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ABSTRACT

JAIM-ETCIIRvEREY, Gvtwsmto AND Luis MARL4 ZinHER: Ultrastructural cytochemistry and

pharmacology of 5-hydroxytryptamine in adrenergic nerve endings. III. Selective increase
of norepinephrine in the rat pineal gland consecutive to depletion of neuronal 5-hydroxy
tryptamine. J. Pharmacol. Exp. Ther. 178: 42-48, 1971. Pineal glands of rats treated
with p-chlorophenylalanine and desmethylimipramine were studied with biochemical and
electron microscopic cytochemical techniques. Both drugs deplete the pool of pineal 5-hy
droxytryptamine (5-UT) localized in the adrenergic fibers which innervate the gland. The
cores demonstrating a cytochemical reaction for 5-HT disappeared from the glands of
treated rats. However, catecholamines were detected cytochemically in the nerves. After
treatment with either drug there was an increase in pineal norepinephrine (NE) as de
termined fluorimetrically. This increase, which was well established 24 hours after the first
injection, was maintained by prolonging the treatment and was not affected by decen

tralization of both superior cervical ganglia. Under conditions in which pineal NE was
increased, no variations were observed in the content of NE of other sympathetically in
nervated organs. This increase is most probably the result of an enhancement of NE syn
thesis triggered by disappearance of 5-UT from the vesicles. The results obtained support
the hypothesis that both NE and 5-UT coexist in the nerve vesicles of pineal adrenergic
fibers.

The pineal gland of the rat contains large
amounts of 5-hydroxytryptamine (5-HT) which
is localized both in its parenchymal cells, the
pinealocyte, and in the nerve fibers supplying
the gland (Pellegrino de Iraldi et at., 1963).
These fibers originate from neurons in the
superior cervical ganglia and constitute the sole
nervous supply to pineal cells and blood vessels.
Since pineal norepinephrine (NE) is contained
in these nerves, they are unique in that they
store two biogenic amines (Owman, 1964).
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Several experimental approaches have confirmed
that whereas NE is synthesized by the adrenergic
neuron, 5-HT is formed in the pinealocyte and
is subsequently taken up by adrenergic nerves,
both compartments having different turnover
rates (Neff et at., 1969).

Recent pharmacologic, morphologic and cyto
chemicalevidenceshow thatintraneuronalpineal
5-HT is localized in vesicles (Bloom and Giar
man, 1967, 1970; Jaim-Etcheverry and Zieher,
1968b; Pellegrino de Iraldi and Gueudet, 1969).
Since adrenergic nerve vesicles store NE, we
have proposed that both 5-HT and NE coexist
within these vesicles (Jaim-Etcheverry and
Zieher, 1968b). This â€œ¿�commonvesicular storageâ€•
mechanism has also been found to be present in
the adrenergic vesicles of the vas deferens under
special experimental conditions (Zieher and
Jaim-Etcheverry, 1971).

The experiments reported here were initiated
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to provide more direct evidence of the existence
of such a storage mechanism by studying the
changes in pineal NE which follow the removal
of 5-HT from the vesicles. This was achieved
either by inhibiting 5-HT synthesis with DL-p
chiorophenylalanine (Koe and Weissman, 1966)
or by blocking its uptake into the nerves with
desmethylimipramine (Neff et al., 1969).

METHODS. Male Wistar rats weighing 200 to 250

g were placed, at least three weeks before being
used, in a controlled environment in which fluores
cent light was kept on from 7.00 AM. to 7.00 P.M.(a
cycle of 12 hours of light and 12 hours of darkness).

DL-p-Chlorophenylalanine (PCP; Pfizer Inc.,
New York, N.Y.) or its methyl ester (1169/17,
AB. Hassle, GÃ¶teborg, Sweden) were dissolved,
respectively, according to Koe and Weissman
(1966) or in saline. Similar results have been ob
tained with both compounds. In acute experiments
animals were killed two hours after receiving a
single i.v. injection of PCP, 100 mg/kg. In other
experiments rats were given one, two or three in
jections (350 mg/kg i.p.) at 24-hour intervals and
were killed 24 hours after the last injection.

Groups of rats receiving desmethylimipramine
(DM1), 20 mg/kg i.p., dissolved in saline, were
killed 2 or 24 hours later. Other animals were
given DM1, 20 mg/kg, on the first day followed
by 10 mg/kg at 24 hours. Some of these were killed
24 hours later (48 hours after the first injection),
whereas the remainder received another injection
of 10 mg/kg and were killed 72 hours after the
first injection.

In a group of rats, both superior cervical ganglia
were decentralized by transecting the preganglionic
trunk under light ether anesthesia. Forty-eight
hours after the operation, the rats received PCP
methyl ester (350 mg/kg i.p.) and were killed 24
hours later. Sham-operated rats were used as con
trols in this experiment.

Special care was taken to make the injections
approximately at the same moment of the light
ing cycle and to decapitate the animals between 2
and 3 piu. to avoid variations in amine content of
the tissues studied. Groups of rats injected at the
same time intervals with the appropriate solvents
were used as controls.

Electron microscopy. Cytochemical methods for
the ultrastructural demonstration of biogenic
amines were performed as described previously
(Zieher and Jaim-Etcheverry, 1971; Jaim-Etche
verry and Zieher, 1968a). In some experiments the
fixative and washing solutions were prepared in
02 M cacodylate buffer, pH 72, whereas in others
0.1 M phosphate buffer, pH 72, was used. The pro
cedure involved treatment of one-half of each

gland with glutaraldehyde and potassium dichro
mate (GD reaction) which depicts cellular sites

containing both catecholamines and 5-HT. The
other half of each gland was placed in formalde
hyde prior to glutaraldehyde-dichromate treatment
(FGD reaction), resulting in a disappearance of
catecholamine reactive sites but no change in 5-HT
sites. In analyzing the results of these experiments,

special attention has been paid to the fact that
both halves of a same gland, each processed with
a different technique, were being studied. From
control, PCP- and DM1-treated groups, 10 glands
were processed in the same way. Electron micro
graphs corresponding to perivascular processes,
which are easily identifiable, were analyzed by
unaware observers who recorded the presence or
absence of granular reactive material which is the
only structure present in the sections.

A mine assays. Norepinephrine was determined
i@y the method of HÃ¤ggendal (1963) and 5-HT by
a modification of the method of AndÃ©n and
Magnusson (1967).as describedpreviously(Zieher

and Jaim-Etcheverrv, 1971). Mean recoveries were
85 and 90% for NE and 5-HT. respectively. The
significance of results was determined by Student's

test.

RESULTS. ELECTRON MICROSCOPY. Figure 1

shows the presence of 5-HT within nerve vesicles
in a pineal ending according to the FGD tech
nique in a normal gland. Both small (300â€”500

A diameter) and large (700â€”1000A) granulated
vesicles store the amine (Jaim-Etcheverry and
Zieher, 1068b). The administration of PCP
resulted in the disappearance of the cores re
vealed by the FGD procedure indicating deple
tion of vesicular 5-HT from pineal nerves (fig.
2A). The fact that the cores reacting with the
GD technique in the other half of the gland
were unaffected confirms that a catecholamine,
probably NE, is not removed from its storage
sitesin the nerves by PCP (fig.2B). After
administration of DM1, the FGD technique

failed to reveal reactive cores in the majority of
pineal perivascula r processes, although approxi
mately 10% of such processes can be positively
identified as nerve terminals due to the persist
ence of a few 5-HT reactive sites (one to five
per profile) (fig. 3A). The other half of the
gland processed with the GD technique has a
normal cytochemical appearance (fig. 3B). These

observations indicate that both PCP and DM1
produce a depletion of neuronal 5-HT without
diminution in the reaction given by vesicular
catecholamines.
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ever,24 hoursafterinjectionof eitherPCP or
DM1, therewas a strikingincreaseinpinealNE
which was maintained by prolonging the treat
ment for 48 or 72 hours. PCP produced a maxi
mal increase in pineal NE content of 158% above
control levels at 24 hours; when the treatment
was maintained for 48 or 72 hours, NE levels
remained around 70% above controls. DM1
caused a similar increase in pineal NE at 24, 48
and 72 hours (approximately 100% above con
trols).

The effects of bilateral decentralization of the
superior cervical ganglia on the content of 5-HT
and NE in the pineal gland are shown in table
2. The concentration of both amines was not

TABLE 2
Effects of deeentralizatiin of the superior cervical

ganglia on pineal norepinephrirte and 5-hydroxy
tryptamine levels after treatment with PCI?â€•

Results are expressed in micrograms per gram of wet weight
and are mean values Â±S.E. of six experiments. Percent changes
are also given.

TAJ3LE 1

5.Hydroxytryptamine and norepinephrine content
of the pineal gland of the rat after PCP and

Dill! treatmentsâ€•
Results are expressed in micrograms per gram of wet weight

and aremean valuesÂ±SE. forfourtofiveexperiments.Percent
changes are also given.

5.5.23Â±2.96
17.37 Â±290b â€”¿�69

8.74 Â± 0.73@ â€”¿�84 52.62 Â± 3.18 â€”¿�5

6.96 Â±0.24
+18 7.56 Â±0.58 +8

+158 15.04 Â±O.9O@@+117
+71 15.62 Â± 124b +125
+62 13.34 Â± 130b +92

â€œ¿�Datacorresponding to dosage and time schedules for ad

ministrationofdrugsisgiveninMETHODS.
bp <.oo@.

DRUG-INDUCED CHANGES IN AMINE CONTENT.

1) Pineal gland. Changes in the 5-HT and NE
content of the pineal gland produced by PCP
and DM1 are shown in table 1. Pineal 5-HT was
diminished by approximately 70% two hours
after injection of PCP (100 mg/kg i.v.). This
depletion was even more pronounced when the
amine was assayed after a 72-hour treatment
with PCP. The administration of DM1 for 72
hours produced no significant decrease in total
pineal 5-HT. With respect to pineal NE, a slight
but nonsignificant increase was observed two
hours after administration of either drug. How

Contentafter:

PCP %a DM1

5-Hydroxy

tryptamine
Controls
2 hr
72 hr

Norepineph
rine

Controls
2 hr
24 hr
48 hr
72 hr

8.22 Â± 0.68
17.94 Â± i.86@'
11.87 Â±049b
11.29 Â± 0.82@

â€œ¿�Bothsuperior cervical ganglia were decentralized by transec

tion of the preganglionic trunk and 48 hours later, rats were in
jected with saline or PCP, 350 mg/kg i.p., and killed after 24
hours.

P < .001 when compared with control values.
P < .001 when compared with values of decentralized ani

mals.

FIG. 1. Electron micrograph ofsympathetic fibers in the pineal gland of the normal rat processed with
the cytochemical technique for the demonstration of 5-HT (FGI) reaction). Both nerve fibers are lo
calized in the periva.scular space of the gland in the vicinity of a blood vessel (RBC, red blood cell).
Two types of reactive granules may be distinguished by their size: small granules of 200 to 300 A in
diameter and larger dense precipitates of 500 to 600 A (1). These densities can be matched with the
dense cores of the small and large granulated vesicles observed with conventional techniques in these
endings. Asterisks indicate the sites probably occupied by mitochondria in the endings. X39,000.

FIG. 2. Sympathetic fibers in the periva.scular space of the pineal gland from a rat treated with p-chlo
rophenylalanine (three 350 mg/kg i.p. doses, 72 hours). In the process in A, no reactive cores are ob
served when half of the gland is treated with the cytochemical technique for 5-HT (FGD reaction).
X40,000. In B, both small and large (1) reactive sites observed in the other half of the gland processed
with the GD reaction indicate the presence of catecholamines. X48,000.

FIG. 3. Electron micrographs of sympathetic endings in the perivascular space of the pineal gland of
a rat treated with desmethylimipramine (20 mg/kg and two 10 mg/kg i.p. doses, 72 hours). In A, no
reactive sites are observed in the majority of perivascular processes when half of the gland is treated
with the FGD technique for 5-HT. Rarely, few small reactive sites as the one shown in the picture (@)
remain in the ending and allow its positive identification. X60,000. In the ending shown in B, small and
large (1) reactive sites appear with the GD procedure and reveal the presence of catechola
mines. X52,000.



HeartSalivary GlandsVasDeferensSpleenControls

PCP, 2 hr
PCP, 72 hr
DM1, 72 hr0.985

Â± 0.04
1.008 Â± 0.14
0.915 Â± 0.13
1.0'27 Â±0.041.60

Â±0.09
1.74 Â± 0.18
1.56 Â±0.24
1.68 Â±0.0714.23

Â± 1.25
15.03 Â± 1.64

14.0'2 Â± 2.140.469

Â± 0.04
0.415 Â± 0.03
0.470 Â± 0.03
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TABLE 3

Norepinephrine content of several sympathetically innervated organs after administration of PCP and DM1â€•

Results are expressed in micrograms per gram of wet weight and are mean values Â±SE. of four to
five experiments.

â€œ¿�Datacorresponding to dosage and time schedules for administration of drugs is given in METHODS.

affected by preganglionic denervation, a finding
which is in line with results showing the lack of
effect of decentralization on peripheral NE levels
(Fischer and Snyder, 1965). The increase in
NE as wellas the depletionof 5-HT produced

by PCP injection (350 mg/kg i.p., 24 hours) was
of similar magnitude in both normal and decen
tralized pineal glands.

@)Otherorgans.The concentrationof NE in
peripheral stores other than the pineal did not
change in animals treated as described above
with PCP or DM1 (table 3).

DIscuSSIoN. The administration of either

PCP or DM1 to rats results in the depletion of
neuronal 5-HT from the pineal gland; this is
reflected in the disappearance from the nerves
of the cores reacting with the FGD procedure.
The persistence of dense deposits with the GD
method indicates that NE is not reduced. The
mechanisms by which these drugs deplete 5-HT
are entirely different. Whereas PCP blocks
tryptophan hydroxylase (Koe and Weissman,
1966) and decreases pineal 5-HT rapidly and
profoundly, DM1 blocks its transport through
the axonal membrane (Eccleston et cii., 1968). In
the case of DM1, 5-HT disappears only from the
nerves, as was demonstrated by the kinetic and
fluorescence histochemical studies of Neff et al.
(1969) and is now confirmed cytochemically at
the ultrastructural level. This selective neuronal
depletion of 5-HT indicates that the neural
store of 5-HT is maintained by this uptake
process. The fact that 5-HT disappears from the
nerves without a decrease in pineal 5-HT con
tent reveals the capacity of the pinealocyte to
store the amine which is normally taken up by
the nerves.

The ability to incorporate 5-HT shown by
pineal nerves is common to other sympathetic
postganglionic fibers (Owman, 1964; see Zieher

and Jaim-Etcheverry, 1971 ) . However, although
exogenous 5-HT is taken up even when given
in tracer doses (Eccleston et cii., 1968) , very high
concentrations of the amine must be offered to
the endings to allow its cytochemical detection
within adrenergic nerve vesicles without an
associated depletion of endogenous NE (e.g.,
approximately5.6x 10@ M in the caseof vas
deferens slices incubated in vitro with exogenous
5-HT) (Zieher and Jaim-Etcheverry, 1971).
Therefore, the concentration of 5-HT normally
present around pineal endings is probably of
thisorderofmagnitude,which ishighlypossible
considering the large amount of 5-HT metabo
lized in the gland.

On the basis of cytochemical studies in rat
pineal nerves showing that almost all vesicles
had a core giving the reaction for 5-HT, the
possibility arose that both 5-HT and NE co
exist in the same vesicle (Jaim-Etcheverry and
Zieher, 1968b), an assumption which received
some experimental support from in vitro studies
in the rat vas deferens (Zieher and Jaim-Etche

verry, 1971). If pineal nerve vesicles are similar
to those of other adrenergic endings, the only
difference being that 5-HT has accumulated in
them because of the special conditions of their
milieu, it is conceivable that the partial empty
ing of such vesicles by depletion of their 5-HT
will produce a compensatory increase in NE
due to the availability of storage sites (See
Weiner, 1970). This hypothesis was confirmed
in this study by the marked and selective in
crease in pineal NE which occurs after the
depletion of 5-HT from pineal nerves; it is
further supported by the increase in neuronal
5-HT which occurs after NE depletion (Zweig
and Axelrod, 1969). However, both conditions
are not exactly similar since the increase in

neuronal 5-HT probably depends on the avail
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mechanism of incorporation of one amine in the
vesicles after depletion of the other is supported
by the results of Zweig and Axelrod (1969) who
studied the increase in 5-HT after depletion of
pineal NE. Apart from this known regulating
mechanism, the possibility that tyrosine hydrox
vlase is also controlled by the concentration of
cytoplasmic 5-HT in pineal nerves, should be

considered. The depletion of this pool would
thus lead to an enhanced tyrosine hydroxylation
and the increase in pineal NE would result from
the availability of storage sites created by the
disappearance of vesicular 5-HT. The time lag
observed between the disappearance of neuronal
5-HT and the rise in NE (i.e., two hours after
PCP, 5-HT is depleted by 70% whereas NE is
not significantly increased) is comparable to
that found in the reverse situation (depletion
of NE followed by increase in 5-HT) studied by
Zweig and Axelrod (1969).

The â€˜¿�commonvesicular storageâ€• mechanism
provides a structural basis for the participation

of postganglionic sympathetic nerves in the
control of pineal indole metabolism. Recent
evidence indicates that this function is mediated

by NE which acts as the neural transmitter in
the gland, 5-HT having opposite actions on
pinealcellreceptors(Wurtman et cxl.,1969).
However, NE and 5-HT which are stored within
nerve vesicles are most probably liberated to
gether during nerve activity, the physiologic
effect of sympathetic nerve stimulation thus
being the result of the relative amounts of NE
and 5-HT simultaneously released. This ratio
in turn reflects the vesicular 5-HT/NE ratio,
which may be modified by changes in the con
centration of parenchymal 5-HT or by the 24-
hour cyclic variations in pineal NE and 5-HT
levels.

CONCLUSIONS. 5-HT contained within nerve

vesicles of adrenergic fibers innervating the

pineal gland of the rat is depleted by treatment
of the animals with p-chlorophenylalanine or
desmethylimipramine. This depletion causes an
increase in pineal NE which is not observed in
other sympathetically innervated organs. This
increase in pineal NE which is not affected by
previous decentralization of the neurons supply
ing the gland, adds further support to the hy
pothesis that both amines coexist in amine stor
age vesicles in rat pineal nerves.
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organs as well as the increase in pineal NE even
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tein synthesis by actinomycin D or cycloheximide
(unpublished results). The second mechanism
involves the release of tyrosine hydroxylase from
the feedback inhibition exerted by cytoplasmic
catecholamines. When vesicular stores are par

tially emptied, the incorporation of cytoplasmic
catecholamines into the vesicles reduces their
concentration and tvrosine hvdroxylation is
enhanced (see Weiner, 1970). After disappear
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