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Summary. By the use of imrnunocytochetnicd staining 
methods. we studied the morphology and distribution of 
SHT and NPY immunoreactive cells and fibres in  the 
mouse adrenal gland. The 5HT-immunoreactive cells 
were numerous and widely localized i n  the medullar 
tissue. These cells were arranged in three cellular types 
with regard to their morphological and immunocyto- 
chemical features. One of them showed cells with 
polygonal shape, being intensified like the typical 
medullary chromaffin cells. These imniunoreactive cells 
were observed arranged in  medullar islets. The second 
SHT-inimi~noreactive celular type was constituted by 
cells with polygonal shape and strong immunoreactivity. 
The third one was formed by cells with irnmunoreactive 
prolongations. We found some islets of chromaffin non- 
irnmunoreactive cells surrounded by immunostained 
cells. We also observed some 5HT-imniunoreactive 
nerve fibres in the rnedullar tissue. NPY-like itlitnuno- 
reactivity was detected in both chromaffin and ganglion 
cells in adrenal medulla. NPY-like imrnunoreactivity 
was also detected in nerve fibres at cortical level. In a 
few cases, we observed medullar SHT- and NPY- 
inimunoreactive tissue in the adrenal cortex 
(monotremas). 

Key words: SHT, NPY, I~nmunocytocheniistry, Adrenal 
gland. Chrotnaffin cells 

Introduction 

Many studies indicate that adrenal cells have the 
capacity to produce, store and release biologically-active 
amine\ and peptides. However, the localization and 
concentrations of neuropeptides and amines exhibit 
marked interspecific heterogeneity. Not only does the 
cli~antity or quality of chrotnaffin cell imrnunoreactivity 
to differcnt peptides and atnines vary remarkably in 
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different species, but also their presence i n  cells and 
nervous structures is often different (Pelto-Huikko. 
1989).  This  suggests  that the functions of these 
substances may be different in separate species.  
Serotonin (SHT) and ne~tropeptide Y (NPY) are two 
neuroendocrine niediators present in adrenal gland with 
wide distribution in mammals, fundatnentally in central 
and peripheral nervous system. 

SHT is a biogenic atnine largely studied in mammals 
in differents organs and systems (Lauweryns et al.. 1973; 
Fijita and Kobayashi, 198 1 ; Steinbusch, 1981: Griffith 
and Burnstock, 1983: Gronblad et al.. 1983; Koevory. 
1983; Humphrey. 1984; Petrovic and Bell. 1984: App.el 
et al., 1986). Although its presence in  the chrornaffin 
cells of the adrenal gland has been described by many 
authors in  different manimals (Csabn and Sudar, 1978; 
Sudar and Csaba, 1979: Berhofstact and Jotisson, 1983: 
Holzwarth et al., 1984; Holzwath and Brownfield. 1985: 
. . .Holzwarth and Sawetawan, 1985: Brownfield et al.. 
1985: Bacon and Smith, 1988; Delarue et al.. 1988a; 
Soinila er al.. 1988, 1989; Kong et al.. 1989). little is 
known about its existence and location in the mouse 
adrenal gland. 

NPY is a 36-aminoacid peptide originally isolated 
from porcine brain by Tatetnoto et al. (1982), but [low 
know to be widely distributed throughout the 
mammalian central and peripheriil nervous systems 
(Lundberg et al., 1982; Adrian et al.. 1983b; Alleti et al., 
1983b; Morley, 1986). Furthermore. NPY coexists with 
norepinephrine in  certain sympathetic nerves (Everit et 
al.. 1984; Fried et al., 1985; Cadieux et al., 1989: 
Chalrners er al.. 1989). I n  adrenal medulla of different 
animals the occurrence of NPY irnmunoreactivity i n  
chromaffin cells and nerve fibres has been demonstratctl 
(Varndell et al., 1984; Pelto-Huikko, 1989), while i n  
human. NPY has been detected in phaeochrornocytomas 
and ganglioneuroblasto~nas (Adrian et al.. 1983a). 
However, from the discovery by RIA of NPY-like 
immunoreactivity in this gland (Allen et al.. I983a), the 
references about its distribution in mice show 
significative discrepancies. I n  view of this. our study 
was performed in order to establish the location. 
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distribution and morphology of the 5HT-like and NPY- 
like i~nmunoreactive structures in the mouse adrenal 
gland,  providing an anatomical description of these 
neuroendocrine mediators at this level. 

Materials a n d  me thods  

S 0  adrenal glands obtained from adult male mice 
(Swiss O F - l )  (b.w. = 25-35 gr.) were studied. Under 
anaesthesia (Ketamine 0.1 mglgr b.w. and valiu~n 0.05 
mglgr b.w.) the animals were perfused with heparinized 
( 1 U.I./ml) physiological saline serum, followed by the 
perfusion of 4% paraforrnaldehyde in 0. I M phosphate 
buffer, pH 7 .2  (150  ml). Ketamine and valiuln were 
employed in order to reduce the stressful stimuli which 
might otherwise affect adrenal gland. The adrent11 glands 
were rapidly removed and postfixed by immersion in the 
same fixative for four hours at 4 "C. The adrenal glands 
were also fixed by immersion for five hours in the same 
fixative at the same temperature. After fixation. they 
were  r insed  in buf fe r  ( 0 . 0 5  M T R I S - H C I  pH 7 . 6  
containing 0.1 % Triton X- 100). Triton X- l 0 0  at this 
concen t ra t ion  w a s  used  in o r d e r  t o  f ~ r c i l i t a t e  
the  an t ibod ies '  access  through membranes .  Af ter  
dehydration and embedding in paraffin. the sections 
were  c u t  a t  6 - 8  p m  th ickness  and  p rocessed  f o r  
immunocytochemistry by peroxidase-antiperoxidase 
(PAP)  (Sternberger  er al., 1970) ,  indirect irnmuno- 
pe rox idase  ( I P )  ( N a k a n e ,  1 9 6 8 )  o r  s t r ep tav id in -  
h io t in  ( B o n n a r d  e t  a l . ,  1984)  me thods .  P r io r  t o  
incubation with the primary antisera. the sections were 
exposed to 0.3% H 2 0 2  in niethanol for 30 inin in order 
to  e l in i ina te  the  e n d o g e n o u s  pe rox idase  ac t iv i ty  
(Streefkerk. 1972) and were rehydrated. The  sections 
were treated with normal swine serum diluted 1:20 in 
0.05 M TRIS-HCI buffer, pH 7.6 for 3 0  min. Then,  
sections were incubated in a moist chamber at 4 "C for 
48 h with the primary antiserum against SHT (Inimuno- 
nuclear Corporation) or  NPY (CRB) .  both raised in 
rabbit, diluted 1 : 1000 and 1 :S00 respectively in 0.05 M 
TRIS-HCI buffer, pH 7.6. After rinsing in the same 
buffer (2  X 5 min), sections were incubated setluentially 
with 1 :S0 diluted ontiserum against rabbit IgG raised in 
swine (Dako) for 45 min at room temperature and. after 
r ins ing in the  same  buffer  ( 2  X S min) .  they were  
incubated with 1 :50  diluted PAP complex raised in 
rabbit (Dako) for 30  min at room temperature. In the 
indirect immunoperoxidase method, the sections were 
incubated with normal goat serum diluted 1:20 for 30  
min at  room temperature .  Af te r  incubat ion in the  
primary antiserum for 4 8  h under the same conditions 
and rinsing in buffer ( 2  x 5 min),  the sections were 
incuba ted  wi th  1 : 5 0  d i lu t ed  pe rox idase - l abe l l ed  
antiserum against rabbit IgG raised in goat (Dako). In 
the streptavidin-biotin method. af ter  incubation in 
primary antiserurn ;and rinsing in buffer (2 X S min.). the 
sections were incubated sequentially with hiotinylnted- 
IgG (Sigrna) for 30 min and then with the streptavidin- 
biotin-peroxitlase complex (Sigma) for 20  rnin at room 

temperature, previous to a rinse in  buffer (2  X S rnin.). In  
t he  th ree  m e t h o d s  the  pe rox idase  ac t iv i ty  was  
demonstrated by exposure of the sections to n fresh 
solution of 0.05% 3.3'-diarnonobenzidine tetrahytlro- 
chloride (Sigma) and 0.01 55 hydrogen peroxide in 0.05 
M TRIS-HCI buffer, pH 7.6, under microscopic control 
for five minutes. The  sections were counterstained. 
dehydrated. cleared in xylene and nlounted with DePeX 
(Serva). In order to establish the specificity of immuno- 
staining. adjacent sections were incubated with control 
s e ra  a n d  p rocessed  in para l le l  wi th  exper imen ta l  
sections. Furthermore, control was carried out with the 
incubation of the diluted 5HT antiserum overnight with 
an excess of 5-HT ( I 0  pglml of diluted antiserum). 

Results  

The use of different immunocytochemicaI techniques 
revealed 5HT-like imrnunoreactivity (5HT-IR) and NPY- 
like imrnunoreactivity (NPY-IR) in a high percentage 
of chromaffin cells in mouse adrenal medulla (40-60%) 
(Figs. 1 ,  9). The three immunocytochemical rnethotls 
gave  s imi lar  results. a l though the immunosta in ing 
background was less and the immunoreactive cells were 
best visualized with Sternberger's unlabelled antibody 
enzyme technique (PAP method). 

Results for 5HT 

The  SHT-immunostained chromaffin cells. which 
showed polygonal morphology, were observed widely 
distributed in the medullar  tissue and were locatecl 
in immunoreactive medullar clusters (Fig. 1 ). However. 
we also found solitary 5HT-inimunoreactive chromuffin 
c e l l s  in the  non- immunos ta ined  medu l l a r  t i s sue .  
T h e s e  c e l l s  s h o w e d  a h igh  nuc leo -cy top lasmic  
ratio. with a large nuclei (Fig. 2). We also observed 
s o m e  i s l e t s  of  ch romaf f in  non- immunoreac t ive  
ce l l s  s u r r o u n d e d  by i m m u n o s t a i n e d  ce l l s .  T h e  
i m m u n o s t a i n i n g  s h o w e d  a mnrketl in tens i ty  in 
the peripheral medullar tissue. and this observation 
w a s  less  p reva len t  in the  inne rmos t  z o n e  of the  
adrenal medulla (Fig. 3). F~~r thermore ,  areas with low 
number of immunoreactive cells were intermingled with 
a reas  o f  dense ly -packed  i rnmunosta ined ce l l s .  In 
addition to these SHT-inimunoreactive chromaffin cells 
we observed a second serotoninergic subpopulation 
ce l l i~ la r  type characterized by their strong immuno- 
reactivity, the majority of them being close to blood 
vessels. The morphology of these cells was polygonal. 
similar to the chromaffin cells and they were scarce in 
number (Fig. 4). The third cellular type was formed by 
cells with immunoreactive prolongations, being sparsely 
distributed in the niedullar tissue. These cells were also 
scarce in number (Fig. 5):Single serotonin immuno- 
reactive fibres were also seen in the medullary adrenal 
parenchyma. Some of them ended in the proximity 01' 
chrornaffin cells, suggesting a synaptic contact (Fig. 6). 
In a few cases, we observed immuno-reactive ~iiedullar 
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tissue i l l  the adrenal cortex (monotre~nas) (Fig. 7). cells and forming inimunostained cellular clusters (Fig. 
X) .  The NPY-immunoreactive cells were polygonal in 

Results for NPY shape and occasionally showed cytoplasmic processes 
(Fig. 9). The intensity of the immunoreaction varied 

NPY-IR was identified in both adrenal medulla and from cell to cell. and the immunoreactive material witliin 
adrenal cortex. I n  the medullar tissue the irnmuno- the cytoplasln appeared granular. We could also observe 
staining was fi~ndamentally observed in chromaffin cells. some irnmunoreactive cells with topographical relations 
These cells were widely distributed in the medullar to central veins. In a few cases,  NPY-IR ganglion 
tissue and they appeared both as single immunoreactive neurons showing characteristics prolongations were also 

Fig. 1. 5HT-like 
immunoreactivity in 
chromaffin cell clusters 
Perfusion. Streptavidin 
method. X 250 

Fig. 2. Isolated 
serotoninergic chromaffin 
cells in adrenal medulla 2 (arrows). Immersion. PAP 
method. X 250 
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observed (Fis. 10). The NPY-IR in  the adrenal cortex 
was localized in nerve fibres. The p l e x ~ ~ s  of NPY-IR 
nerve fibres with varicosities was observed around the 
small blood vessels, which penetrated the capsule and 
coursed in the subcapsular regions of the adrenal gland 
(Fig. I I ). These nerve fibres extended into the cortical 
zones where they surrounded blood vessels and cortical 
cells.  Single varicose nerve fibres were sparsely 

distributed in the hsiculata and reticularis zone of the 
cortex. In  a few cases. we observed NPY-like inimuno- 
reactive medullal. t issue i n  the adrenal cortex 
(monotrernas). These structilres could be observed as 
immi~noreactive cell groups in the adrenal cortex (Fig. 
12). Some of them were in relation to blood vessels and 
in the vecinity o f  the origin of the suprarrenal vein. 
These could be observed without any topographical 

Fig. 3. A more intensive 5HT. 
3 like immunostaining adrenal 

medulla periphery. Perfusion. 
I.P. method, xlOO 

. .L I .. . 
A.' 

Fig. 4. 5HT-like 
irnmunoreactive medullar cells 
intensely stained (arrow). 
Perfusion. PAP method. X 250 
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relation to the blood vessels. Within these immuno- subpopulations in the mouse adrenal ~nedulla. The first 
reactive monotremas, the immunost:~inetl cells were one was constituted by the typical SHT-like immuno- 
\,ariable From cell to cell. reactive chromaffin cells. which have been identified by 

many authors in other animals. such as rat (Marshall et 
Discussion al.. 1975: Csaba and Sudar, 1978: Sudar and Csaba. 

1979: Berhofstad and Jonsson, 1983; Brownfield et al.. 
I n  our study we distinguished three serotoninel+gic 1985: Holzwarth and Sawetawan. 1985; Holzwarth and 

Fig. 5. 5HT-like 
irnmunoreactive medullar cells 
wilh irnrnunostained 
prolongations (arrowheads). 
Immersion. I.P, method. 
X 1,000 

Fig. 6. 5HT-like 
irnrnunoreactive medullar 
tissue in the adrenal cortex 
(monotremas) (arrows). 
Perfusion. Streptavidin-biotin 
method. X 250 
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Brownfield, 1985), rabbit (Prada et al.. 1976). pig (Kong 
et al.. 1989). frog (Delarue et al., 1988a). and in  human 
pheochromocytomas (Nilsson et al., 1986). However, we 
have not found references to serotonirl existence and 
distribution in mouse adrenal gland. In rats. the best 
animal studied in  this field, SHT 1R has been identified 
i n  adrenergic chrornaffin cells (Holzwarth and 
Brownfield. 1985). Ultrastructurally, this umine was 

lociitetl in the core and next to the membrane chromaffin 
granules,  when the fenil-atanolamin-N-rnethil- 
transferase (PNMT) was disposed in  eccentric position 
(Brownfield et al., 1985). Equally, in the frog intcrrenal 
bodies. 5HT IR has been demonstrated i n  almost all 
epinephrine-producing cells. which represent about 90% 
of the total chromaffin cells. In this study, 5HT was 
visualized in secretory vesicles, essentially located in the 

Fig. 7. 5HT-like 
irnrnunoreactive nerve fibre 
towards serotoninergic 
chrornaffin cell (arrow). 
Possible synapsis (arrowhead). 

7 Perfusion. Streptavidin-biotin 
1 method. 

X 1,000 

I . .. . biotin method. X 100 
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cellular periphery (De la rue  e t  al.. l 988a) .  On  the 
contrary. in the pig (Sus scrofa) most SHT IR has been 
ident i f ied  co inc id ing  with na radrenerg ic  h is to-  
fluorcscence (Kong et  al., 1989).  which slow clear 
interspecific differences. 

With regard to our second 5HT-like immunoreactive 
cellular type subpopulation, characterized by its strong 
itnrnunoreactivity and polygonal morphology. we have 
not found references in the studies carried out by other 

authors in other animal species. These cells would be a 
specific cellular type in this anirnal, which, because of 
its stronp irnm~~noreactivity, would have a larger degree 
of amine synthesis or a lesser secretion capacity. 

O u r  th i rd  SHT-l ike  immunoreac t ive  ce l lu la r  
subpopulation type was formed by cells with irnmuno- 
reactive prolongations.  T h e  occurrence in several  
mammals  of an adrenal chroniaffin cell population 
differentiated to ganglion cells and characterized by 

Fig. 9. Polygonal NPY-like 
irnrnunoreactive cells. One 
of them lacks cytoplasmic 
process to vessel. 
Perfusion. PAP method. 
X 1,000 

Fig. 10. NPY-like 
irnmunoreactive ganglion 
cells in adrenal medulla. 
Immersion. PAP method. 
X 1,000 
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cellular prolongations has been signalled by different 
authors (Kobayashi and Coupland, 1977; Kajihnra et al., 
1978; Marinkovic et al., 1978; Unsicker et ill.. 1978). 
These cells have been identified as a transient form 
between neurons and paraneurons (Serizawa and 
Kobayashi. 1980) and i t  has been suggested that they 
[nay be a special morphological representation at this 
level of SIF (small intensely fluorescent) cells. SIF cells 
have been identified as the storage site for serotonin 

i n  the mouse sympathetic ganglia (Eri inkii  and 
Hiirkiinen, 1965; Soinila et al., 1989). With regard to 
this last affirmation. and based on the analogy 
between sympathetic ganglia and adrenal medulla. we 
suggest that our SHT-like immunoreactive cells with 
prolongations would represent serotoninergic SIF 
medullary cells. 

In the moilse adrenal medulla, we founcl single 
s e r o t o n i n - i m m i ~ n o r e : r c ~ i \ . c  fibres,  i n  some cases. 

Fig. 11. NPY-like fibre nerve 
imrnunoreactivity in 
glomerular zone of adrenal 
cortex. Perfusion. 
Streptavidin-biotin method. 
X 1,000 

Fig. 12. NPY-like rnedullar tissue 
immunoreactivity in glomerular 
and relicular zones of adrenal 
cortex (rnonotrema). Immersion. 
PAP method. X 250 
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acljacent to serotoninergic cells (Fig. 6). Serotoninergic 
fibres have not been seen i n  adrenal medulla to date. 
I n  this animal.  serotonin-containing nerve fibres 
Inay enter  the gland via splanchnic nerves. 
which represent the main neuronal input to tlie 
adrenal gland. or through other routes known to 
contain fibres innervating the adrenals, such as fibres 
entering via the sympathetic chain. However, these 
serotoninergic fibres may also possess an intrinsic 
origin. Further studies are necessary to elucidate these 
questions. They would be implicated in  a serotoninergic 
self-modulation mechanism. Whether the amine 
localized in nerve terminals acts directly on chromaffin 
cells as niodulator / t rans~ni t ter ,  o r  modulates the 
receptors of other transmitters is not known to date. and 
a presynaptic firnction must be kept in ~iiind. The origin 
of these immunoreactive fibres remains to be 
established. 

With regard to functional aspects. Holzwarth et al. 
(1984) studied the distribution and response of serotonin 
i n  tlie rat adrenal medulla to  pharmacological 
manipulations. suggesting the existence of a regulatory 
mechanism i n  the release of serotonin at this level. 
Moreover, serotonin has been recently reported as n 
potent stimulator of corticosterone and aldosterone 
secretion and this action has been demonstrated to be 
mediated through a new non-classical 5HT receptor 
(termed SHT-4) (Delarue et al., 1988b: Leboulenger et 
a l . .  1988; ldres  et a l . ,  1989. 1991).  It woulcl be 
convenient to study a possible <<feed-back,, mechanism 
by which a decrease i n  cortical hormones would 
stimulate the SHT synthesis and release in medullar cell 
chromaffin. This would be possible thanks to adrenal 
microcirculatory characteristics, in the same way that the 
glucocorticoids stimulate the medullar adrenalin 
synthesis (Poorecky and Wurtman, 1971 ). The elevated 
plasmatic SHT levels would close this feed-back 
mechanism by the enhancement of corticosterone and 
aldosterone release. 

From the discovery of NPY by Taternoto et al. ( 1982) 
many authors have related this neuropeptide with tlie 
noradrenergic system. Furthermore, NPY has been 
considered as a cotranslnitter with this amine. and the 
coexistence has been revealed in the same sylnpathetic 
postganglionic neurons (Everit et al., 1984; Fried et al., 
1985: Cadieux et al.. 1989; Chalmers et al., 1989). The 
removal of the cervical superior ganglion leads to the 
disappearance of NPY-immunoreactivity i n  the tissue 
innervated by this ganglion. On the other hand, the 
parallel distribution of this peptide with the arnine- 
synthesizing enzymes like catliecolaminase has also 
been demonstrated (Cadieux et al., 1989: Dagerlind et 
al . .  1990).  Furthermore. i ts corelease with nor- 
epinephrine during synipathetic activation and stress has 
been observed by some authors (Allen et al., 1984; 
Lundberg et al.. 1986a; Zukowska-Grojec et al.. 1988: 
Chalmers et al., 1989; Russell et al., 1989; Briand et al., 
1990: Morrnede et al.. 1990; Stoddard et al., 1992). 
Recently the localization and regulation of the 

messenger molecules adrenaline. noradrenaline and 
neuropeptidc tyrosine (NPY) within the cells of the 
sympathetic nervous system and the adrenal medulla of 
rat by in situ hybridization and Northern blot analysis 
has been studied (Schalling et al., 1991). In the adrenal 
gland, NPY was described for the first time by HPLC 
techniques in different mammalian species (Allen et al.. 
1983a)  and at the same time in human 
ganglioneuroblastomas and phaeochromo-cytomns 
(Adrian et al.. 19832). However, Lundberg et al. ( I986b) 
adduce the first clernonstration of the peptide in this 
organ. These authors demonstrated the presence of 
Pancreatic Polypeptide (PP)  i n  the adrenal medulla 
previous to the discovery of NPY by Tatenioto 
(Lundberg et al.. 1980). At this time, we know that the 
PP immunoreactiviry described by Lundberg et al. 
(1980) correspontls at least in a large measure, to NPY. 
The first i~nrnunocytochemical description of NPY in  the 
adrenal gland was made by Varndell et al. (1984) 
showing immunoreactive structures i n  horse, cat. rat, 
hamster. dog and mouse. The authors identified NPY- 
like immunoreactivity in  medullar norepinephrine cells 
and in a varicose nervous fibre populations. more 
prominent in  clogs and rats. Similar nerve fibres in the 
cortical and reticular zone have also been described. The 
distribution of these fibres was very s imilar  to 
norepinephrine fibres demon-strated by tyrosine- 
hydroxylase-like immunoreactivity and DBH-immuno- 
reactivity. The results obtained for these authors in this 
animal are similar to ours. However, they did not 
observe any cells with prolongations to medullar level or 
NPY-like immunoreactive monotrenias. Furthermore. 
they identified medullar NPY-like immunoreactive 
fibres, although with regard to this, our results were 
negative in mice. Ultrastructurally, Kuramoto et al. 
( 1986) localized these NPY-like immunoreactive fibres 
in the glomerular  zone of the rat adrenal gland,  
surrounding blood vessel and cortical cells, and also in  
the fascicular. reticular and medullar zones. These 
findings are similar to our results in the mouse adrenal 
cortex, but in our work, the fibres were predominant at 
the glornerular level. These authors also described a 
population of numerous clear vesicles (45-50 nm 
dianietre) next to two NPY-like immunoreactive granular 
populations. One of them showed a similar size to the 
clear vesicles; the other one was composed of large 
granular vesicles of 90-100 nm diameter. NPY-like 
immi~noreactivity was also detected in the axoplasni 
surrounding the described vesicles and mitochonclria. 
These NPY-like immunoreactive fibres in the rat adrenal 
gland. which are localized around vascular component. 
correspond to noradrenergic postganglionic axons whose 
neuronal bodies are localized in the celiac ganglion. This 
relation suggests a motor role of the neuropeptide Y, 
acting as n cotransmitter with norepinephrine. On the 
other hand. the fibres associated to the cortical cells 
could have an endocrine function. However, the role of 
the immuno-reactive fibres related to the chrornaffin 
cells is unknown to date (Kuramoto et al., 1986). With 
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regard to these findings an inhibitory effect of NPY 
findings on the function of rat zona glomerulosa and 
perhaps of the zona fasciculata has been recently 
suggested (Lesniewska et al., 1990). I t  is obvious. in 
spite of the interespecific differences. that the authors are 
in  agreement about the existence and tiistribution of 
NPY immunoreactive fibres in  the acirerial gland, and 
NPY irnmunoreactivity in chrornaffin cells. in function 
to the analyzed animals (Pelto-Huikko. 1989). However. 
this does not occur with regard to the chromaffin cellular 
type producing and storing the neuropeptide Y in rat 
adrenal medulla (Varndell et al., 1984; Kuramoto et al.. 
1986) and in the presence of NPY-like immunoreactive 
ganglion neurons. In mouse, our experimental animal, 
the NPY-like immunoreactive material has been 
described in norepinephrine chromaffin cells by 
concomitant demonstration of PNMT (Lundberg et al., 
1986b; Pelto-Huikko. 1989). However. in apposition to 
our results, i n  these works immunoreactive ganglionar 
cells i n  the adrenal medulla or monotremas in the 
cortical parenchyma showing NPY-like iriimuno- 
reactivity were not observed in  mouse adrenal gland. 
The ganglionar NPY-immunoreactive cells have been 
described in rat and hamster adrenal medulla (Pelto- 
Huikko. 1989). Most of these ganglion cells in the rat 
adrenal medulla are noradrenergic (D~igerlind et al., 
1990). Up to date, we have not found any studies 
referring to the morphology of different cellular 
popularions with NPY-irnmuno-reactivity in the adrenal 
gland. For this reason, we can concl i~de  that the 
polygonal chrornaffin cells showing short prolongations 
towards vascular structures, could constitute a special 
type of chrornaffin cell i n  this animal. The presence 
of islets or prolongations of medullar tissile in the 
adrenal cortex (monotremas) suggests that in the 
organogenesis of this gland a kidnapping of rnedullar 
adrenal outline included i n  the cortical parenchyma 
could occur. 

I n  relation to the functional aspects. the NPY is 
released in the blood vessels after medullar sympathetic 
stimulation of the splacnic nerve (Lundberg et al.. 
19862; Gaurnann et al., 1989) and in response to acute 
stress stimuli (Castagne et al., 1987; Zukowska-Grojec 
et al., 1988; Mormede et al., 1990) or during physical 
exercise (Pernow et al., 1988). On the other hand, 
this neuropeptide can act in the cathecolaminergic 
medulladrenal release producing a dependent- 
concentration inhibition of the release of epinephrine 
and norepinephrine mediated by nicotinic receptor, 
suggesting that the modulatory effect could be produced 
throughout the activation of the specific receptors (Y or 
Y?) (Higuchi et al., 1987; Sheikh et al., 1989). The 
iniestigations of Kuramoto et al. ( l  986). Lundberg et al. 
(1986b) and Hexum et al. (1987) can lead to various 
possible mechanisms of action of this neuroendocrine 
mediator in the adrenal gland: 

1 .- A paracrine or endocrine release of NPY from 
medulloadrenal chromaffin cells after acetylcholinergic 
preganglionic stimulation. 

2.- An NPY release from postpanglionic nerve fibres. 
performing its action on the rnedullar or cortical 
glandular cells. 

3 . -  An NPY postganglionic release performance 
together with the norepinephrine on the vascular smooth 
muscle, controlling the vasornotor tone of the zone and 
consequently the intradrenal microcirculation. 

References 

Adrian T.E.. Allen J.M., Becarese-Hamilton A.J., Brawn M.J.. Polak J.M. 
and Bloom S.R. (1983a). Neuropeptide Y in phaeochromocytornas 
and ganglioneuroblastomas. Lancet 2. 540-542. 

Adrian T.E., Allen J.M.. Bloom S.R., Ghatei M.A.. Rossor M.N.. Roberts 
G.W.. Crow T.J.. Tatemoto K. and Polak J.M. (1983b). Neuropeptide 
Y distribution in human brain. Nature 306, 584-586. 

Allen J.M.. Adrian T.E., Polak J.M. and Bloom S.R. (1983a). 
Neuropeptide Y (NPY) in adrenal gland. J. Autom. Nerv. Syst. 9. 
559-563. 

Allen Y.S.. Adrian T.E.. Allen J.M., Crow T.J.. Bloom S.R. and Polak 
J.M. (1983b). Neuropeptide Y (NPY) distribution in rat brain. 
Science 221, 877-879. 

Allen J.M., Bircham P.M.M.. Bloom S.R. and Edwards A.V. (1984). 
Release of neuropeptide Y in response to splanchnic nerve 
stimulation in the conscious calf. J. Physiol. Lond. 354. 401-406. 

Appel N.M., Wessendorf M.W. and Elde R.P. (1986). Coexistence of 
serotonin and substance P-like immunoreactivity in nerve fibers 
apposing identified sympathoadrenal preganglionic neurons in rat 
intermediolatera! cell column. Neurosci. Left. 65. 241 -246. 

Bacon J.S. and Smith A.D. (1988). Preganglionic sympathetic neurons 
innewating the rat adrenal medula: irnmunocytochemical evidence 
of synaptic input from nerve terminals containing substance P. 
GABA or 5-hydroxytryptamine. J. Auton. Nerv. Syst. 24, 97-1 12. 

Berhofstad A.A. and Jonsson G. (1983). lmmunohistochernical and 
neurochemical evidence for the presence of serotonin in the adrenal 
medulla of the rat. Neuroscience 10, 1443-1452. 

Bonnard C., Papermaster D.S. and Kraehenbuhl J P .  (1984). The 
streptavidin-biotin bridge technique: Application in light and electron 
microscope immunocytochemistry. In: lmmunolabeling for electron 
microscopy. Polak J.M. and Varndell I.M. (eds). Elsevier. Oxford. 
pp 95-1 12. 

Briand R.. Yamaguchi N., Gagne J., Kimura T., Farley L.. Foucart S.. 
Nadeau R. and de Champlain J. (1990). Corelease of neuropeptide 
Y like immunoreactivity with catecholamines from the adrenal gland 
during splanchnic nerve stimulation in anesthetized dogs. Can J. 
Physiol. Pharmacol. 68, 363-369. 

Brownfield M.S., Poff B.C. and Holzwarth M.A. (1985). Ultrastructural 
irnmunocytochemical CO-localization of serotonin and PNMT in 
adrenal medullary vesicles. Histochemistry 83. 41-46. 

Cadieux A.. Benchekroun M.T.. St-Pierre S. and Fournier A. (1989). 
Bronchoconstrictor action of neuropeptide Y (NPY) in isolated 
guinea-pig airways. Neuropeplides 13: 205-219. 

Castagne V., Corder R., Gaillard R. and Normede P. (1987). Slress- 
induced changes of circulating neuropeptide Y in rat: Comparison 
with catecholamines. Regul. Pept. 19, 55-63. 

Csaba G. and Sudar F. (1978). Localization of radioactively labelled 
serotonin in the nucleus of adrenal medullar cells. Acta Anal. 100. 
237-240. 

Chalmers J., Morris M,, Kapoor V., Cain M,, Elliott J.. Russell A.. 



m e  adrenal gland 

Pilowsky P,. Minson J., West M. and Wong L. (1989). Neuropeptide 
Y in the sympathetic control of blood pressure in hypertensive 
subjects. Clin. Exp. Hypertens. (Suppl 1) 11. 59-66. 

Dagerlind A.. Goldstein M. and Hokfelt T. (1990). Most ganglion cells in 
the rat adrenal medulla are noradrenergic. Neuroreport l. 137-140. 

Delarue C.. Leboulenger F.. Morra M.. Hery F.. Verhofstad A.J.. Berod 
A.. Denoroy L.. Pelletier J. and Vaudry H. (1988a). Immunohisto- 
chemical and biochemical evidence for the presence of serotonin in 
amphibian adrenal chromaffin cells. Brain Res. 459, 17-26. 

Delarue C.. Lefebvre H.. ldres S., Leboulenger F., Homo-Dalarche G., 
Lihrmann I.. Feuilloley M. and Vaudry H. (1988b). Serotonin 
stimulates corlicosteroid secretion by frog adrenocortical tisssue in 

vitro. J. Steroid Biochem. 29. 519-525. 
Eranko 0. and Harkonen M. (1965). Monoamine containing small cells 

in the superior cervical ganglion of the rat and an organ composed 
of them. Acta Physiol. Scand. 63. 51 1-512. 

Everit B.G.. Hokfelt T.. Terenius L., Tatemoto K.. Mutt V. and Goldstein 
M. (1984). Differential coexistence of neuropeptide Y (NPY-like 
immunoreactivity) with catecholamine in the central nervous system 
of the rat. Neuroscience 11, 443-462. 

Fried G.. Lundberg J.M. and Thodorsson-Norheim E. (1985). 
Subcellular storage and axonal transport of neuropeptide Y (NPY) in 
relation of catecholamine in the cat. Acta Phisiol. Scand. 125, 145- 
154. 

Fujita T. and Kobayashi S. (1981). Paraneural cells in the GEP 

endocrine system. In: Gut hormones. Bloom S.R. and Polak J.M. 
(eds). Churchill Livingstone. Edinburgh. pp 414-422. 

Gaumann D.M.. Yaksh T.L.. Tyce G.M. and Stoddard S.L. (1989). 
Adrenal vein catecholamines and neuropeptide Y during splanchnic 

nerve stimulation in cat. Peptide 10, 587-592. 
Griffith S.G. and Burnstock G. (1983). Serotoninergic neurones 

in human fetal intestine: an immunohistochemical study. 

Gastroenterology 85. 929-937. 
Gronblad M,. Lieri P. and Rechardt L. (1983). Serotonin l ike- 

immunoreactivity in rat carotid body. Brain Res. 276, 348-350. 

Hexum T.D., Majane E.A., Russett L.R. and Yang H.Y. (1987). 
Neuropeptide Y release from the adrenal medulla after cholinergic 
receptor stimulation. J. Pharmacol. Exp. Ther. 243. 927-930. 

Higuchi H., Costa E. and Yang H.Y.T. (1987). Neuropeptide Y inhibits 
the nicotine-mediated release of catecholamines from bovine 
adrenal chromaffin cells. J. Pharmacol. Exp. Ther. 244, 468-479. 

Holzwarth M.A. and Brownfield M.S. (1985). Serotonin coexists with 
epinephrine in rat adrenal medullary cells. Neuroendocrinology 41, 

230-236. 
Holzwarth M.A. and Sawetawan C. (1985). Postnatal development of 

serotonin in adrenal medullary cells. Brain Res. Bull. 14. 15-23. 
Holzwarth M.A.. Sawetawan C, and Bronfield M.S. (1984). Serotonin- 

immunoreactivity in adrenal medulla: distribution and response to 
pharmacological manipulation. Brain Res. Bull. 13, 299-308. 

Humphrey P.P.A. (1984). Peripheral 5-hydroxytryptamine receptors and 
their identification. Neuropharmacology 23, 1508-1510. 

ldres S.. Delarue C.. Lefebvre H., Larcher A.. Feuilloley M. and Vaudry 
H. (1989). Mechanism of action of serotonin on frog adrenal cortex. 
J. Steroid Biochem. 34, 547-550. 

ldres S., Delarue C.. Lefebvre H. and Vaudry H. (1991). Benzamine 
derivaties provide evidence for the involvement of a 5-HT4 receptor 
type in the mechanism of action of serotonin in frog adrenocortical 
cells. Brain Res. Mol. Brain Res. 10, 251-258. 

Kajihara H.. Akimoto T. and lljima S. (1978). On the chromaffin cels of 

dog adrenalmedulla, with special reference tothe small granular 
chromaffin cells (SGC cells). Cell Tissue Res. 191. 1-14. 

Kobayashi S. and Coupland R.E. (1977). Two populations of 
microvesicles in the SGC (small granule chromaffin) cells of the 
mouse adrenal medulla. Arch. Histol. Jpn. 40, 251-259. 

Koevary S.B. (1983). Rat pancreatic serotoninergic nerves: 
morphologic, pharmacologic and physiologic studies. Brain Res. 
264, 323-327. 

Kong J.Y.. Thureson-Klein A. and Klein R.L. (1989). Differential 
distribution of neuropeptides and serotonin in the pig adrenal gland. 
Neuroscience 28. 776-775. 

Kuramoto H.. Kondo H. and Fujita T. (1986). Neuropeptide tyrosine 
(NPY)-l ike immunoreactivity in adrenal chromaffin cells and 
intraadrenal nerve fibers of rat. Anat Rec. 214, 321-328. 

Lauweryns J.M.. Cokelaere M. and Theunynck P. (1973). Serotonin 

producing neuroepithelial bodies in rabbit respiratory mucosa. 
Science 180. 410-413. 

Leboulenger F., Benyamina M,, Delarue C., Netchitailo P,, Saint-Pierre 
S. and Vaudry H. (1988). Neuronal and paracrine regulation of 
adrenal steroidogenesis: interactions between acetylcholine. 
serotonin and vasoactive intestinal peptide (VIP) on corticosteroid 
production by frog interrenal tissue. Brain Res. 453, 103-109. 

Lesniewska B.. Nowak M,, Miskowiak B.. Nussdorfer G.G. and 
Malendowicz L.K. (1990). Long-term effects of neuropeptide-Y on 
the rat adrenal cortex. Neuropeptides 16. 9-13. 

Lundberg J.M.. Hokfell T.. Anggard A., Kimmel J.. Goldstein M, and 
Markey K. (1980). Coexistence of avian polypeptide (APP) 
irnmunoreactive substance and catecholamine in some peripheral 
and central neurons. Acta Physiol. Scand. 119. 107-409. 

Lundberg J.M., Terenius L.. Hokfelt T., Martling C.R., Mutt V., Polak 
J.M.. Bloom S.R. and Goldstein M. (1982). Neuropeptide Y (NPY)- 
like immunoreactivity in peripheral noradrenergic neurons and 

effects of NPY on sympathetic function. Acta Physiol. Scand. 116. 
477-480. 

Lundberg J.M.. Fried G., Pernow W. and Theodrosson-Norheim E. 
(1986a). CO-release of neuropeptide Y and catecholamine upon 
adrenal activation in the cat. Acta Physiol. Scand. 126, 231-238. 

Lundberg J.M., Hokfelt T.. Hemsen A., Theodorsson-Norheim E.. 
Pernow J.. Hamberger B. and Goldstein M. (1986b). Neuropeptide 
Y-like immunoreactivity in adrenaline cells of adrenal medulla and in 
tumors and plasma of pheochromocytoma patients. Regul. Pept. 13. 
169-182. 

Marinkovic R.. Polzovic A. and Musicki S. (1978). Study of the vascular 
connection between the ganglions of the celiac plexus and the 
adrenal medulla in rodents. Yugfolia Anat. lugosl. 7, 117-121. 

Marshall M,, Hess H. and Mallasch M. (1975). New possibilities for 
demonstration of same biogenous amines in the adrenal by X-ray 
microanalysis. Res. Exp. Med. 162. 115-129. 

Morley J.E. (1986). Neuropeptide Y. Anatomical distribution in 
mammalian nervous system. Life Sci. 38, 389-401. 

Mormede P,. Castagne V.. Rivet J.M., Gaillard R. and Corder R. (1990). 
Involvement of neuropeptide Y in neuroendocrine stress responses. 

J. Neural. Transm. Suppl. 29. 65-75. 
Nakane P.K. (1968). Simultaneous localization of multiple tissue 

antigens using the peroxidase-labeled antibody method: a study on 
pituitary glands of the rat. J. Histochem. Cytochem. 16. 557-558. 

Nilsson 0.. Dahlstrom A.. Tisell L.E., Lundberg J.M., Theodorsson- 
Norheim E.. Goldstein M. and Ahlman H. (1986). Growth of human 
phaeochromocytoma in the anterior eye chamber of the rat. A 



SHT/NPY-/R mouse adrenal gland 

histological study on amine and peptide content on phaeochromo- 
cytoma tumour cell. Regul. Pept. 15. 129-141 

Pelto-Huikko M. (1989). lmmunocytochemical localization of 
neuropeptides in the adrenal meudlla. J. Electr. Microsc. Tech. 12. 
364-379. 

Pernow J., Lundberg J.M. and Kaijser L. (1988). Alpha-adrenoceptor 
influence on plasma levels of neuropeptide Y-like immunoreactivity 
during rest and sympathoadrenal activation i n  humans. J .  
Cardiovasc. Pharmacol. 16, 593-598. 

Petrovic T. and Bell C. (1984). Small fluorescent cells in the rat kidney 
contain 5-hydroxytryptamine not acatecholamine. J. Auton. Nerv. 
Syst. 11, 329-338. 

Poorecky L.A. and Wurtman R.J. (1971). Adrenocortical control of 
epinephrine synthesis. Pharmacol. Rev. 23. 1-35. 

Prada M.D.. Richards G. and Pletscher A. (1976). Actin associated with 
membranes of monoamine storage organelles. Proc. Soc. Exp. Biol. 
Med. 152, 135-138. 

Russell A.E.. Cain M.D., Kappoor V., Morris M.J. and Chalmers J.P. 
(1989). Neuropeptide Y-like immunoreactivity of plasma during 
hypoglycaernia in man. J. Auton. Nerv. Syst. 26, 85-88. 

Schalling M,, Dagerlind A., Stieg P,, Lindquist C. and Hokfelt T. (1991). 
Colocalization of neurotransmitters analyzed by in situ. Eur. 
Neuropsychopharrnacol. 1, 173-1 76. 

Serizawa Y. and Kobayashi S. (1980). SGC cells of the adrenal 
medulla. A transient form between neurons and paraneurons. 
Biomed. Res. 1, 107-1 11. 

Sheikh S.P.. Hakanson R .  and Schwart T.W. (1989). Y, and Y, 
receptors for neuropeptide Y. FEBS Lett. 245. 209-214. 

Soinila S., Ahonen M,. Joh T.H. and Steinbusch H.W. (1988). 
Hydroxytryptamine and catecholamines in developing sympathetic 
cells of the rat. J. Auton. New. Syst. 22, 193-202. 

Soinila S.. Ahonen M ,  Lahtinen T. and Happola 0.  (1989).  
Developmental changes in 5-hydroxytryptamine immunoreactivity of 

sympathetic cells. Int. J. Dev. Neurosci. 7. 553-563. 
Steinbusch H.W.M. (1981). Distribution of serotonin-immunoreact~vity in 

the central nervous system of the rat cell bodies and terminals. 
Neuroscience 6. 557-618. 

Sternberger L.A., Paul H.. Hardy J.R., Cuculis J.J. and Meyer H.G. 
(1970). The unlabelled antibody enzyme of immunocytochernistry. 
Preparation and properties of soluble antigen-antibody complex 
(horseradish peroxidase-antihorseradish peroxidase) and tissues In 
identification of spirochetes. J. Histochern. Cytochem. 18, 315-333. 

Stoddard S.L., Tyce G.M., Cook J.A., Gaumann D.M. and Yaksh T.L. 
(1992). Adrenal medullary secretion with splanchnic stimulation in 
spinal cats. J. Auton. New. Syst. 38. 105-1 16. 

Streefkert J.G. (1972). Inhibition of eritrocyte pseudoperoxidase activity 
by treatment with hidrogen peroxide following methanol. J. 
Histochern. Cytochem. 20,829-831. 

Sudar F. and Csaba G. (1979). Localization of 3H-serotonin in the 
adrenal medullary cells of newborn rats. Acta Morphol. Acad. Sci. 
27, 83-87. 

Tatemoto K.. Carlqvist M. and Mutt V. (1982). Complete aminoacid 
sequence of the novel brain peptide. Proc. Natl. Acad. Sci. USA 79. 
5485-5489. 

Unsicker K.. habura-Fluh 0. and Zwarg U. (1978). Differents types of 
small granule-containing cells and neurons in the guinea-pig adrenal 
medulla. Cell Tissue Res. 189, 109-130. 

Varndell I.M.. Polak J.M.. Allen J.M.. Terenghi G. and Bloom S.R. 
(1984). Neurlpeptide tyrosine (NPY) immunoreactivity in nor- 
epinephrine-containing cells and nerves of the mammalian adrenal 
gland. Endocrinology 114, 1460-1462. 

Zukowska-Grojec 2.. Konarska M, and MC Carty R. (1988). Differential 
plasma catecholamine and neuropeptide Y in response to acute 
stress in rats. Life Sci. 42. 1615-1624. 

Accepted February 25. 1993 


