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Summary. The nerves of rat pineal gland are known to contain norepinephrine and
5-hydroxytryptamine. With the glutaraldehyde-dichromate reaction for the cytochemical
localization of unsubstituted catechol- and indoleamines, dense reactive granules could be
demonstrated in such endings. A similar reaction was observed in the adrenergic nerves
supplying the vas deferens and storing exclusively norepinephrine. Formaldehyde fixation,
prior to the glutaraldehyde-dichromate treatment, interferes with the reaction given by
catecholamines not affecting the indolic reactive sites. After this combined procedure pineal
nerves still exhibited the dense reactive granules, while these were not found in the nerves
of the vas deferens. Following bilateral cervical sympathectomy reactive granules disappeared
from the perivascular processes of the pineal gland. No reaction could be observed in the
cytoplasm of parenchymal cells neither in their perivascular processes.

These cytochemical results suggest that both catecholamines and 5-hydroxytryptamine
are contained within the granulated vesicles of pineal nerves.

Knowledge of the subcellular localization of monoamines is of great importance
to interpret their physiological role in the nervous system. Electron microscopic
studies of adrenergic sympathetic nerve fibers have established the presence of
a mixed population of vesicles, composed of clear ones resembling synaptic
vesicles (DE RoBERTIS and BENNETT, 1954) and of granulated vesicles of the
same size but having an electron dense core within the limiting membrane
{DE RoBERTIS and PELLEGRINO DE IRALDI, 1961 a, b; RicHARDSON, 1962, 1964).
DE RoBERTIS and PELLEGRINO DE IRALDI (1961 a) postulated that such granulated
vesicles are the specific site of storage of monoamines in autonomic nerves. This
assumption has been confirmed in recent years using different experimental
approaches (PELLEGRINO DE IRALDT and DE RoBERTIS, 1961 ; WoLFE et al., 1962;
PeLLEGRINO DE IRALDI and Dk RoBERTIS, 1963 ; PELLEGRINO DE IRALDI et al.,
1963, 1965 ; CLEMENTI, 1965 ; BoNDAREFF and GORDON, 1966; VAN ORDEN et al.,
1966; BrooM and BARRNETT, 1966 ; HOKFELT, 1967).

Work has also been devoted to the development of cytochemical techniques
for the demonstration of monoamines at a fine structural level in the adrenal
medulla (Woop and BARRNETT, 1964 ; CoUPLAND et al., 1964 ; TRAMEZZANI et al.,
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1964). The reactions so far developed are based on the fact that an insoluble
complex is formed between aldehydes and amines and that, upon exposure
to a metal-containing oxidizing agent, a dense precipitate identifiable under the
electron microscope is formed. One of these reactions has been applied to the
study of the autonomic nerve endings of the vas deferens and dense reactive
granules within these endings were demonstrated (BLoom and BARRNETT,
1966). Such granules, identical in size and shape to the osmiophilic core of the
granulated vesicles characteristic of these fibers (RicHARDSON, 1962), were
identified as the site of storage of norepinephrine (NE). However the application
of this technique involving dichromate oxidation to other structures containing
biogenic amines was made difficult because ““in vivo” and ““in vitro” experiments
demonstrated that not only catecholamines, NE and dopamine (DA), but also
5-hydroxytryptamine (5-HT) gave a positive reaction (Woop, 1965, 1966). In an
attempt to find more selective cytochemical tests for the demonstration of
monoamines, formaldehyde fixation, prior to the dichromate reaction, was found
to render negative, at the light microscopic level, the reaction given by catechol-
amines and to leave unaffected indolic reactive sites (see PEARSE, 1960; Woob,
1967). This reaction provides an efficient tool for the localization of 5-HT at a
fine structural level and recently we have demonstrated that it is highly specific
in a pharmacological and ultrastructural study in isolated blood platelets (Jarm
ETcHEVERRY and ZIEHER, 1967).

The pineal gland of the rat contains a remarkable high concentration of 5-HT
(Quay and Harrvy, 1962) as also of NE, DA and histamine (see PELLEGRINO
DE IraLDI et al., 1965). The available evidence indicates that part of pineal
5-HT is localized in nerve fibers, the rest being found in pinealocytes or par-
enchymal cells (BERTLER et al., 1963; PELLEGRINO DE IRALDI et al., 1963, 1965).
These findings led us to attempt the localization of 5-HT in the nerve endings
of the pineal gland at the electron microscope level using the above mentioned
reaction. Comparative observations were also made on the nerve fibers of the
vas deferens known to contain NE but not 5-HT.

Material and Methods

To minimize differences due to cyclic variations in amine content, the pineal gland and
the vas deferens from adult male rats were fixed between 1 and 3 p.m. These organs were
processed according to the following schedules: A. 3% glutaraldehyde in 0.2 M cacodylate
buffer pH 7.4 during 4 to 24 h, followed by a 2.5% solution of potassium dichromate plus
1% sodium sulphate in 0.2 M acetate buffer pH 4.0 for 4 to 16 h. This procedure will be
referred to as glutaraldehyde-dichromate or GD technique. B. 8% formaldehyde 24 h, prior
to glutaraldehyde-dichromate treatment as in A. This procedure will be referred to as form-
aldehyde-glutaraldehyde-dichromate or FGD technique. C. Some blocks processed as in A
and B were postfixed for 20 min in 1.5% buffered osmium tetroxide after the dichromate
treatment. All procedures were carried at 4° C. The blocks were dehydrated in graded ethanol,
being finally embedded in Epon 812 (Lu¥r, 1961). Thin sections, without further staining
were examined under a Siemens Elmiskop I electron microscope.

In a group of rats, the superior cervical ganglia were excised bilaterally under light
ether anesthesia. The pineal glands were removed 6 days after gangliectomy and subsequently
processed for electron microscopy as the normal ones. Criteria for successful gangliectomy
were the rapid development of bilateral ptosis of the superior eyelid and the demonstration
of ganglionic tissue in the excised pieces by light microscopy.
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Observations

Fig. 1 shows a group of nerve fibers and endings located in the perivascular
space of the normal pineal gland, as it is revealed by the glutaraldehyde-di-
chromate (GD) technique followed by a brief osmication. Such endings contain
a rather homogenous population of vesicles of 400—600 A in diameter with

Fig. 1. A group of nerve fibers lying in the perivascular space of the pineal gland of the

normal rat. When processed with glutaraldehyde-dichromate technique followed by a brief

osmication, granulated vesicles of various types are observed within the nerve endings.
x 50,000

(13

a dense core inside. Electron lucent or “clear vesicles” previously described in
these endings are only occasionally observed. Few larger granulated vesicles
of 800—1,000 A as well as mitochondria are also seen.

If in material processed with the GD technique the osmium tetroxide fixation
is omitted, the membranous structures are not visible but the dense reactive
granules are still observed in the perivascular endings (Fig.2). Such granules
are similar in size and shape to the dense core of the granulated vesicles observed
in Fig. 1. Processes devoid of reactive material, corresponding to the club-shaped
expansions of pinealocytes, were also seen lying in the pertvascular space.

Fig. 3 shows the appearance of a pineal nerve ending as demonstrated with
the formaldehyde fixation followed by the glutaraldehyde-dichromate treatment.
A similar content of reactive granules as in Fig. 2 is observed.

In pineal glands of rats 6 days after bilateral extirpation of the superior
cervical ganglia fixed with osmium tetroxide and stained with uranyl acetate
and lead citrate, the nerve endings containing granulated vesicles had disappeared.
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Fig. 2. A nerve ending of the perivascular space of the pineal gland of the normal rat. If

osmium tetroxide fixation is omitted in material processed with the glutaraldehyde-dichromate

reaction, only dense reactive granules remain in the endings, corresponding to the dense
core of the granulated vesicles. x 50,000

Fig. 3. The prefixation with formaldehyde, followed by glutaraldehyde-dichromate treat-

ment, shows an essentially similar image in a pineal ending to that observed in Fig. 2. x 50,000
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Fig. 4. A nerve ending located between adjacent smooth muscle cells of the inner layer of
the rat vas deferens. Reactive granules of different diameters are observed within the endings.
Glutaraldehyde-dichromate reaction. x 50,000

The lack of granular material reacting with both cytochemical techniques was
noticed after gangliectomy.

No reactive sites could be found in parenchymal cells with either cytochemical
procedures.

In the vas deferens the GD technique demonstrates dense reactive granules
within nerve fibers located between smooth muscle cells of the inner muscle
layer (Fig.4). They correspond to the adrenergic fibers of the vas deferens
characterized by their content of numerous dense-cored vesicles. Most of the
granules exhibiting a positive reaction are of 200—500 A in diameter but occasion-
ally larger reactive structures of 700—1,000 A are present. After prefixation
with formaldehyde and subsequent treatment with glutaraldehyde and di-
chromate, no reactive sites could be identified between muscle cells of the vas
deferens.

Discussion

The observation with the GD technique of dense reactive granules in the
nerve endings found in the perivascular space of the pineal gland, is indicative
of the presence of a catechol- or an indoleamine. The observation of a similar
reactive pattern after formaldehyde fixation, known to interfere with the reaction
given by catecholamines, implies that the reactive granules of such endings
contain an indoleamine. This assumption is supported by the fact that sympathetic
endings of the vas deferens, containing exclusively NE, give a positive reaction
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only with GD, but not with the FGD technique. The absence of reactive products
following superior cervical gangliectomy with both cytochemical techniques,
clearly indicates that such nerve endings containing reactive granules are of
sympathetic origin (AriiiNs Kaprers, 1960).

With the present cytochemical approach, no reactive sites could be demon-
strated in parenchymal cells in spite of results obtained with the fluorescence
histochemical method indicating that they contain 5-HT (BERTLER et al., 1963).
Differences in 5-HT metabolism, known to proceed at different rates between
neural and parenchymal compartments (PELLEGRINO DE IRALDI et al., 1963)
may result in a storage form not morphologically identifiable in pinealocytes.

Since the FGD technique reacts with indoleamines, the possibility that
melatonin, an indole derivative concentrated in pineal gland (LERNER et al.,
1958), could give a positive reaction should be considered. “In vitro” test tube
tests have failed to demonstrate any precipitate of melatonin with the FGD
procedure under conditions similar to those in which 5-HT gives a strong precipi-
tate (Z1IEHER and JaiM ETCHEVERRY, unpublished observations).

The interpretation of BERTLER et al. (1963) and PEiLEGRINO DE IRALDI,
Ziener and Dre Roertis (1963) that rat pineal autonomic nerves are both
adrenergic and tryptaminergic seems now fully confirmed. Strong evidences have
been provided by results obtained from comparative studies on the action of
drugs affecting monoamine metabolism in normal and denervated glands, using
biochemical procedures for amine assay (BERTLER et al., 1963; PELLEGRINO DE
IraLDI et al. 1963, 1965), electron microscopy (PELLEGRINO DE IRALDI and DE
Roszerris, 1961, 1963 ; PELLEGRINO DE IRALDT et al., 1965) and the fluorescence
histochemical method of FarLcr and HirLarp for the cellular demonstration of
monoamines (BERTLER et al., 1963, 1964 ; OwMaN, 1964a, b).

The subcellular localization of NE in granulated vesicles postulated by
Dz Roserris and PrriLeerIiNO DE Iranpr (1961a) has been demonstrated in
pineal as well as in other autonomic nerves. On the contrary attempts to localize
5-HT stores in pineal nerves with electron microscopy have previously failed
(PELLEGRINO DE IRALDI et al., 1965; BoNDAREFF and (GGorpoN, 1966). Recent
studies with p-chlorophenylalanine, a potent inhibitor of tryptophan hydroxylase,
have succeeded in localizing 5-HT in granulated vesicles of pineal nerves by
demonstrating a significant diminution of such vesicles together with a marked
drop in pineal 5-HT content (BLoom and GIaRMaN, 1967).

With the GD technique, followed by osmium tetroxide, virtually all vesicles
present in pineal nerve endings exhibit a dense core. The absence of clear vesicles
formerly described in such endings, may be explained on the basis of variations
in the fixation procedures which are known to affect the amount of osmiophilic
material present in the granulated vesicles (RicHarDsON, 1966; TraNZER and
TuoENEN, 1967). Therefore, in pineal autonomic nerves, as well as in those of
cat’s iris (TraNzER and THOENEN, 1967), there is no justification to consider the
presence of clear vesicles as a morphological evidence of the existence of a cholin-
ergic link in postganglionic sympathetic transmission (BURN and Raxp, 1965),
Reactive sites of larger size were occasionally observed in the nerve endings of
the pineal gland with both cytochemical reactions, and in the vas deferens with
the GD technique. They presumably correspond to the few vesicles of the
“intermediate type”, according to the classification of PELLBGRING DE IRALDI
and DE Roperris (1964) observed in such endings, whose significance is still
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in a controversial stage (BOoNDAREFF, 1965; BoNDAREFF and GORDON, 1966;
Broom and BARrRNETT, 1966; HOoxrELT, 1966). This observation suggest that
they may be also related to the process of amine storage.

The almost similar distribution of reactive granules with both cytochemical
techniques in pineal nerves does not permit to differentiate the localization of
5-HT and NE in separated entities within the nerve terminal. Thus the possibility
that both amines may be stored in the same organelle should be seriously con-
sidered. That an interchange of amines may occur in some systems (BERTLER
et al., 1960) is supported by the fact that the NE incorporated “in vitro” to
blood platelets is histochemically demonstrated in a storage site apparently
identical to that normally containing 5-HT (JatM ETCHEVERRY and ZTEHER, 1967).
However, regional differences exist in amine pools that must be considered when
attempting these generalizations.

The cytochemical approach used makes possible the recognition of 5-HT
in pineal nerve fibers and endings. The amine is stored in granulated vesicles,
morphologically similar and most probably identical, to those previously shown
to contain NE in such endings. Combined pharmacological and ecytochemical
studies are being made to investigate the mechanisms of amine storage in different
autonomic nerve endings.
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