nerves of

the vas deferens. Our electron microscopic ob-

servations demonstrate that under such condi-

tions tile amine incorporated is not retained in
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the intravesicular compartment. The 5-ITT

present in this temporary extravesicular pool,

resulting from the combined administration of

the amine together with a monoamine oxidase

inhibitor which prevents its metabolic degrada-

tion, is probably loosely bound to other axonal

extravesicular structures. Normally a variable
amount of NE is present in this extravesicuiar

pool, which also retains large amounts of NE

after the administration of exogenous NE
(Trendelenburg, 1961 ; Kopin, 1966; Stj#{228}rne,
1966; von Euler, 1966; Van Orden et a!., 1967).

The failure of the cytochemical reaction to dem-

onstrate this extravesicular accumulation of 5-

HT is in line with previous experience that it

is effective in demonstrating only granule-

bound amines (Jaim-Etcheverry and Zieher,

1968a,b). This observation is consistent with

the experiments mentioned by Er#{228}nko (1967),
in which fixation for electron microscopy in

aqueous solutions produced a loss of diffusible

amine pools.
Normally the intravesicular NE stores of the

adrenergic nerves are almost completely oc-

cupied by the strongly bound transmitter, as

shown by the fact that exogenous NE exchanges

at very low rates with the endogenous particle-

bound amines (von Euler, 1966; Titus and

Dengler, 1966). When exogenous NE is ad-

ministered after depletion of endogenous stores,

it rapidly enters the intravesicular compart-

ment (Stj#{228}rne, 1964; Michaelson et al., 1964).

Since these observations could account for the

failure of extravesicularly accumulated 5-ITT

to displace vesicular NE, the effects of the

depletion of endogenous NE stores with a-

MMT on the subsequent incorporation of 5-HT

were analyzed. The mechanism by which a-

MMT depletes NE most probably involves its

conversion to metaraminol, which in turn dis-

places NE stoichiometricaily from the intra-

vesicular pooi (Carlsson and Lindqvist, 1962;

Gessa et at., 1962; Tldenfriend and Zaitzman-

Nirenberg, 1962; Shore et a!., 1964). In spite
of the large dose of 5-HT used in our experi-

ments, which probably resulted in an uptake
of the amine by both nervous and nonnervous
structures, the concentration of 5-ITT attained

in the vas deferens after the administration of

the exogenous amine was significantly higher in

a-MMT-pretreated animals than in nontreated

ones. Since the vesicular pool of NE is con-

sidered to be quantitatively important, it was

tentatively assumed that the observed differ-

ence was caused by the entrance of 5-HT into
the depleted intravesicular compartment. This

assumption was confirmed electron micro-

scopically by the presence, after exogenous 5-

ITT, of dense cores inside the otherwise empty

vesicles observed in the endings depleted with

a-MMT. The cytochemical procedures con-
firmed that 5-ITT was present inside those

cores. The presence of intravesicular 5-ITT was

considered as the morphologic expression of the

processes of redistribution of the amine in-

corporated into the ending, which tend to

provide a storage form effective in preventing

rapid loss.

The use of cytochemical reactions for bio-

genie amines at the ultrastructural level pro-

vides a new and promising approach to the

study of a puzzling problem that has long

been a matter of controversy: the significance
of the larger granulated vesicles present in

adrenergic nerves. The finding that their dense

core in the osmium tetroxide reaction remains

after amine depletion by a-MMT or reserpine
(Bondareff, 1965; Bloom and Barrnett, 1966;
H#{246}kfelt, 1966; Farrell, 1968) introduced many

doubts regarding their amine-storing capacity.
However, we were recently able to show reac-

tive sites indicating the presence of NE in the

core of such larger granulated vesicles in the

adrenergic nerves of the vas deferens and of
5-ITT in those of the pineal gland of the rat

(Jaim-Etcheverry and Zieher, 1968b). We con-

cluded that the larger granulated vesicies also

constitute an amine-storage site in adrenergic

endings in addition to the smaller ones. Based

on the finding that, after the administration

of reserpine and a-MMT, such larger densities

are no longer cytochemically detectable in
adrenergic nerves, Tranzer and Thoenen (1968)

advanced the interpretation that the dense

core of these vesicles has two components:

the biogenic amine revealed specifically by ap-

propriate cytochemical procedures and another

material responsible for the osmiophilic content

and resistant to amine-depleting agents. If this

is true, it is not possible to draw any con-

elusion regarding the amine-storing capacity of

these vesicles from an analysis of drug effects

on osmium-fixed tissues, an approach fre-

quently attempted. This procedure reveals
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dense cores in such vesicles independent of their
amine content. Our observations show that

larger granulated vesicles normally storing NE

are able to take up and retain 5-HT after a

forced incorporation of the amine under simi-

lar conditions to those in which a dense core

appears in smaller granulated vesicles. Exog-

enous NE similarly results in the reappearance

of both types of reactive sites in NE-depleted
nerves (unpublished observations).

These studies confirm many biochemical
(Musacchio et a!., 1965 ; Kopin, 1966) and

ultrastructural observations (Bondareff, 1966)

on the relative nonspecificity of the mechanism

of intravesicular storage of biogenic amines.

The coexistence of both NE and 5-ITT inside

the granulated vesicles of the nerves of the rat

pineal gland that we have recently described

(Jaim-Etcheverry and Zieher, 1968b) gives the

necessary evidence to assume that such non-

specificity operates under physiologic condi-

tions. In this case the closeness of nerve end-

ings to parenchymal cells characterized by ac-

tive indole metabolism could result in the in-

corporation of 5-ITT into the endings. This in-

terpretation is supported by fluorescence histo-

chemical studies of the nerves outgrowing from

pineal grafts (Owman, 1964) and by studies of

the development of the pineal innervation

(Machado et ci., 1968). In spite of the fact

that acutely administered 5-ITT is not able to

enter into the vesicle, the maintenance of an

elevated extravesicular 5-HT concentration dur-
ing prolonged periods might account for the

entrance of the amine into the vesicles. This

incorporation could also be influenced by varia-

tions in the distribution of intraaxonal NE.

CONCLUSIONS. Our results show that exog-

enous 5-ITT incorporated into adrenergic end-.

ings of the vas deferens is unable to displace

NE from its intravesicular storage site and that

it probably accumulates in the extravesicular

compartment when monoamine oxidase is in-

hibited by nialamide. The presence of 5-ITT in-

side the vesicles may be detected cytochemi-

cally only when endogenous NE has been

previously depleted. Both the small and the

large type of granulated vesicles observed in

adrenergic endings are able to incorporate and

store 5-ITT after NE depletion.
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