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Summary. In the pituitary of the African catfish, Clarias 
gariepinus, calcium precipitates were ultrastructurally vi- 
sualized with the oxalate-pyroantimonate procedure 
(OPP). The presence of calcium in these precipiates was 
validated with several methods, including" Electron En- 
ergy Loss Spectrometry" (EELS). In the OPP-treated 
tissue calcium precipitates were seen in a) non-secretory 
stellate cells and b) gonadotropic (GTH-) cells. In the 
latter the amount of precipitate is generally low, but 
stimulation of the gonadotropin release, either in vivo 
or in vitro, resulted in a considerable increase. This in- 
crease is discussed in relation to the role of calcium as 
second messenger in the GTH-cells. Ca 2 +-ATPase was 
exclusively represented in stellate cells and GTH-cells, 
its strongest activity associated with the plasma mem- 
brane and with the membranes of the endoplasmic retic- 
ulum. The localization of this enzyme is discussed in 
relation to its role in the regulation of the intracellular 
calcium concentration in the GTH-cells. The stellate 
cells are considered to be involved in the regulation of 
extracellular calcium concentrations in the pituitary. 

Introduction 

In the pituitary of the African catfish, Clarias gariepinus, 
the GTH-cells are exclusively located in the proximal 
pars distalis (PPD) (Peute et al. 1984). Secretion of gona- 
dotropin (GTH) is stimulated by gonadotropin-releasing 
hormone (GnRH) (De Leeuw et al. 1987) and inhibited 
by dopamine (DA) (De Leeuw et al. 1985, 1986). At 
the ultrastructural level this dual regulation was con- 
firmed with immunocytochemical techniques, showing 
two types of nerve fibers in contact with the GTH-cells, 
one type containing GnRH and the other DA (Peute 
et al. 1987). Recently, the receptors for GnRH (De 
Leeuw et al. 1988) and DA (Van Asselt et al. 1990) were 
characterized. For teleost species scarce information is 
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available about post-receptor systems in GTH-cells. In 
mammals it was shown that inositol 1,4,5-triphosphate 
(IP3) and diacylglycerol are important second mes- 
sengers (Berridge 1984; Hirota et al. 1985; Sortino et al. 
1988; Clayton 1989). Likewise, Ca 2+ is a necessary fac- 
tor in the regulation of GTH release, as was illustrated 
by the rise in intracellular Ca2+-concentration after 
binding of GnRH to its receptor, whereas absence of 
Ca 2+ or blocking the Ca/+-infiux attenuates GTH-se- 
cretion in response to GnRH (Conn 1982; Bates and 
Conn 1984; Chang et al. 1988; Drouva et al. 1988). The 
increase in cytosolic Ca 2 +, initiated by GnRH, is a result 
of the release of Ca 2+ from the intracellular Ca/+- 
source, the endoplasmic reticulum (ER), and of an influx 
of extracellular Ca 2+ via Ca/ +-channels (Bates and 
Conn 1984; Clapper and Conn 1985; Guillemette et al. 
1987; Chang et al. 1988; Clayton 1989). 

It is assumed that after stimulation of the GTH-cell 
by GnRH the elevated Ca 2 +-concentration in the cyto- 
plasm has to be reduced to its basal level. This can be 
achieved in two ways: 1) Ca 2+ is transported out of 
the cell by Ca / +-ATPase and by a Na+/Ca 2+ exchanger, 
2) Ca 2 + is pumped back into the ER by means of a 
similar Ca2+-ATPase mechanism (Schatzman 1985; 
Carafoli and Longoni 1987). 

Investigations of the post-receptor mechanisms in te- 
leost GTH-cells likewise point towards a requirement 
of Ca 2 + in the secretion process. In GTH-cells of tilapia 
Ca2+-ions are involved in GnRH-action (Levavi-Zer- 
monsky and Yaron 1989). Recent in vitro investigations 
on the African catfish pituitary proved that either the 
absence of Ca 2 + in the medium or blocking Ca 2 +-chan- 
nels in the plasma membrane diminished GTH-secretion 
following stimulation with the GnRH analogue Busere- 
lin (Van Asselt et al. 1989). 

The purpose of the present study was to obtain addi- 
tional information about Ca 2 + in the GTH-cells of the 
African catfish after stimulated gonadotropin release. 
The presence and distribution of both Ca 2 + and Ca 2 +- 
ATPase were examined at the ultrastructural level in 
GTH-cells both under in vivo and in vitro conditions. 



602 

The in vivo s t imula t ion  was per formed by inject ing fish 
with P i m o z i d e / G n R H  (De Leeuw et al. 1985); in vitro 
(in a per i fus ion system) the basal  GTH-sec re t ion  is high- 
er t han  unde r  in vivo condi t ions  in un t rea ted  catfish, 
due to the absence of  inh ib i to ry  cont ro l  (De Leeuw et al. 
1986). 

Material and methods 

African catfish, Clarias gariepinus, were bred in the laboratory, 
as described by De Leeuw et al. (1985). For the in vivo stimulation 
experiment mature female catfish (8 to 10 months old) were injected 
with the dopamine antagonist Pimozide (10 rag/g) and a gonado- 
tropin-releasing hormone analogue (LHRHa, 0.1 mg/g); 1 ml 
blood was taken just before the injection. At 30, 45 and 60 min 
after injection the pituitaries were removed and fixed, and blood 
was collected for establishing GTH-levels with a homologous ra- 
dioimmunoassay (RIA) (Goos et al. 1986). 

For the in vitro experiment mature female catfish (6-9 months 
old) were decapitated, and their pituitaries removed and sagitally 
devided in two halves. The parts were placed in chambers of a 
perifusion system, as described by De Leeuw et al. (1986). The 
perifusion-medium was Leibovitz's L15 medium (L15, Serva Hei- 
delberg, FRG) buffered with 15 mM Hepes (pH 7.4) and contain- 
ing 25% BSA (fraction V; Sigma St. Louis, Mo., USA). The flow 
rate was 15 ml/h. During the first 2 h no fractions were collected, 
since the GTH-secretion has to stabilize first. During the next 2-h 
fractions were collected every 10 min. In these fractions the GTH- 
content was determined by means of a RIA. After perifusion the 
pituitary parts were fixed according to one of the following meth- 
ods. 

Calcium (Method  according to Borgers et al. 1984) 

After dissection (in vivo experiment) or perifusion (in vitro experi- 
ment) the pituitaries (parts) were fixed in 0.09 M oxalic acid (pH 
set at 7.4 with KOH 1 M) with 3% glutaraldehyde and 1.4% su- 
crose, during 2 h at 4 ° C. The tissue was rinsed in 0.09 M potassium 
oxalate (pH 7.4) with 7.5% sucrose for 15 min and postfixed in 
1% OsO4 and 2% potassium-pyroantimonate for 2 h at 4 ° C. The 
tissue was then rinsed in aquadest (pH set at 10.0 with KOH 0.1 M) 
for 15 min, followed by dehydration in a graded series of ethanol 
and propylene oxide and embedding in Epon. Ultrathin sections 
were stained with uranylacetate and leadcitrate and observed in 
a Zeiss (Oberkochen, FRG) EM10 A electron microscope. 

Specificity controls: 

1. treatment of the sections containing Ca 2 +-precipitation with 
5 mM EGTA solution, 15 min at 60 ° C. 
2. EELS analysis of the precipitate: Electron Energy Loss Spectros- 
copic (EELS) analyses were performed in a Zeiss EM 902 transmis- 
sion microscope equipped with an integrated electron energy filter 
according to Castaign/Henry/Ottensmeyer (Sorber et al. 1990). Un- 
treated ultrathin sections, collected on unfilmed 400 mesh copper 
grids, were analyzed at 80 kV. Spectra were recorded with the use 
of the photomultiplyer (PMT) from a probe area of 0.2 Ixm z of 
the section with, upon visual inspection, the precipitate-containing 
parts. Objective-lens apperture = 20 mrad, slit width 1-2 mm, ener- 
gy resolution: 2-3 eV, with two relative scan speeds. The beam 
intensity variations over the A eV range from 300-400 eV were 
recorded on a printer-plotter. This range was selected to record 
the calcium L2,3 ionisation edge around 346 eV, which is well- 
separated from the M4.s ionisation edge of antimony around 
580 eV. 

Ca 2 +-A TPase activity (Method according to A n d o  et al. 
1981) 

Complete pituitaries (in vivo) or equal parts (in vitro) were fixed 
in a mixture containing 2% paraformaldehyde and 0.5% glutaral- 
dehyde in 0.1 M cacodylate buffer (pH 7.2), for 45 min at 0 ° C 
and then washed in cacodylate buffer (pH 7.2) with 8% sucrose 
for 15 min. The pituitaries (parts) were embedded in 5% agar solu- 
tion and placed in the cacodylate buffer overnight. With a Vibra- 
tome slices of 100 mg in thickness were cut and ~ subsequently incu- 
bated for 30 rain at 37 ° C in Ando's incubation medium, consisting 
of 250 mM glycine-KOH (pH 8.8), 3 mM ATP (Sigma), 10 mM 
CaCI/, 2 mM leadcitrate in 100 mM KOH and 8 mM levamisole 
(Sigma). After rinsing in 0.1 M cacodylate buffer (pH 7.2) with 
8% sucrose for 15 rain, the tissue was postfixed in 1% OsO4 in 
0.1 M cacodylate buffer (pH 7.2) for 1 h at 0 ° C. Finally the sec- 
tions were dehydrated and embedded in Epon. Ultrathin sections 
were stained with uranylacetate. 

Specificity controls." 

1. Addition of 5 mM ouabeine (Sigma) to the incubation medium, 
to exclude the possibility of visualizing reaction products of Na +- 
K+-ATPase. 
2. Preheating of the tissue at 80 ° C before incubation. 
3. Incubation in medium lacking enzyme-substrate. 
4. Incubation in medium containing 10 mM Vanadate (inhibitor 
of ATPase). 
5. Incubation in medium containing a different substrate (AMP) 
(Sigma). 
6. Incubation in medium containing 3.0 mM PCMB (p-chloromer- 
curibenzoic acid) (Sigma) (phosphatase inhibitor). 
7. Incubation in medium containing 3.5 mM n-ethylmaleimide (Sig- 
ma) (inhibitor of ATPase) 
8. Incubation in medium lacking CaC12 (with or without preincuba- 
tion with 50 mM EGTA, 1 h, 0 ° C). 

Results 

Oxalate-pyroantimonate procedure 

In the proximal  pars distalis of  the catfish p i tu i ta ry  in 
which the g o n a d o t r o p i n  secretion was no t  s t imulated,  
e lectron-dense precipitates were observed in the G T H -  
cells a nd  in the n o n - g l a n d u l a r  stellate cells. In  the G T H -  
cells fine g ranu la r  precipitate was present  in nucleo-  
plasm, the E R  (not  all compar tments ) ,  mi tochondr ia ,  
vacuoles a nd  cytosol (Fig. 1). In  the stellate cells precipi- 
tates were located ma in ly  in the cytosol and  in associa- 
t ion  with the inner  p lasma m e m b r a n e ,  bo th  in the cell 
body  and  in their long extensions (Fig. 2). 

After  in vivo s t imula t ion  of  g o n a d o t r o p i n  secretion 
by means  of  L H R H a / P i m o z i d e  inject ion (Table 1), the 
a m o u n t  of  precipi ta t ion  present  in the GTH-cel l s  was 
higher t han  in the ins t imula ted  cont ro l  animals .  This  
increase was especially not iced in bo th  small and  large 
cisternae of  the E R  and,  on  visual  expection,  mos t  obvi-  
ous at 45 mi n  after in ject ion (Fig. 3). However,  there 
were marked  differences in the a m o u n t  of  precipitate 
between different GTH-ce l l s  wi thin  one pi tui tary.  

The g o n a d o t r o p i n  secretion by pituitaries unde r  in 
vitro condi t ions  was also high, as shown in Table 1. The 
major i ty  of  the gonado t rop ic  cells in  such pi tu i tary  frag- 



Fig. 1. Gonadotropic cell of uninjected catfish (in vivo); pituitary 
treated with oxalate-pyroantimonate procedure (OPP). Accumula- 
tions of fine granular deposits in a number of small endoplasmic 
reticulum (ER) cisternae (J,.~) and dispersed deposits in large cister- 
nae (--~), in mitochondria (M) and in the cell nucleus (N); IM 
irregular masses, SG secretory granules, x 20 000 

Fig. 2. Part of stellate cell (SC) between two gonadotropic cells; 
OPP-treatment of pituitary of uninjected fish. Heavy deposits in 
the SC, especially immediately underneath the plasma membrane 
in the slender extensions, x 62000 

Fig. 3. Gonadotropic cell of pituitary after in vivo stimulation 
of gonadotropin release; OPP-treatment. Large amounts of depos- 
its inside dilated ER cisternae. Dotted circle indicates probe area 

for EELS measurement (0.2 pm2). SG secretory granules, GL glob- 
ules. x 20 000 

Fig. 4. Gonadotropic cell from in vitro pituitary after OPP-treat- 
ment. Thin layer of fine granular deposits underneath the limiting 
membrane of secretory granule. × 121000 

Fig. 5. Gonadotropic cell from in vitro pituitary after OPP-treat- 
ment. Central core of precipitate in large cisternae ofER. x 20000 

Figs. 6, 7. Two serial ultrathin sections of (OPP-treated) in vitro 
pituitaries: Fig. 6 standard section, Fig. 7 section treated with 
10 m M  EGTA. Note the absence of precipitate in the ER cisternae 
of the gonadotropic cells after EGTA treatment. *, zx and o corre- 
sponding cisternae, x 20000 
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Fig. 8. EELS - analysis of precipitate. Two 
spectra (taken at two different scan speeds) 
from the same precipitate show the relative 
intensity (Irel) versus AeV (the energy loss), 
indicating the calcium L2.3 edge at 346 eV. 
30 K analyzed area 2200 nm; 50 K analyzed 
area 500 nm 

ments contained a considerable amount  of precipitate, 
but also in this material several GTH-cells were practi- 
cally devoid of precipitate. In most of the GTH-cells 
some secretory granules had a small layer of fine deposits 
just underneath their limiting membrane (Fig. 4). The 
presence of a central core of precipitate in large cisternae 
of the ER was a regular phenomenon in the gonadotrops 
of pituitaries kept under in vitro conditions (Fig. 5). 

The amount  of precipitate in the stellate cells was 
visually not influenced neither by the in vitro conditions, 
nor by the in vivo stimulation of gonadotropin secretion. 

Specificity controls: 

1. Treatment of sections of in vitro pituitary fragments 
(characterized by large amounts of precipitate in the 
GTH-cells) with a 5 mM EGTA-solution, resulted in a 
complete disappearance of precipitate from the ER 
cisternae in these cells (Figs. 6 and 7). 
2. The spectra (taken at two different scan speeds) clearly 
show the presence of  the calcium ionisation edge (Fig. 8). 
The analyzed area from which the information is re- 
trieved is, as an example, shown in Fig. 3 to scale. 

Ca 2 +-A TPase activity 

Irrespective of the gonadotropin secretory activity of the 
pituitary gland, Ca 2 ÷-ATPase activity was visible in sev- 
eral GTH-cells and non-glandular stellate cells, but not 
in the other glandular cells of the PPD. The Ca 2 +-AT- 
Pase reaction product was irregularly distributed among 
the GTH-cells i.e., some cells displaying heavy electron 
dense deposits, whereas others were practically devoid 
of reaction product (Fig. 9). In the GTH-cells (Figs. 11- 

12) the reaction product was located along the plasma 
membrane and the membranes of the ER (Fig. 11); oc- 
casionally reaction product was associated with the li- 
miting membrane of secretory granules (Fig. 12). The 
stellate cells generally exhibited a fairly constant enzyme 
distribution, in the cell body as well as in the long exten- 
sions located between the glandular cells (Fig. 10). 

Specificity controls." 

Addition of ouabeine (1) to the incubation medium did 
not change the amount  of precipitation. Tissue that was 
preheated (2) or tissue incubated in medium without 
substrate (3) or in medium containing Vanadate (4) or 
AMP (5) was free of reaction product. Tissue incubated 
in medium containing PCMB (6), n-ethylmaleimide (7), 
or in medium without CaCI2 (8) showed a roughly esti- 
mated 50% decrease in reaction product. If  the tissue 
was preincubated with EGTA before incubation in me- 
dium without CaC12, no reaction product was visible. 

T a b l e  1. GTH-level 

In vivo." no injection: 0.6 ng/ml plasma 
30 rain after injection with Pimozide/LHRHa: 3.6 ng/ml 
plasma. 
45 rain after injection with Pimozide/LHRHa: 12.4 ng/ 
ml plasma. 
60 min after injection with Pimozide/LHRHa: 14.7 ng/ 
ml plasma. 
In vitro." GTH collected from one pituitary during 2 h: 
102.5 ng/ml medium. 
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Fig. 9. Gonadotropic cells of uninjected catfish (in vivo) : amounts 
of Ca 2 +-ATPase reaction product (black deposits) differ from cell 
to cell. N F  nerve fiber, x 16 000 

Fig. 10. Steilate cell (SC) in pituitary of uninjected catfish (in vivo) : 
Ca2+-ATPase reaction product in SC; GTH gonadotropic cell. 
x 16000 

Fig. 11. Gonadotropic cell in pituitary of uninjected catfish (in 
vivo): Ca 2 +-ATPase reaction product associated with membranes 
of large ER cisternae. Note the absence of reaction product in 
the neighbouring somatotropic cell (STH). x 50 000 

Fig. 12. Gonadotropin secretory granules: Ca 2+-ATPase reaction 
product associated with limiting membrane, x 80 000 
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Discussion 

The oxalate-pyroantimonate method is a common pro- 
cedure for the ultrastructural visualization of intracellu- 
lar calcium (Poenie and Epel 1987; Leslie et al. 1988; 
Susuki and Sugi 1989). In several tissues the presence 
of calcium in pyroantimonate - induced deposits has 
been successfully revealed with X-ray microanalysis (Van 
der Wal et al. 1985; Susuki and Sugi 1989). Likewise, 
validation of  similar precipitates with EELS analysis in 
other tissues lead to the same conclusion (Heinrich et al. 
1990). By performing a double control (EGTA on the 
section, EELS analysis of  the precipitate) on the reliabili- 
ty of the method it has been sufficiently proven that 
in catfish gonadotrops and stellate cells the precipitate 
indeed contains Ca 2 +. 

In the GTH-cells Ca g + was localized mainly in com- 
partments of  the endoplasmic reticulum; it was more 
prominently present in GTH-cells of catfish after in vivo 
stimulation of GTH-release by injection with Pimozide/ 
L H R H  than in uninjected control fish. Also in the in 
vitro perifused pituitaries, which maintain high secretion 
levels of  gonadotropin (De Leeuw etal .  1986), the 
amount  of Ca a +-precipitate in the GTH-cells had in- 
creased compared to that in GTH-cells of  pituitaries im- 
mediately fixed after removal from the brain. A relation- 
ship between gonadotropin release and intracellular 
Ca 2 +-concentrations was also observed in catfish gona- 
dotrops by Van Asselt et al. (1989). These authors found 
a stimulated gonadotropin release with the Ca: +-iono- 
phore A23187, but a significant decrease of  gonadotro- 
pin from catfish pituitary fragments after in vitro treat- 
ment with the Ca 2 +-channel blocker Nifedipine. 

The ER, with its Ca 2 +-binding proteins, is an intra- 
cellular Ca2+-store (Macer and Koch 1988). Release of  
Ca 2 + from this intracellular source is mediated by IP3, 
a second messenger which is formed after binding of 
GnRH to its receptor (Guillemette et al. 1987; Sortino 
et al. 1988). It appears that in several investigated cell 
types only certain compartments of the ER release Ca 2 + 
in respons to IP3, in fact there are IPa-sensitive and 
IP3-insensitive Ca2+-pools (Jean and Klee 1986; Nic- 
chitta et al. 1987; Leslie et al. 1988 ; Dawson and Comer- 
ford 1989; Schulz et al. 1989). Only the IP3-sensitive 
compartments are permeable to oxalate (Leslie et al. 
1988; Dawson and Comerford 1989). Since in the pres- 
ent study CaZ+-precipitation is based on the binding 
of Ca 2 + to oxalate, it is conceivable that Ca 2 +-precipi- 
tate is visible in the IP3-sensitive compartments of the 
endoplasmic reticulum only. This could explain the ir- 
regular occurrence of Ca: +-precipitates in ER cisternae 
within one cell, as well as between individual GTH-cells. 
The ultrastructural visualization of Ca 2 +-ATPase activi- 
ty in the catfish pituitary was performed according to 
the method of  Ando et al. (1981). This method has been 
succesfully applied by other investigators on several or- 
gans, resulting in a specific localization of the enzyme 
(Bambauer et al. 1985; E1-Sherif and Bficsy 1989; Mata 
and Fink 1989; EI-Sherif et al. 1990). The results of the 
various control experiments, as applied in the present 
study, virtually exclude the formation of reaction prod- 
ucts exerted by other enzymes. 

In the catfish pituitary CaZ+-ATPase activity was 
exclusively localized in gonadotropic cells and in stellate 
cells, but not in other parenchymal cell types of the prox- 
imal pars distalis. This is partly in accordance with the 
results of  Bambauer et al. (1985), who observed in the 
Guinea pig pituitary CaZ+-ATPase activity in stellate 
cells and in none of the parenchymal cell types. On the 
other hand, in the rat pituitary Ca 2 +-ATPase activity 
was ultrastructurally localized in several parenchymal 
cell types and in stellate cells as well (E1-Sherif and Bficsy 
1989). The inconsistent results with regard to Ca 2 +-AT- 
Pase localization in the parenchymal cells and the appar- 
ently consistent presence of the enzyme in stellate cells 
may indicate the importance of the latter in regulating 
extracellular calcium concentrations in the pituitary 
(Bambauer et al. 1985). This statement is corroborated 
by the findings of CaZ+-deposits in the stellate cells, 
as observed in the present study. This regulation of ex- 
tracellular Ca a +, however, is only one of several func- 
tions attributed to the stellate cells (Perryman 1989). 

Elevated CaZ+-concentrations which coincide with 
increased gonadotropin release have to be reduced to 
basal levels by pumping Ca z + a) across the plasma mem- 
brane towards the extracellular space and/or b) into the 
endoplasmic reticulum. In both cases a CaZ+-ATPase 
serves as the CaZ+-pump (Schatzman 1985; Sasaki and 
Garant  1987; Carafoli and Longoni 1987). The presence 
of Ca 2 +-ATPase associated with both the plasma mem- 
brane and the membranes of ER cisternae in the GTH- 
cells is in accordance with this functional role of the 
enzyme and once more emphasizes the importance of  
calcium in the process of gonadotropin release in this 
species, as established by Van Asselt et al. (1989). How- 
ever, unlike the increase in calcium precipitate in stimu- 
late GTH-cells, no changes in CaZ+-ATPase activity 
were observed in GTH-cells after stimulation. 

Calcium is also known to be directly involved in se- 
cretion processes (Garrahan 1986). The presence of  both 
Ca 2 + and Ca 2 +-ATPase in association with the limiting 
membrane of secretory granules might reflect their role 
in the process of membrane fusion between granules and 
plasma membrane (for review: Campbell 1983). 
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