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Abstract-Catecholamines, soluble protein, chromogranin A and lactate dehydrogenase 
(LDH) activity were measured in perfusates from isolated bovine adrenal glands after 
stimulation of the glands with carbachol, phenylethylamine and ethylenediamine. The 
ratio of catecholamine to chromogranin A secreted was similar in each case, whereas the 
amount of soluble protein secreted depended upon the stimulant used. LDH activity 
of perfusates was unchanged after stimulation with carbachol. The effect of phenylethyl- 
amine on LDH secretion was variable. Secretion by carbachol was completely abolished 
and secretion by phenylethylamine was partially inhibited in calcium-free solution. These 
results support the hypothesis that, as a result of stimulation with carbachol, cate- 
cholamines are released from the adrenal gland by a process of exocytosis. 

EVIDENCE has recently been presented supporting the hypothesis that catecholamines 
of the adrenal medulla are secreted by a process of exocytosis.l-s Since secretion by 
this mechanism would result in the extrusion of the soluble contents of the granule 
into the extracellular spaces, the findings that chromathn granule constituents other 
than catecholamines are released from the adrenal gland provide strong evidence for 
this type of secretion process. Thus, in addition to catecholamines and to adenine 
nucleotides and their metabolites ,4~ 5 chromogranin A, the major soluble protein of 
chromaffin granules, is released upon stimulation of the gland both in u&s and 
in vitro.z* 39 7-9 Furthermore, it has been shown that all of the soluble proteins of 
chromaffin granules are secreted upon stimulation.2 The idea of catecholamine secre- 
tion by exocytosis is further strengthened by the observation that dopamine+ 
oxidase, an enzyme associated with the insoluble portion of the chromaffin granule, 
is not secreted under conditions which lead to release of the soluble components of 
the granules.3 Furthermore, lipids that are characteristic constituents of membranes 
are not secreted from the gland along with catecholamines.13 s 

In the present paper a number of drugs have been tested for their ability to release 
soluble protein as well as to release catecholamines. These experiments were under- 
taken in order to obtain more information about the mechanism by which catechola- 
mines are released from the adrenal medulla. 

* Present address : Department of Pharmacology, University of Colorado Medical Center, Denver, 
Colorado, U.S.A. 
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METHODS 

Perfied adrenal gland. Bovine adrenal glands were prepared and perfused as de- 
scribed previously;21 1% 11 flow rates were maintained at 10-14 ml/min. Stimulation 
of the gland was initiated only after allowing a period of at least 60 min to elapse after 
beginning perfusion. Secretion of catecholamines and protein was induced by the 
injection of various chemical agents into the perfusion fluid immediately before the 
fluid entered the gland. Dose-response relationships were obtained with each drug, 
and only doses providing supramaximal secretion were employed in these experi- 
ments. The drugs, dissolved in Tyrode solution, were routinely injected in volumes 
of O-4 ml or less in a series of 6 injections, each injection separated from the other by a 
period of 30 sec. The amounts of drugs given below are the total amounts injected 
into the gland. Collection periods were 6 min. Control values for secretion of cate- 
cholamines, total protein and chromogranin A, respectively, represent the amounts 
collected in the perfusate during the 6 min immediately preceding stimulation. The 
amounts of total protein and chromogranin A are expressed in mg, and the amounts 
of catecholamines are in pmoles. The amounts of catecholamines, chromogranin 
A and total soluble protein secreted from the gland as a result of stimulation are 
expressed as the amount of component secreted during the stimulation period minus 
the amount secreted during the control period. 

In the experiments involving perfusion with Tyrode solution containing either 
cocaine or hexamethonium, or with calcium-free Tyrode solution, the glands were 
stimulated first in normal Tyrode solution and then perfused for a minimum of 30 
min with the altered Tyrode solution before further stimulation. After responses were 
obtained in the altered Tyrode solution, the glands were perfused again with normal 
Tyrode solution and stimulated again. Secretion during perfusion with drug-con- 
taining or calcium-free solutions was compared with secretion obtained in normal 
Tyrode solution during the periods before and after perfusion with the altered solu- 
tion. The effect on secretion of exposing the gland to cocaine or hexamethonium, or 
to calcium lack, was expressed as the quotient of the amount of the product secreted 
in response to stimulation during perfusion with altered Tyrode solution (average of a 
minimum of two stimulation periods) divided by the amount secreted in response 
to stimulation during perfusion with the normal Tyrode solution (average of a 
minimum of four stimulation periods). 

Analyses. Perfusates were assayed for catecholamines by the method of von Euler 
and Hamberg,ls employing a citrate-phosphate buffer,13 and for total protein after 
its precipitation by trichloroacetic acid (5 %, w/v) by the microbiuret method of Goa. 
The amount of chromogranin A in the perfusates was measured by a complement 
fixation method previously described.2 Pure chromogranin A, used as a standard in 
the complement fixation methods, was kindly provided by Drs. A. D. Smith and H. 
Winkler of this department. Lactate dehydrogenase (LDH) activity of the perfusates 
was assayed according to Wroblewski and LaDueis and expressed as the change in 
absorbancy in 1 min at 340 my x 1000 divided by 6.2 x 10s (molar absorbancy 
index for NADH). Drug-induced secretion of LDH was calculated by dividing 
the amount in the perfusate collected during the stimulation period divided by the 
amount in the control period perfusate. Statistical calculations were performed by the 
t-test according to Snedecor.16 
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RESULTS 

Curbuchol. The resting release of catecholamines and total protein from the adrenal 
gland decreased exponentially with time and after 40-60 min of perfusion was generally 
in the range of O*Ol-O*l ~mole/min of catecholamines and O-05-0-2 mg/min of 
protein. The amounts of chromogranin A appearing in the perfusates varied between 
undetectable amounts and 5 pg/min (sensitivity of the complement fixation assay for 
chromogranin A was O-1 pg/ml, equivalent to the secretion of 1 to 1.4 pg/min). 
Carbamylcholine (carbachol, 5.5 mg) increased the secretion of catecholamines, total 
protein and chromogranin A. The magnitude of the increases in secretion differed 
among glands, but for catecholamines and chromogranin A the increase was generally 
lo- to 30-fold and for total protein 2- to 4-fold above control levels. 

The ratios of catecholamines to protein and of catecholamines to chromogranin A 
secreted in response to carbachol are shown in Table I. These ratios are similar to the 

TABLE 1. RELATIONSHIPS BETWEEN CATECH~LAMINES (CA) ANDPR~TEINSM~ERFUSATES 
FROM THE ISOLATED ADRENAL GLAND AND IN SOLUBLE LYSATES OF CHROMAFFIN 

GRANULES* 

Stimulant - 
Ratio 

CA: total protein CA : chromogranin A 

Carbachol 
Phenylethylamine 
Ethylenediamine 

4.81 & 1.48 (n = 19) 14.9 * 3.6 (n = 5) 
261 & 050 (n = 8)t 135 f 1.6 (n = 5) 
@46 & 0.04 (n = 4)t 11.2 & 2*5(n = 3) 

Soluble lysate of 
chromaffin granules: 4.8 & 0.3 (n = 5) 10.1 + 1*2(n = 10) 

* The amounts of CA and protein secreted during stimulation periods were calculated by sub- 
tracting the amounts of each constituent in the control period from the corresponding amounts in 
the stimulation period perfusates. CA are expressed in rmoles and protein in mg, and each figure 
represents the mean ratio (& S.E.) of n determinations. 

t P < 0~01 (perfusate vs. soluble lysate of chromathn granules). 
: Values taken from ref. 2. 

corresponding ratios in chromaffin granules from bovine adrenal medulla. 
A slight delay was observed in the secretion of protein when compared with the 

appearance of catecholamines in the perfusate after stimulation by carbachol. This 
delay is evident when the ratios of catecholamines to total protein are calculated for 
each minute of a 5-min period after an injection of carbachol(O.23 mg). The respective 
ratios (average ratios f S.E. from 4 experiments) were 6.6 f 0.5. 4.6 f 0.1, 4.5 f 
l-2, 3.3 & O-3 and 3.4 & 0.8 for minutes 1 through 5. 

LDH activity of the perfusates collected during control periods and periods of 
stimulation was also determined. The enzyme activity of the perfusates during control 
periods varied between 0002 and 0.026 unit/min and changed only slightly in 5 of 
6 experiments after injection of carbachol (0-80-l-22 of control). In one experi- 
ment, however, the enzyme activity of the perfusate was doubled (2.01 of control) 
after carbachol . 

Phenylethylamine. An increase in secretion of total protein and chromogranin A, 
as well as of catecholamines, was produced by injection of phenylethylamine (as the 
hydrochloride; 150 mg)). Increases above the resting level of secretion were in the 
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ranges of 2- to lo-fold, 0*5- to 3-fold, and 2- to lo-fold for catecholamines, total 
protein and chromogranin A respectively. The mean of the ratios of catecholamine 
to total protein, however, is lower than the corresponding ratio for chromaffin granule 
(Table l), although the ratio of catecholamines to chromogranin A is similar to the 
values for chromaffin granules and to that obtained with carbachol. Secretion of 
LDH upon injection of phenylethylamine was variable, being 0.23, 1.32 and 4.97 of 
control values, respectively, in three experiments. 

Other drugs. The release of catecholamines, chromogranin A and total soluble 
protein was also examined after stimulation with an agent capable of producing 
nonspecific cell injury. The strongly basic substance, ethylenediamine, was used for this 
purpose. Although release of catecholamines and chromogranin A in response to ethyl- 
enediamine (1 ml of a 1% solution; pH 11.4) was similar to that with carbachol, secret- 
ion of total protein was increased 1040 times above the resting level. The pronounced 
effect of ethylenediamine on release of soluble protein is reflected in the low ratio of 
catecholamines to total protein of the perfusates (Table 1). Ethylenediamine also 
caused a marked increase in the release of LDH from the adrenal gland; in three experi- 
ments secretion of LDH was 4.91, 8.03 and 18.2 of the corresponding control values. 
Injection of an equimolar amount of ethylenediamine dihydrochloride (neutral pH) 
produced only a slight increase in secretion of catecholamines above the resting level 
(1.7 of control) and induced no change in secretion of soluble protein or LDH. 

Injection of adrenaline (2 pmoles, 366 pg) in quantities similar to those found in 
perfusates after stimulation with carbachol did not cause an increase in secretion of 
total protein, chromogranin A or LDH. 

Calcium depletion. Secretion of catecholamines, total protein and chromogranin A 
in response to carbachol was abolished in calcium-free perfusion fluid. Secretion 
induced by phenylethylamine, on the other hand, was only partially inhibited by cal- 
cium deprivation: secretion of total protein was reduced to 0.38 f 0.07 (n = 5) and 
catecholamines were reduced to 0.29 & 0.07 (n = 5) of the secretion obtained in 
response to phenylethylamine in normal Tyrode solution. Phenylethylamine-in- 
duced secretion of chromogranin A was abolished during perfusion with calcium-free 
medium in each of three experiments. 

Cocaine. Secretion of catecholamines, total protein and chromogranin A in response 
to carbachol was markedly reduced when the gland was perfused with Tyrode solu- 
containing cocaine in a concentration of 30 pg/ml. Secretion of catecholamines was 
0.12 and 0.06 of the amounts obtained in the absence of cocaine, respectively, in 
two experiments, and there was no secretion above control levels of total protein. 
Release of chromogranin A was 0.04 of control (n = 1). 

Hexamethonium. The effects of perfusion with Tyrode solution containing hexa- 
methonium bromide (250 pg/ml) on carbachol-induced secretion of catechoiamines 
and proteins were similar to those of cocaine. In two experiments secretion of cate- 
cholamines by carbachol was 0.02 and 0.05 of control, respectively, and secretion of 
total protein above control levels was completely inhibited. 

Hypothermia. Carbachol-induced secretion of catecholamines and protein was 
reduced when the temperature of the perfusion medium was lowered from 37” to 23”. 
Secretion of catecholamines was 0.46 h 0.07 (n = 6) of the corresponding value 
obtained at 37” and secretion of total protein was 0.38 & 0.09 (n = 6) of the secretion 
at 37”. 
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DISCUSSION 

The results presented in this report co&m earlier findings of Banks and Helle,r 
of Kirshner et al.33 89 9 and of Schneider et aI.,2 showing that the catecholamines and 
the major soluble protein component of chromaffin granules, chromogranin A, are 
released from the bovine adrenal gland in a ratio similar to that found in the adrena- 
line-containing storage granules of the adrenal medulla. In addition to chromogranin 
A, the other soluble proteins of chromaffin granules are also released upon stimulation, 
and they account quantitatively for the remaining soluble protein secreted in response 
to stimulation by carbacho12 In the latter work, the soluble proteins of the chroma- 
ffin granules were identified by starch gel electrophoresis of perfusates from adrenal 
glands stimulated with carbachol. Their identity was substantiated further by amino 
acid analysis. Immunochemical assay of chromogranin A revealed its presence in 
both the perfusate and in soluble lysates of chromaffin granules in the same proportion 
to the other soluble proteins. 

The results of the present investigation, as well as the earlier findings of Banks and 
HelIe and of Schneider et al.,2 suggest that the ratio of the amount of catecholamines 
to the amount of total soluble protein secreted from the gland in response to stimula- 
tion can be used as an indication of the specificity with which the secretogogues bring 
about the release of catecholamines. If catecholamine release occurs by exocytosis, 
the ratio of catecholamines to soluble protein secreted from the gland will be the same 
as the corresponding ratio for chromaffin granules. This appears to be the case for 
secretion induced by carbachol. On the other hand, another mechanism (or mecha- 
nisms) of release must operate for secretion induced by phenylethylamine and ethyl- 
enediamine. Secretion of catecholamines due to general tissue damage, as produced 
by ethylenediamine, is indicated by a ratio of catecholamines to protein secreted 
which is less than the corresponding ratio for chromaffin granules. The additional 
protein presumably derives from sources other than chromaffin granules. The pres- 
ence of LDH in the perfusates after exposure of the gland to ethylenediamine, and in 
one case after phenylethylamine, indicates that proteins other than those deriving 
from chromaffin granules contribute to the protein secreted. The non-chromaffin 
granule protein could be coming from cells of the cortex as well as from the medulla. 

The slight delay in the secretion of protein relative to that of catecholamines after 
stimulation with carbachol is in agreement with a similar delay in the secretion of 
chromogranin A in response to acetylcholine reported by Kirschner et a1.3 It is likely 
that this delay reflects a lower diffusion rate from the site of release into the perfusion 
fluid for the large protein molecule relative to the diffusion rate for the catecholamines. 

The ability of the indirectly acting17 sympathomimetic amine, phenylethylamine, to 
stimulate secretion of both catecholamines and protein was examined, since this amine 
had been shown to cause release of catecholamines ~-21 from the adrenal gland. Like 
carbachol, phenylethylamine also stimulated secretion of chromaffin granule consti- 
tuents from the adrenal gland, although apparently in a less specific manner. The ratio 
of catecholamine to chromogranin A found in perfusates after stimulation with phenyl- 
ethylamine was similar to that found with carbachol. The secretion of total protein, 
however, was relatively greater with phenylethylamine, as indicated by a lower ratio 
of catecholamine to soluble protein secreted. Further evidence for an action of phenyl- 
ethylamine on the chromaffin cell different from that exerted by carbachol was ob- 
tained when the effects of calcium depletion were examined. Omission of calcium 
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from the Tyrode solution resulted in complete inhibition of chromogranin A secretion 
induced by phenylethylamine, although secretion of catecholamines and soluble 
protein was only partially inhibited. These results suggest that phenylethylamine 
may affect the chromaffin cell in more than one way, possibly by: 1) a calcium- 
dependent mechanism analogous to that operating in response to carbachol, whereby 
both catecholamines and chromaffin granule soluble protein are released; and 2) a 
process not affected by calcium depletion. A multiple action of phenylethylamine such 
as this might encompass both the direct displacement theory of release proposed by 
Schumann and Philippuaa and the acetylcholine-like mode of action found by Rubin 
and Jaanus.20 If catecholamines are displaced from chromaffin granules by phenyl- 
ethylamine without a loss of chromaffin granule soluble proteins, the ratio of cate- 
cholamines to chromogranin A after stimulation with phenylethylamine should be 
higher than the corresponding ratio, both after stimulation with carbachol and in the 
soluble lysates of chromaffin granules. The limitations of the complement fixation 
technique used to measure the amount of chromogranin A, however, would not 
permit the demonstration of a difference of this magnitude. 

The ratio of catecholamines to chromogranin A was similar to the corresponding 
ratio for chromaffin granules during the more generalized type of release caused by 
ethylenediamine. This agent also provoked the release of relatively large amounts 
of total soluble protein and released LDH in large quantities. It also caused the loss 
of the mitochondrial enzyme, fumarase, an enzyme not secreted in response to the 
injection of carbachol (Schneider, unpublished observations). Secretion of cate- 
cholamines and protein induced by ethylenediamine was undoubtedly due to the high 
pH of the solution injected, since an equimolar amount of ethylenediamine hydro- 
chloride was much less effective in causing release. 

The observed reduction in carbachol-induced secretion of catecholamines and solu- 
ble protein during perfusion at low temperature is in agreement with recent findings 
by Kirschner et ~1.3 Reduction in secretion of chromafhn granule constituents during 
hypothermia may reflect an interference with an energy-dependent process associated 
with secretion, or with diffusion of the products from their site of release into the 
effluent. This latter point may be of importance if the structure of the various mem- 
branes through which the secretory products must pass is influenced by the environ- 
mental temperature. In this context, Schramm et al. 23 observed that the lipid structure 
of the zymogen granules from rat parotid glands is altered by exposure of the granules 
to low temperature. 

The results presented in this paper demonstrate that a relatively constant relation- 
ship exists between catecholamines and chromogranin A released from the bovine 
adrenal gland in response to various secretogogues. This relationship persists even 
when loss of proteins not contained in chromaffin granules occurs, as happens in cell 
damage produced by ethylenediamine. Furthermore, secretion of catecholamines and 
soluble proteins of chromaffin granules is similarly altered under conditions that 
inhibit secretion (cocaine, hexamethonium, calcium-depletion, hypothermia). It 
appears, then that carbachol induces the release of catecholamines and chromogranin A 
through a common mechanism, and one that does not involve release either of con- 
stituents of the cytoplasm or of the insoluble portion of the chromaffin granule it- 
self.l-a It seems unlikely that any mechanism of release other than exocytosis could 
account for these findings. 
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