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Releasable GABA in tubular epithelium of rat kidney 
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Summary. The distribution of gamma-aminobutyric acid (GABA) in the rat kidney was examined by immunocyto- 
chemical techniques. GABA-like immunoreactivity (GABA-LI) was predominantly confined to the renal tubules, 
including the ascending parts of the distal tubules, and the loops of Henle, the collecting tubules and ducts, and the 
connective parts of the convoluted tubules. In GABA-positive cortical tubules, about half of the epithelial cells were 
labelled. The labelled cell type showed the ultrastructural features of principal cells. Depolarizing stimulation by 
ouabain and high K + concentration evoked the effiux of endogenous GABA from kidney slices. The present findings, 
along with previous results, suggest that GABA released from renal tubular epithelium, and transported with the 
urine, might be involved in the modulation of contractility in the urinary tract. 
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Biochemical results indicate that gamma-aminobutyric 
acid (GABA), a known inhibitory neurotransmitter in 
the vertebrate central nervous system, is also present in 
remarkable concentrations in various peripheral tis- 
sues a 5. It has long been recognized that the mammalian 
kidney contains GABA and related enzymes 6-12. How- 
ever, attempts to identify the metabolic relevance of the 
renal GABA system have not been successful 11, ~ 2. Here 
we provide immunocytochemical and biochemical evi- 
dence that GABA is localized in epithelial cells of some 
renal tubules, from which it can be released by depolariz- 
ing stimuli. 

Methods 
Animals. Adult male CD rats (300 350 g, Charles River 
Wiga GmbH) were used. 
Immunocytochemistry. Renal GABA was visualized by 
two different polyclonal antisera (No. 483 a/2 and No. 7; 
gifts from Drs P. Petrusz and P. Somogyi, respectively). 
These antisera have been found to be highly specific for 
GABA conjugated to proteins via glutaraldehyde a 3-15 
Rats were anesthetized with ether and transcardially per- 
fused first with 150-200 ml phosphate buffered saline 
(0.9 % NaCl in a 10 mM phosphate buffer, pH 7.4), then 
with 300-350 ml of a fixative containing 5 % glutaralde- 
hyde in 0.12 M phosphate buffer. Kidneys were cut on a 
freezing microtome to give 75-gm sections, and these 
were processed for the immunocytochemical localization 
of GABA using the PAP technique of Sternberger 16. 
Incubations were carried out at 37 ~ in the following 
sequence: (1) in normal goat serum for I h; (2) in anti- 
GABA serum No. 483a/2 diluted 1/1000-1/9000, or 
No. 7 diluted 1/2000-1/18 000 in a mixture of 90% nor- 
mal goat serum and 10% normal rat serum (GRS) for 
16 h; (3) in goat anti-rabbit IgG (Jackson) diluted in 
GRS for 1-1.5 h; (4) in rabbit PAP (Jackson) diluted 
1/400 in RGS for 1-1.5 h. Sites of immunoreactions were 
visualized by 3,3'-diaminobenzidine (0.05 %, Sigma) in 

the presence of NiC12 .6 H20 (0.1%) and H202 
(0.005 %) for 10-12 min. For electron microscopy, sam- 
ples were washed in 0.13 M phosphate buffer, postfixed 
in phosphate buffered 1% OsO4 for I h, dehydrated and 
embedded in Araldite (Durcupan ACH, Fluka) on slides. 
Endogenous GABA release. Rats were killed by a blow on 
the head, decapitated and the kidneys quickly dissected 
out. Tissue slices (0.5 mm diameter, 1 mm thickness) 
were obtained by punching from both the cortical and 
medullary parts of the kidney, and superfused with a 
Krebs-Henseleit bicarbonate buffer (pH 7.4) in a cham- 
ber of 0.5 ml volume, at a constant rate (0.3 ml/min). 
After 20 min equilibration a nearly constant GABA out- 
flow was detected. Subsequently, 5-min fractions of the 
superfusate were collected. GABA efflux was induced 
during the 5th fraction collection period by 5 rain super- 
fusion with a similar medium containing 2.5 mM oua- 
bain, or 56 mM K + (osmotically balanced by equimolar 
reduction of Na + concentration). GABA contents were 
determined by a HPLC/fluorometric technique 17 in the 
superfusates and in fresh tissue samples. 

Results and discussion 
The same pattern of intense GABA-like immunoreactiv- 
ity (GABA-LI) was encountered with both antisera in the 
medulla and cortex of the kidney (fig. 1 A). Medullary 
structures, including the ascending parts of the distal 
atuabules, and the loop of Henle were immunostained. In 
the renal cortex, the immunoreaction was restricted to 
collecting tubules, the connective parts of convoluted 
distal tubules, and the ascending parts of distal tubules. 
In control sections no reaction product appeared (not 
illustrated). 
Under the light microscope, GABA-LI proved to be 
present in about half of the epithelial cells of collecting 
ducts (fig. 1 B). Electron microscopic examination re- 
vealed a very characteristic distribution pattern of 
GABA-LI. The reaction product was exclusively seen in 
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Figure 2. Ouabain- and potassium-evoked release of endogeneous GABA 
from slices of rat renal medulla (A) and cortex (B). Points represent mean 
values obtained in three repeated experiments with less than 14% SD. 
GABA concentrations in the renal cortex and medulla were 19 + 2 and 
92 _+ 7 nmol/g, respectively (mean _ SD; n = 5). 

Figure 1. Light and electron microscopic visualization of GABA-LI in rat 
kidney. A The greater part of the GABA-positive immunoreaction was 
almost homogeneously distributed in the medulla, while in the cortex 
some tubules showed selective immunoreaction. Scale bar i00 gm. B As 
shown at higher magnification, in collecting tubules, GABA-LI occurred 
in a particular population of the tubular epithelial cells only. Scale bar 
50 lam. C Electron microscopic analysis revealed that the labeled cells in 
the collecting tubules are identical with the principal cells of the epitheli- 
um. Scale bar 1 gm. 

cells which had few cell organelles and could be identified 
as the principal cells of the epithelium. The other major 
cell type of the duct, the intercalated 'dark '  cells, with 
numerous mitochondria in their cytoplasm, did not con- 
tain GABA-LI  (fig. 1 C). 
It is well documented that (Na§ is a specific 
marker of principal cells in the tubular  epithelium 18,19. 
The localization of GABA in this cell populat ion suggest- 
ed that GABA can be released from the kidney by the 
inhibit ion of (Na+K)-ATPase or, alternatively, by other 
depolarizing stimuli. Therefore, the effects of ouabain,  a 
specific inhibitor of the (Na+K)-ATPase, and of a high 
external potassium concentration, on the efflux of en- 
dogenous GABA from superfused tissue slices obtained 
from the renal medulla and cortex, were separately exam- 
ined. 
The basal release of GABA was more intense from the 
medulla (fig. 2 A) than from the cortex (fig. 2 B). Oua- 

bain and a high external potassium concentration evoked 
a remarkable increase in the efflux of GABA from slices 
of both renal regions (fig. 2). The stimulus-evoked release 
of GABA from the kidney indicates that there may be an 
extramural function for the renal GABA. The release of 
renal GABA may account for the higher concentration 
of GABA in the urine than in the blood 4'2~ Thus, one 
can speculate that the efflux of GABA from the kidney, 
along with the renal GABA uptake systems demonstrat- 
ed earlier z 1,22 may regulate the GABA concentration in 
the urine. In fact, the u r i n a r y  GABA concentration, 
known to be in the pM range 20, is high enough to affect 
the high-affinity GABA receptors (K a values around 
50 nM) which are widely distributed in the lower urinary 
tract 23. These GABA receptors are known to modulate 
the motility of the bladder and its sphincters 24- 26. In the 
light of the above findings, it seems possible that the 
GABA released from the tubular  epithelium of the kid- 
ney may have a role in the regulation of extramural 
targets in the lower urinary tract. However, further lines 
of evidence are needed to verify this putative function of 
renal GABA in vivo. 

Acknowledgments. This work was supported by the Deutsche For- 
schungsgemeinschaft (Wo 279/6-5 and 8 2). Thanks are due to Drs 
P&er Petrusz and Prter Somogyi for kindly donating anti-GABA antisera 
and to Dr F. Jo6 for stimulating discussions. 

* To whom all correspondence should be addressed. 

1 Erdr, S. L., Trends pharmac. Sci. 6 (1985) 205. 
2 Tanaka, C., Life Sci. 30 (1985) 2221. 
3 Erdr, S. L., and Bowery, N. G. (Eds), GABAergic Mechanisms in the 

Mammalian Periphery. Raven Press, New York 1989. 



Research Articles Experientia 47 (1991), Birkhfiuser Verlag, CH-4010 Basel/Switzerland 229 

4 Erd6, S. L., and Kiss, B., in: GABAergic Mechanisms in the Mam- 
malian Periphery, pp. 9-17. Eds S.L. Erd6 and N.G. Bowery. 
Raven Press, New York 1986. 

5 Erd6, S. L., and Wolff, J. R., J. Neurochem. 34 (1990) 363. 
6 Zaehmann, M. P., Tocci, P., and Nyhan, W L., J. biol. Chem. 241 

(1966) 1355. 
7 Whelan, D. T., Scriver, C. R., and Mohyuddin, E, Nature 224 (1969) 

916. 
8 Haber, B., Kuriyama, K., and Roberts, E., Biochem. Pharmac. 19 

(1970) 1119. 
9 Lancaster, G., Mohyuddin, E, Scriver, C.R., and Whelan, D.T., 

Biochim. biophys. Acta 297 (1973) 229. 
10 Wu, J.-u Chude, O., Wein, J., and Roberts, E., J. Neurochem. 30 

(1978) 849. 
11 Goodyer, P. R., Lancaster, G., Villeneuve, M., and Scriver, C. R., 

Biochim. biophys. Acta 633 (1980) 191. 
12 Goodyer, P. R., Mills, M., and Scriver, C. R., Biochim. biopbys. Acta 

716 (1982) 348. 
13 Somog% P., and Hodgson, A. J., J. Histochem. Cytochem. 33 (1985) 

249. 
14 Hodgson, A. J., Penke, B., Erdei, A., Chubb, I. W. E., and Somogyi, 

P., J. Histochem. Cytochem. 33 (1985) 229. 
15 Hepler, J. R., Petrusz, P., and Rustioni, A., J. Histochem. Cytochem. 

34 (1986) 110. 

16 Sternberger, J. A., Immunocytochemistry, 2nd edn. Wiley and Sons, 
New York 1979. 

17 Erd6, S. L., and Wolff, J. R., Neurosci. Res. Commun. 4 (1989) 51. 
18 Ernst, S. A., J. Cell. Biol. 66 (1975) 586. 
19 Siegel, G.J., Holm, C., Schreiber, J. H., Desmond, T., and Ernst, 

S. A., J. Histochem. Cytochem. 32 (1984) 1309. 
20 Tallan, H. H., Moore, S., and Stein, W. H., J. biol. Chem. 221 (1954) 

927. 
21 Goodyer, P. R., Rozen, R. & Seriver, C. R., Biochim. biophys. Acta 

818 (1985) 45. 
22 Sidhu, H. S., and Wood, J. D., Experientia 45 (1989) 726. 
23 Erd6, S. L., Mione, M. C., Amenta, F., and Wolff, J. R., Br. J. Phar- 

mac. 96 (1989) 313. 
24 Taniyama, K., Kusunoki, M., and Tanaka, C., Eur. J. Pharmac. 89 

(1983) 163. 
25 Maggi, C. A., Santieioli, P., and Meli, A., J. Autonom. Pharmac. 5 

(1985) 55. 
26 Maggi, C. A., Santicioli, P., and Meli, A., J. Autonom. Pharmac. 5 

(5985) ~3~. 

0014-4754/91/030227-0351.50 + 0~20/0 
�9 Birkh~iuser Verlag Basel, 1991 

A novel exocrine gland inside the thoracic appendages ('gemmae') of the queenless ant Diacamma 
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Summary.  In the queenless  ant  Diacamma australe, all workers  eclose wi th  a pair  o f  t iny thorac ic  appendages  

( ' gemmae ' ) .  These  are  sac-like and exhibi t  a dist inct  cut icular  sculptur ing,  wi th  minute  pores  open ing  on the ou te r  

surface. These pores  are connec ted  to g landula r  cells which comple te ly  fill the appendages ,  and thus an  exocr ine  signal 
is l ikely to be released. We discuss the social contex t  o f  this signal:  only  one worke r  in each co lony  retains the gemmae .  

Key words. A n t ;  Poner inae ;  r ep roduc t i on ;  exocr ine  glands;  queenless.  

The  dorsa l  appendages  found  on the t ho rax  o f  workers  
o f  Diacamma do  no t  exist in any o ther  ant  genus. Al-  

t h o u g h  they were or iginal ly  descr ibed as vestigial  wings 1, 

they differ  f r o m  the wing rud iments  which W. M. Whee l -  

er z has descr ibed in rare  a b n o r m a l  worke r  forms.  In 

order  to e l iminate  confus ion,  we advoca te  that  the dorsa l  
appendages  o f  Diacamma be te rmed  ' g e m m a '  (pl. ' gem-  

mae ' ) ,  mean ing  a bud or  jewel.  This  neutra l  descr ip t ion 
leaves aside the ques t ion  o f  whe ther  the g e m m a  is ho-  

m o l o g o u s  with  the forewing or  the tegula.  

In  Diacamma and in var ious  o ther  poner ine  species, 
queens  have  d i sappeared  and gamerga tes  ( =  m a t e d  
workers)  r ep roduce  instead 3 -  5. In  D. australe as well as 

D. rugosum, there is a single gamerga te  per  colony,  which 

can be recognized  external ly  because it is the only indi- 
v idual  which  retains the g e m m a e  4'5. In  all the o ther  

workers  o f  a colony,  the g e m m a e  are pul led o f f  ( 'mut i la t -  

ed ' )  soon  after  the cocoons  eclose. The  g e m m a e  have  an 

i m p o r t a n t  social funct ion,  because their  mut i l a t ion  deter-  

mines an  indiv idual ' s  behaviour ,  r ep roduc t ive  act ivi ty  

and oppo r tun i t y  to mate  4. The  g e m m a e  in D. australe 
are filled wi th  g landular  cells which open  to the outs ide  

via minu te  ducts.  Here  we describe the external  and inter- 

nal m o r p h o l o g y  o f  gemmae ,  using scanning  and trans-  

miss ion  e lec t ron microscopy.  

Material  and methods 
A co lony  o f  D. australe was excava ted  near  Townsvil le ,  

no r th  Queens land ,  Austra l ia ,  in M a r c h  1989. The  ants  

were taken  to Sydney  and dis t r ibuted into  several  exper-  

imenta l  groups .  W h e n  cocoons  eclosed in the absence o f  

a w o r k e r  wi th  gemmae ,  one  o f  the cal lows wou ld  remain  

unmut i l a ted .  Cal lows  with  g e m m a e  were  kept  alive for  a 

few days before  they were sacrificed. Strips o f  cuticle wi th  

the g e m m a e  a t t ached  were cut  away  and  fixed in cold  2 % 

g lu ta ra ldehyde ,  buffered  wi th  50 m M  sod ium cacodyla te  
and 150 m M  saccharose.  Tissues were  kept  in buffer  unti l  

ar r ival  in Belgium. Pos t f ixa t ion  in 2 % o s m i u m  te t roxide  
in the same buffer  preceded dehydra t ion  in a graded  


