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Abstract--Perfused pig adrenal glands and cortex-free ox adrenal medullae were stimulated bv con- 
tinuous infusion of 10 4 M acetylcholine (ACh). Secretion of adrenaline rose to a maximum in approxi- 
mately 5 min but, after a further 15 min, declined to 36 -+ 19% (+_ S.D.) of maximum for pig (N = 5) 
and 27 -+ 10% of maximum for ox (N = 3), in spite of continued infusion of ACh. After 20 min, no 
further significant decline was detectable. Nevertheless, in ox medullae, oxygen consumption measured 
after stimulation showed no significant change relative to the pre-stimulation value, indicating that the 
decline in secretion did not arise from a failure of oxidative energy metabolism. In 4 pig adrenal glands 
subjected to a 1 hr infusion of ACh, adrenaline secreted in the last 20 min was only 52 -+ 10% of that 
secreted in the first 20 min but, after a 2 hr rest interval, recovered to 74 _+ 18% (P'< 0.05) in the first 
20 min of a second 1 hr stimulation. In the same glands, no reproducible recovery was detectable for 
noradrenaline and, by the last 20 min of the second 1 hr stimulation, noradrenaline secretion had 
declined to 36 -+ 20% of the initial value, even though only 15% of the noradrenaline originally in the 
gland had been secreted. It is concluded that, while decline and recovery of adrenaline secretion may, 
in part, have arisen from desensitization and resensitization of the ,~Ch receptor; the decline in 
noradrenaline secretion arose mainly from depletion of a readily secreted pool which was considerably 
smaller than the total in the gland. 

Stimulation of adrenal  medulla  in vitro with a chol- 
inergic agonist causes a rapid increase in the rate of 
catecholamine secretion which subsequently declines 
in spite of the cont inued presence of the agonist [1, 
2]. Recent  work with ox adrenal  chromaffin cells in 
monolayer  culture [3] showed that a component  of 
this decline required extracellular calcium, and hence 
may have been caused by deplet ion of cellular stores 
of catecholamine.  However ,  the remainder  of the 
effect was ca lc ium-independent  and may have arisen 
from desensit ization of the cholinergic receptor  [4]. 

Deple t ion  of cellular metabol i tes  other  than the 
-secretion products may also be important ,  however ,  
as exper iments  of this type are often per formed in 
simple media  containing only salts and glucose which 
may be inadequate  for maintenance of secretion 
[5]. For  example,  glucose alone may not be the 
appropriate  energy source [6] to maintain the cyto- 
plasmic product ion of adenosine 5 ' - t r iphosphate  
which is required for exocytosis [7]. 

Therefore ,  in this paper,  two aspects of the pos- 
sible link be tween metabol i te  deplet ion and declining 
catecholamine secretion have been investigated. 
Firstly, in perfused cortex-free ox adrenal medulla 
[8], oxygen consumption and catecholamine 
secretion have been measured in parallel, to test the 
possibility that oxidative energy metabolism (and 
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hence tissue viability) declines following prolonged 
stimulation. Secondly, in perfused pig adrenal 
glands, catecholamine release during stimulation, 
and catecholamine remaining in the tissue after 
stimulation, have been measured in order to relate 
the amount  secreted to deplet ion of the total cellular 
pool. Unl ike  earl ier  studies [9], all stimulations were 
per formed with the physiological cholinergic agonist 
acetylcholine, t 

MATERIALS AND METHODS 

For oxygen consumption measurements ,  it was 
necessary to use the cortex-free ox adrenal medulla 
preparat ion [8] in order  to el iminate the con- 
tribution from adrenal cortex. In this preparat ion,  
efficiency of perfusion was assessed by perfusing with 
medium containing 0.005% w/v Evans Blue (Gurr) 
and the resultant staining was found to be patchy. 
Nevertheless ,  the perfused port ion of the tissue prob- 
ably received adequate  oxygen and glucose, as oxy- 
gen consumption was approximately constant for 
flow rates above 8 mt/min,  and net glycogen syn- 
thesis was shown to occur during recovery from 
ischaemia. However ,  the heterogeneous  perfusion 
precluded use of this preparat ion for studies on cat- 
echolamine remaining in the tissue after stimulation. 
For these experiments ,  whole pig adrenal glands 
were used, as these showed more even perfusion of 
the medulla  [10] and could be perfused without any 
need to cut the adrenal cortex. All perfusions 
described in this paper  were retrograde perfusions 
cannulated via the adrenal  vein. 

Ox adrenal glands were obtained from the local 
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s laughte rhouse  and  a series of lateral slits, spaced 2-  
3 mm apar t ,  pe rpend icu la r  to the  axis of the adrenal  
vein,  were made  th rough  the adrena l  cortex. Each 
gland was then  flushed with 60 ml of cold perfusion 
med ium (about  4 ° ) in approx imate ly  3 rain, In the 
l abora torv ,  the strips of cortex were excised while 
the medul la  (4-(~ g) per fused  at 37 ° unde r  a pressure  
of 40ram t l g  at 1 2 - 1 3 m l / m i n .  The oxygen con- 
sknnption and  s pon t aneous  release of ca techo lamine  
a e r e  then al lowed to stabilise for at least ano the r  
60 rain before  c o m m e n c i n g  exper iments .  

Pig adrena l  glands were hand led  in a similar way 
[ 1()1 but no a t t empt  was made  to r emove  the adrena l  
cortex. 

The  perfus ion m e d i u m  was a modif ied K r e b s -  
Hense le i t  of the  fol lowing composi t ion:  NaC1 
118 raM, N a H C O 3  25 m M ,  CaC12 2.0 m M,  MgSO4 
1.2 mM,  KCI 6.0 m M,  D-glucose 10 mM,  and  was 
equi l ib ra ted  with 95% 0 2 / 5 %  C O :  t h r o u g h o u t  the  
perfusion.  

F luoromet r i c  ca t echo lamine  assays, and extrac- 
t ions of ca t echo lamine  f rom whole  pig adrenals ,  were 
pe r fo rmed  by, the m e t h o d  of A n t o n  and Sayre [111 
with the modif icat ions previously descr ibed [10]. Dif- 
ferent ial  analysis of adrena l ine  and no rad rena l ine  
was achieved bv measur ing  the intensi ty of tri- 
hvdroxv indo le  f luorescence at two sets of exci ta t ion 
and emission wave lengths  112]. 

Oxygen cons um pt i on  by ox adrenal  medul la  was 
calculated front thc decl ine in dissolved oxygen con- 
cen t ra t ion  in the perfusion med ium,  measu red  
before  and af ter  it had passed th rough  the tissue. 
Dissolved ox}gen was measu red  polarographica l ly  
m the perfusion line [13]. Glycogen  was ext rac ted  
and measu red  as descr ibed in [14]. 

The amoun t  of ca t echo lamine  present  in each pig 
adrenal  gland at a specified t ime in the perfusion was 
es t imated  by measur ing  the a m o u n t  present  m the 
tissue at the end  of the perfus ion,  and  adding to this 
the total  re leased rote the  perfusion med ium be tween  
the specified t ime and  the end  of the perfusion.  This 
included spon t aneous  (non-s t imula ted)  catechol-  
amine  release.  Net  b iosynthes is  of ca techo lamine  
was assumcd to be negligible,  as no synthet ic  pre- 
cursors were p resen t  in the perfusion med ium [9]. 

All ca t echo lamine  secre t ion results  repor ted  here  
refer  to net  secre t ion s t imula ted  bv infusion of ace- 
tvlchol ine chlor ide at a final concen i ra t ion  of 10 a M. 
Spon taneous  ca t echo lamine  release was measu red  
before  and af ter  each bout  of s t imula ted  secre t ion,  
and a basel ine  was in te rpo la ted  and sub t rac ted  from 
the s t intulated ~alucs. 

All o the r  pcrfusion details  and reagents  were as 
descr ibed p re \ ious ly  [ 1(11. 

Numerica l  results have been  quoted  as 
mean  -+ 1 S.D. Statistical significance of changes  was 
eva lua ted  by paired S tuden t ' s  t analysis. 

R E S U L T S  

Normal ized  t ime courses  of adrena l ine  secret ion 
dur ing  p ro longed  s t imula t ion  with acetylchol ine  are 
p lo t ted  in Fig. 1. In b o t h  ox and  pig, secret ion rate  
rose rapidly to its m a x i m u m  value af ter  5 min,  but  
af ter  a fu r ther  15 rain, this had  decl ined to 27 +- 10% 
of max imum for ox (P < 0.01, N = 3) and 36 _+ 19% 

for pig (P < 0.002, N = 5). No fur ther  significant 
decl ine in secret ion was de tec ted  af ter  20 min,  in 
ag reemen t  with ear l ier  work on per fused  cat adrenals  
s t imula ted  with h i s tamine  [9]; indeed,  in some prep- 
ara t ions ,  t rans ien t  increases  were observed.  

Ox adrenal  tnedul lae  were also s t imulated intcr- 
m i t t e n t l v w i t h  4 i n i n  pulses of 10 a M  acetylcholine 
at 30 min intervals.  Adrena l ine  secreted in the fourth  
s t imula t ion was only 4 8 * 2 1 c /  of the amount  
secre ted dur ing  the first (P +: 1).()5. N = 3). The cor- 
r esponding  values for no rad rena l ine  were 42 + 12++ 
(P < 0.02, N = 3) in the same medul lae .  

Oxygen consumpt ion  results f rom exper iments  of 
this type are p resen ted  in Fig. 2. Wi th in  15 min of 
the end of each s t imula t ion ,  oxygen consumpt ion  
stabil ized at a value which was close tO the pro- 
s t imula t ion  value. A t ransient  increase in oxygen 
consumpt ion  was obse rved  dur ing  the acetvlchol ine 
infusions,  and has been  descr ibed in detail  e lsewhere  
[ I .  151. 

In Fig. 3a, the pe rcen tage  decline in the anlount  
of adrena l ine  secre ted over  21) rain intervals  has been 
c o m p a r e d  with the co r respond ing  percen tage  decline 
in adrena l ine  r emain ing  in the tissue. Each gland was 
subjec ted  to l hr of s t imula t ion ,  fol lowed by a 2 hr 
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Fig. 1. Normalized time courses of the decline in adrenaline 
secretion during continuous infusion of ACh at a final 
concentration of 10 -4 M, (a) in cortex-free ox adrenal med- 
ullae and (b) in whole pig adrenal glands. Adrenaline 
concentration (nmoles/ml) in samples of perfusion effluent 
was multiplied by the corresponding perfusion rate (in ml/ 
min) to yield a secretion rate (nmoles/min). Spontaneous 
adrenaline secretion rate was subtracted (see Methods), 
and the resulting net secretion rates werc normalized by 
taking the highest observed value in each perfusion to be 
100%. The mean 100% value was 370 nmoles/min/medulla 
for ox and 40 nmoles/min/gland for pig. This maximum 
value has been plotted at zero on the time axis. Stimulation 
with ACh commenced at approximately minus 5 min. Each 

different symbol represents a separate perfusion. 
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Fig. 2. Long-term stability of oxygen consumption (Qo2) 
in four cortex-free ox adrenal medullae. White bars denote 
infusions of 10 4M ACh of (a) 2min, (b) 5 x 4min, (c) 
50 min and (d) 180 min duration. In (b) the net amount of 
adrenaline secreted during the fifth 4 min stimulation was 
only 52% of that in the first. In (c) and (d), the net 
stimulated rates of adrenaline secretion, at the end of the 
two stimulations, were 40% and 2.0% respectively of the 

maxima observed just after stimulation commenced. 

stimulations, should allow time for removal  of A C h  
from the receptors and hence resensitization of the 
tissue as, in cultured ox chromaffin cells, resen- 
sitization occurs within a mat ter  of minutes [3]. Sec- 
ondly, the agonists veratr idine [15, 16], barium [17] 
and intermit tent  potassium depolarization [18] also 
elicit a declining response,  even though these agents 
by-pass the acetylcholine receptor.  

Measurement  of oxygen consumption in cortex- 
free ox adrenal medulla  (Fig. 2) showed no evidence 
for declining tissue viability or a failure of oxidative 
energy metabol ism after prolonged stimulation. 
Indeed,  it has been shown previously that this prep- 
aration can sustain rates of respiration which are 
even higher than the basal values reported here 
[1, 15]. It remains to be shown, however ,  that 
secretion rate is not l imited by deplet ion of some 
other  metabol i te  which was not detected by these 
oxygen consumption measurements .  

If the declining secretion rate in Fig. 3a arises from 
deplet ion of cellular adrenaline stores, the secretion 
rate and the amount  of adrenaline remaining in the 
tissue might be expected to show a comparable  per- 
centage decline. However ,  in Fig. 3a, during the first 
1 hr stimulation, adrenaline secretion rate halved, 
while the total adrenaline in the tissue only declined 
to 90% of its initial value. This disparity could simply 
arise from receptor  desensitization [4]. This is con- 
sistent with the increase in secretion rate at the start 
of the second stimulation, which may have arisen 
from resensitization during the 2 hr rest interval. 

For  noradrenal ine however ,  a role for receptor  

rest and then a further  1 hr of stimulation. During 
the first 1 hr st imulation,  the amount  of adrenaline 
secreted in the last 20 min was only 52 -+ 10% of 
that secreted in the first 20 min (P < 0.01, N = 4). 
However ,  the percentage  of the original adrenaline 
remaining in the glands after 60 min was still 86 -+ 3% 
of the initial value. During the first 20 min of restimu- 
lation after the rest interval (Fig. 3a), adrenal ine 
secretion recovered  to 74 -+ 18% of the initial value 
(P < 0.05 relative to the value in the last 20 min of 
the first st imulation).  This recovery occurred even 
though the total adrenal ine remaining in the gland 
was approximately  10% lower than at the end of the 
first st imulation,  owing to spontaneous release of 
adrenal ine during the rest interval. 

For  noradrenal ine  in the same 4 glands (Fig. 3b), 
no significant recovery of secretion rate was observed 
at the start of the second stimulation. Hence  the 
amount  of noradrenal ine  secreted in the second 
stimulation was only 57 -+ 18% of that secreted in 
the first (P < 0.02, N = 4). 

D I S C U S S I O N  

In perfused adrenal  glands, two lines of evidence 
suggest that the decline in secretion rate, on pro- 
longed stimulation,  is not  exclusively a receptor  
desensit ization phenomenon  analogous to that 
described at neuromuscular  junction [4]. Firstly, we 
have observed a significant decline in secretion on 
intermit tent  st imulation,  in agreement  with earlier 
reports [1, 2]. Perfusion without ACh ,  between the 
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Fig. 3. Normalized comparison of stimulated catecholamine 
secretion (histogram) with catecholamine remaining in the 
tissue (continuous line) during infusion of 10 4 M ACh in 
four pig adrenal glands (a) for adrenaline and (b) for 
noradrenaline. Each gland was subjected to 1 hr of stimu- 
lation, followed by 2 hr of perfusion without ACh and then 
a further 1 hr of stimulation. The amount of stimulated 
secretion in each 20 rain interval was normalized by taking 
the value for the first 20 min to be 100%. The mean 100% 
value was 330 nmoles/gland for adrenaline and 480 nmoles/ 
gland for noradrenaline. The corresponding amounts of 
catecholamine remaining in the same four glands, at spe- 
cified times, were estimated as described in Methods. and 
were normalized by taking the values at the start of the 
first stimulation to be 100Uc. The mean 100c/~ value was 
7300 nmoles/gland for adrenaline and 13400 nmoles/gland 
for noradrenaline. Note that spontaneous (non-stimulated) 
catecholamine secretion has also contributed to the decline 
in the amount of catecholamine remaining in the tissue. 
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desensitization was not apparent.  In spite of the 
2 hr rest interval,  no reproducible resensitization was 
detected at the start of the second stimulation (in 
marked contrast with the rapid resensitization 
observed in cultured ox chromaffin cells [3]). Hence 
the total secreted in the second stimulation was only 
57(4 of that secreted in the first. Nevertheless ,  the 
percentage decline in noradrenal ine secretion was 
still more rapid than the percentage decline in total 
tissue noradrenal ine (Fig. 3b). This disparity is con- 
sistent with the idea that a large fraction of the 
noradrenal ine is in a form which cannot be secreted 
immediately on stimulation. Perfusion of pig adrenal  
glands with dyes (see Methods)  suggested that this 
could not be explained by he terogeneous  perfusion, 
although microscopic heterogenei ty  could not be 
ruled out by this method.  A more likely explanation 
is that,  on prolonged stimulation in v i tro ,  the rate of 
exocytosis may be determined not simply by the size 
of the total cellular pool of catecholamine,  but by 
the rate of transport of chromaffin granules from the 
cytoplasm to the plasma membrane  [9]. A transport 
process of this kind, replenishing a pool of readily 
secreted granules at the plasma membrane ,  may also 
have contr ibuted to the partial recovery of adrenaline 
secretion at the start of the second stimulation (Fig. 
3a): and has been postulated to explain a similar 
recovery in cat adrenals stimulated with histamine 
[9]. 

The mechanism of transport  of chromaffin gran- 
ules from the cytoplasm to the plasma membrane  
is not fully understood,  but probably involves the 
cytoskeleton [19]. Hence  drugs such as the cyto- 
chalasins and colchicine, which disrupt the cyto- 
skeleton, may be of use in distinguishing the con- 
tributions of receptor  resensitization and chromaffin 
granule transport to the recovery of secretion 
observed after resting the tissue. 

Hither to ,  experiments  with these drugs have used 
high doses during short cholinergic stimulations 
[20, 21]. The short stimulations may have tapped 
only the readily secreted pool of catecholamine,  and 
the high doses of cytoskeleton disrupting agent may 
have shown poor  selectivity for the cytoskeleton 
[20, 22]. Therefore ,  in future,  it may be of consider- 
able interest to use lower doses of the drugs during 
prolonged cholinergic stimulations, in which there is 

a greater chance of cytoskeletal  transport of granules 
being a rate-limiting factor in secretion. 
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