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We previously ( 1) characterized the in
vitro release of the catecholamines from the
chromaffin granules of the adrenal medulla of
the rat. The initial release and the absolute
release of the catecholamines were increased
in electrolyte media as compared with equi-
osmolar sucrose and at 20°C and 37°C as
compared with the release at ODC.

We will report here the presence or absence
of a releasing effect by 35 different drugs
upon homogenates of the adrenal medulla
of the rat and upon the partially isolated
chromaffin granules separated from the homo-
genates. Although there are many in vivo
studies of the effects of drugs on the cate-
cholamine content of the adrenal medulla of
the rat, we are not aware of any previously
reported in vitro studies. It seemed pertinent,
therefore, to evaluate a given drug in in vitro
preparations from the same species in which
the in »ino studies were made. Many of these
agents were ineffective or quantitatively less
effective on rat medullary granules as com-
pared with the reported data on bovine adre-
nal medullary and adrenergic nerve granules.
Their effects on rat medullary granules are
more comparable with those recently reported
on rabbit medullary granules (2) except that:
a) d-lysergic acid diethylamide (LSD) and
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mescaline were effective on rat granules and
ineffective on rabbit granules; b) reserpine,
at high concentrations, was effective (as a
releaser) on rabbit granules and ineffective
on rat granules; c) at low concentrations
( 10- 5_10-7 M) reserpine and chlorpromazine
inhibited release of adrenaline from rabbit
granules while they were ineffective at similar
concentrations on the rat granules.

Methods. The preparations of the homo-
genates and the fractionated suspensions of
the chromaffin granules of the adrenal glands
of rats were previously described (1). Briefly,
the medullae were mechanically expressed,
gently homogenized (ODC) either in sucrose
(0.3 M), NaCI (0.155 M) in Tris buffer
(0.02 M) adjusted to pH 7.45, or phosphate
buffer adjusted to pH 6.5 (0.125 M KCI,
.005 M KH2P04, .006 M MgClz), in the
proportion of 3 medullae/O.S cc, and incu-
bated together with equal volumes of the
various drugs made up in the same .sus-
pending medium. After various incubations
(50 minutes, ODC; 15 minutes, 20°C; 15
minutes, 37°C) the mixture was layered over
0.5 M sucrose and centrifuged at 20,000 g
(Servall-ss-34 head) for 20 minutes at ODC
to bring down the granules. The catechola-
mine content of the supernatant represented
the portion released while the catecholamine
content of the pellet was presumably con-
tributed almost entirely by the granules.

Alternatively the chromaffin granules were
in part fractionated from the homogenate by
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a 2-layered centrifugation procedure in which
the original homogenate (in 0.3 M sucrose)
was layered over 0.5 M sucrose before cen-
trifugation in the cold at 3000 g for 10 min-
utes. About 50;10 of the original adrenaline
content remained in the supernatant layer.
Under control conditions, about 86% of the
adrenaline content of the supernatant was
sedimentable and presumably in medullary
granules. Fourteen percent of the adrenaline
content was unsedimentable; presumably this
represented the adrenaline originally pre-
sent in the cell sap together with whatever
was released from granules due to mechanical
damage. In this procedure, in contrast to
most previously described procedures, the
granules were not sedimented and resus-
pended and perhaps damaged prior to incu-
ba tion; the granules remained suspended in
their original cell sap together with the origi-
nal micro somes and many mitochondria.

The supernatant layer together with equal
volumes of the various drugs made up in
the same suspending medium were now lay-
ered over dense sucrose (0.5 M) and incu-
bated for 15 minutes at O°C prior to final
contrifugation at 20,000 g for 20 minutes to
bring down the granules.

The data are calculated in terms of per-
cent of adrenaline released into the super-
natant of the total present in the supernatant
and pellet combined. The increased or de-
creased release of adrenaline in each experi-
ment was interpreted in terms of its own
control value in the absence of the drug.

Adrenaline and noradrenaline determina-
tions, performed in duplicate, were made by
Wiegand and Perry's (3) modification of the
Shore and Olin (4) fluorimetric method. Due
to the large amounts of adrenaline present in
relation to the noradrenaline content, we do
not have confidence in the noradrenaline de-
terminations. Therefore we are reporting only
the adrenaline determinations.

Interference controls were run in each drug
experiment in which there was an experi-
mentally observed change by adding the sev-
eral doses of each drug to standard solutions
of adrenaline prior to extraction and develop-
ment. The influence of the drug on the final

adrenaline fluorescence was zero or negligible
in every case.

Results. The average adrenaline content of
the homogenates (55 determinations) was
38.0 ± 17.3 fLg in 0.5 ml. Each 0.5 ml ali-
quot was equivalent to 3 adrenal medullae.
The average release of adrenaline from the
various control preparations under standard
condi tions was: a) 12.1 % -t- 4.1 (20 deter-
minations) from the homogenates in 0.3 M
sucrose for SO minutes at o=c. b) 27.7;10 -+-
8.2 (20 determinations) from the homoge-
nates in NaCI-Tris for SO minutes at O°e.
c) 14.0% ± 3.9 (18 determinations) from
the fractionated granules in 0.3 M sucrose
for 15 minutes at O°C. The increased release
of adrenaline from the homogenates in NaCl-
Tris (b above) as compared with sucrose
(a above) was significant at the 1% confi-
dence level (Student t Testj.! In no instance
was there an increased release of adrenaline
(above control) by a given drug from the
homogenate preparation in sucrose (a above)
as compared with the fractionated suspen-
sion in sucrose (c above). However, in a
number of instances a given drug effected
an increased release in the N aCl- Tris (b
above) as compared with either of the su-
crose preparations.

In Fig. 1 are reported all of the drugs
which modified the release of adrenaline from
the homogenates under the standard condi-
tions (O°C, SO minutes). Data for 12 of
35 drugs examined are given. All of these
increased the release of adrenaline (above
control) except serotonin which slowed re-
lease and reserpine which was without effect.
Chlorpromazine, prochlorperazine (Com-
pazine) , CHo-promazine, imipramine and
p-chloromercurobenzoate (PCME) markedly
increased the release of adrenaline from the
chromaffin granules. (Except for PCME,
all of these agents have somewhat similar
structure and may be described pharma-
cologically as centrally-acting drugs with
weak atropinic and antihistaminic proper-
ties.)

Chlorpromazine sulfoxide, LSD and mes-
caline slightly increased the release of adren-

:::Student t Test, in Fisher, R. A., Design of Ex-
periments. Oliver & Boyd, London, 1942.
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PER CENT INCREASED RELEASE (ABOVE CONTROL) OF ADRENALINE FROM ADRENAL MEDULLARY HOMOGENATES INCUBATED

% TOGETHER WITH VARIOUS DR UGS FOR SO MINUTES AT O· C t
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-10 SERPASIL SERPASIL PCMB* CHLORPRO- COMPA- CH-PROMA-IMIPRA- CHLORPRO' SEROTO' LSD MESCALINtRESERPINE*
MAZINE ZINE iINE· MINE MAZINE NIN*

SULFOXIDE

PCMB* Similar increased release noted at same concentration in XaCl- Tris media at 37°C. for
10 min.

Serotonin* Similar blocking of release noted at same concentrations in sucrose and NaCl-Tris
media at 37°C. for 10 min.

Mescaline= Similar increased release noted at same concentrations in NaCl- Tris media at
37° C. f.or 10 min.

Reserpine* No increased release at same concentrations in phosphate media at 00, 20°, 25°C.
for 50 min. 5-10% increased release at 2 x 10.3 M. concentration of reserpine in phosphate and
NaCl-Tris media at 37"C. for 15 min.
t Determinations were made in duplicate i differences were with ± 5%.
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aline. Reserpine was without effect (see
below); however, commercial Serpasil and
Serpasil Suspending Vehicles (without reser-
pine) markedly increased the release of
adrenaline. We have not yet identified the
substance responsible for this effect.

Under special conditions (NaCI-Tris, phos-
phate, 37°C, 15 minutes) reserpine (2 X
10-3 M final concentration) slightly in-
creased (5-10%) the release of adrenaline;
however the reserpine is in part in suspension
at this concentration and most probably this
is a non-specific effect not related to the
concentration of reserpine in the saturated
solution.

In Table I are listed the remaining 23 of
35 drugs. These did not modify the release
of adrenaline above control whether from

~ Serpasil Suspending Vehicle. Ciba Pharmaceutical
Co., Summit, N. J. Adipic acid: 30 s: N,N-dimethyl
acetamide: 300 g; Versene FD-3: 0.3 g; benzyl al-
cohol: 30 ml; polyethylene glycol 300: 150 ml; as-
corbic acid: 1.S g; sodium sulfite: 0.3 g; distilled
water q.s. to 3000 ml,

----- ----.----~---

o 0.3 M.sucrose Medium
• 0.155 M.NaCI in .02 M.Tris odjusted
topH 7.4

A. 0.5x /0-2 M. final concentration
B. 0.5xIO·3M. final concentration
C. 0.5x10·4 M finol concentration
D. 0.5x10-5 M final concentration

the homogenates (a and c above) or from
the fractionated granule preparations (b
above) .

In selected cases as noted in the Figure and
Table the individual agents were incubated
under still different experimental conditions
in order to approximate more nearly the
conditions under which other investigators
reported in vitro releases of adrenaline from
the chromaffin granules of other species.

The spontaneous release of adrenaline was
even higher from the homogenates made up
in the phosphate media than from the NaCl-
Tris media (1). The average release of adren-
aline from the control preparations was: 280/0
at O°C for SO minutes, 450/0 at 20°C for
SO minutes, 65% at 37°C for 15 minutes.
In no instance was there a markedly in-
creased effect in phosphate media at 2Q°C
(SO minutes) or at 37°C (15 minutes) as
compared with the % release of adrenaline
in sucrose and NaCl-Tris media at O°C (50
minutes). Histamine, acetylcholine, 48-80,
sodium cyanide, and sodium fluoride were
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equally ineffective at O°C and in the phos-
phate media at increased temperatures.

Under special conditions (phosphate medi-
um, 37°C, 15 minutes) the sympathomi-
metic amines, methamphetamine and ephed-
rine (0.5 X 10-3 M final concentration)
increased slightly (670) the release of adren-

TABLE 1. Experimental Conditions Under Which
23 of 35 Drugs Did Not .Modify Release of
Adrenaline from Chromaffin GrannIes of Rats:
Methamphetamine and Ephedrine Were Slightly

Effective Under Special Conditions. *

Insulin
Histamine
Acetylcholine
RO·1·9569
Physostigmine
Tremorine
Dibenzyline
TM·10·
Cocaine
Tyramine
Methamphetamine
Ephedrine
Bretylium
Guanethidine
Librium
Nialamide
Iproniazid
JB·329
Bufotenin
DOPA
48·80
Sodium cyanide
Sodium fluoride

At, Bt
A,B,D
B:j:, Ct
o
o
o
c
C
O,D
O,D,E
O,D~
O,D§
A,B
A,B
A,B
A,B
c
c
c
C
O,D,E
A,B,D
A,B,D

A. Adrenal medullary homogenate in 0.3 M sucrose
at 0°0 for 50 min. Final concentrations of
drugs in incubation medium: 0.5 X (10-", 10-",
10-4M).

B. Adrenal medullary homogenate in NaCI·Tris at
0°0 for 50 min. Final concentrations of drugs
in incubation medium: 0.5 X (10-2, 10-", 10-4M).

O. Fractionated granule preparation in 0.3 M su-
crose at 0°0 for 15 min. Final concentrations of
drugs in incubation medium: 0.5 X (10-", 10-4,

10-0 g/ml).
D. Adrenal medullary homogenate in phosphate

medium at 37°C fOT 15 min. Final concentra-
tions of drugs in incuba.tion medium: 0.5 X
(10"', 10-<, 10-s g/ml).

E. Adrenal medullary homogenate in phosphate
medium at 20°C for 50 min. Final concentra-
tions of drugs in incubation medium: 0.5 X
(10-" 10-" 10-0 g/ml).

* Determinations were made in duplicate; differ-
ences were within ± 5%.
t Final concentrations of insulin in incubation

media: 0.5, .05, .005 unita/rnl.
t 0 increased release if physostigmine (10'" M)

is added.
~ 6% increased release at concentration of 0.5 X

10-3 g/ml.

aline. However tyramine and cocaine were
still without effect.

Under special conditions (phosphate me-
mium, 37°C, 15 minutes) and at low con-
centrations (10-4-10-7 M) reserpine and
chlorpromazine did not inhibit the release of
adrenaline from the rat medullary granules.

Discussion. Thirty-five different drugs were
incubated either with adrenal medullary
homogenates or with fractionated suspensions
of rat chromaffin granules. The compounds
were selected for a variety of reasons: a)
Reserpine (5), insulin (6), histamine (7), ace-
tylcholine (8), Ro-I-9569 (tetrabenazine) (9),
physostigmine(lO), TM-I0 (choline-2, 6-
xylylether bromide) (11), tremorine (1,4 di-
pyrrolidino-2-butyne), and dibenzyline (12)
are depleters of the catecholamines of the
adrenal medulla in vivo, b) Guanethidine
(13), bretylium(14), tyramine(15), cocaine
( 16), methamphetamine ( 17) and ephedrine
(18) are depleters of adrenergic nerve end-
ings in 7·ivo. c) The psychopharmacologic
agents because they might possibly accelerate
or slow the release of biogenic amines in
the central nervous system. d) Several meta-
bolic inhibitors because they might possibly
modify the accumulation or the release of
catecholamines from the granules if these are
energy dependent reactions.

None of the catecholamine depleters (a
and b above) accelerated the release from the
rat chromaffin granules except ephedrine and
metamphetamine which were only slightly
effective (Table 1). The remarkable lack
of parallelism between these in vitro effects
and the well known in vivo effects of these
same drugs suggests that they must act in-
directly upon some structural feature of the
chromaffin cell as a whole.

Reserpine and Serpasil. Von Euler and
Lishajko ( 19) observed a marked release of
catecholamines from bovine adrenergic nerve
granules by reserpine and Serpasil at high
concentrations and blocking of release by
reserpine at low concentrations(20,21 ,22),
Weil-Malherbe and Posner(2) reported simi-
lar findings with reserpine acting upon rabbit
chromaffin granules. In the present report:
a) Reserpine was essentially ineffective as a
releaser of adrenaline from the rat medullary
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granules at high concentrations (0.5 X 10-3-

0.5 X 10-5 lVI) and under comparable ex-
perimental conditions (phosphate buffer, 20°_
25°C, 50 minutes). There was a 5-10%
increased release above control at extremely
high concentrations (2 X 10-3 lVI) (37°C,
15 minutes) under which the drug was
frankly in suspension. b) Reserpine did not
inhibit the spontaneous release of adrenaline
from the rat medullary granules at low con-
centrations (10-4-10-7 lVI), under experi-
mental conditions comparable to those used
on bovine adrenergic nerve granules (21), and
on rabbit medullary granules (2) (phosphate
buffer, 20°-25°C for 50 minutes, 37°C for
15 minutes). c) Both Serpasil and the Serpa-
sil Suspending Vehicles caused a marked re-
lease above control at high concentrations;
therefore, the Serpasil Suspending Vehicle
contains some other agent, not reserpine,
which causes the observed release.

In agreement with our findings, Stjarne
and Schapiro (23) did not observe any effect
by reserpine on isolated bovine medullary
granules; their concentrations (approx. 10-°_
10-7 lVI) were within the range at which
the inhibition of release of adrenaline should
have been observed. In contrast to their
earlier report, van Euler and Lishajko (21 )
failed to observe a release by reserpine at
high concentration (0.2 mg/ml) upon an
original suspension of bovine adrenergic
nerve granules. In summary, the published
reports on the action of reserpine on the
granules of the various species are contra-
dictory.

Our in vitro data in the rat support the
thesis that reserpine does not act directly
upon the adrenal medullary granules. There
are equally contradictory in vivo data in the
rat with respect to whether reserpine acts
directly upon the adrenal chromaffin cells
(24,25,26) or indirectly via the innervation
(27,28,29). Our in vivo data would support
the thesis that reserpine does not act directly
upon the adrenal chromaffin cell (29) .

Sympathomimetic agents. Previously tyra-
mine was observed to increase the release of
catecholamines in vitro from bovine chro-
maffin granules(30) and adrenergic nerve
granules (31) . However, it was ineffective
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upon rabbit granules (2) . Previously cocaine
was reported to increase the release from
bovine adrenergic nerve granules(20) while
failing to increase the release from bovine
(30) or rabbit chromaffin granules(2). Pre-
viously ephedrine and methamphetamine in-
creased the release from bovine chromaffin
granules (32). However they were ineffective
upon rabbit chromaffin granules (2).

In this report: a) Ephedrine and meth-
amphetamine were slightly effective (6% in-
creased release of adrenaline above control)
upon the rat chromaffin granules under spe-
cial conditions of increased temperature and
concentration (Table I). b) Tyramine and
cocaine were ineffective even under special
conditions of increased temperature and con-
centration.

The relative ineffectiveness of sympatho-
mimetic amines on rat and rabbit chromaffin
granules as compared with bovine medullary
and nerve granules would support the hypo-
thesis that species specificity may be an im-
portant variable to be considered when these
agents use used in vivo.

Bretylium, guanethidine, TM-l0. Bretyli-
um, guanethidine and TlVI-10 were ineffec-
tive (Table I) on the rat granules. Pre-
viously, they had been reported ineffective
on rabbit chromaffin granules (2) and on bo-
vine nerve granules(22) except that TlVI-10
was a releaser at high concentrations when
incubated with the nerve granules. Their in-
effectiveness as releasers of noradrenaline at
nerve endings in vivo had been previously
considered(33,34,35,36). Alternatively it was
suggested that they might: a) interfere with
conduction at fine nerve terminals by as yet
unknown mechanisms (35,36), b) interfere
with an acetylcholine induced release of
adrenaline(37,38) , c) interfere with nor-
adrenaline synthesis at adrenergic endings
(34) .

Psychopharmacologic agents. a) Tranquil-
izers. Reserpine (discussed above) and libri-
um were ineffective in vitro on the rat gran-
ules; however, all of the phenothiazines ex-
amined (chlorpromazine, compazine, CH3-

promazine; Fig. 1) were markedly effective.
Interestingly, chlorpromazine sulfoxide, an
inactive phenothiazine metabolite, was only
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slightly effective. The observed in vitro re-
leasing effect of chlorpromazine on rabbit
(2,21) and bovine(39) medullary granules
were previously reported. However, the
phenothiazines are generally considered to be
ineffective as releasers in vivo. One might
speculate that chlorpromazine altered the
permeability of the isolated granule mem-
brane as has been reported for other cellular
membranes(40,41,42), or interfered with
catecholamine binding possibly by forming
a complex with a metal present in tracer
amounts (43).

b) Anti-depressives, Iproniazid and niala-
mide were ineffective on the rat granules.
Imipramine, which is an analogue of chlor-
promazine was markedly effective (Fig. 1),
and had been so reported on rabbit medul-
lary granules (2) .

c) Hallucinogens. Bufotenin and JB-329
(Ditran) were ineffective, while mescaline
and LSD (lysergic acid diethylamide) caused
a slight release (81'0 above control, Fig. 1) in
the electrolyte medium and not in the sucrose
media.

The small in vitro effects noted with mes-
caline and LSD if paralleled in vivo would re-
quire evaluation in the several hypotheses
involving catecholamines in higher mental
functions. Both of these agents were reported
ineffective on rabbit medullary granules(2).

Metabolic inhibitors. Previously D'Iorio
(44) reported an accelerated release by
PCMB from ox granules at 37°e. In this
report PCMB caused a markedly increased
release of adrenaline from the rat granules
both at aOc and at 37°C (Fig. 1), while
sodium cyanide and sodium fluoride were
ineffective both in the cold and at 37°C
(Table I). The lack of a differential effect
at the 2 temperatures would suggest that the
metabolic processes which these agents block
are not involved in maintaining the granule
stores under the present experimental condi-
tions. In some way, however, the in vitro
process destroys some mechanism of the
intact cell which helps to maintain the gran-
ule integrity, which leads to markedly in-
creased adrenaline release from the isolated
granules at physiologic temperatures. If
either the accumulation or release of adren-

aline by the granules were linked to meta-
bolic processes in the granules per se, or in
the accompanying mitochondria, then pro-
vided the proper inhibitor was administered,
we should observe a quantitative difference at
increased temperature which would be elim-
inated in the cold.

Other agents. The endogenous agents
DO PA (dihydroxyphenylanine) and sero-
tonin (5-hydroxytryptamine) were of obvi-
ous interest in this system. DOPA was in-
effective; however, serotonin slowed adrena-
line release from the rat granules at O°C
and 37°C (Fig. 1). These data may afford
a partial explanation of the reported antago-
nism by serotonin of physiologically released
noradrenaline as reported by Gordon et al
(45) .

48-80 did not deplete the rat granules
under our standard conditions (Table I),
nor was it effective in phosphate media
(20°C, SO minutes; 37°C, 15 minutes); pre-
viously (46) it has been reported effective on
bovine granules in Ringer's phosphate solu-
tion under somewhat similar conditions
(33°C, 30 minutes).

Our negative findings with histamine, ace-
tylcholine, and dibenzyline (Table I) are
in agreement with previously reported in vitro
observations on bovine chromaffin granules
(47,48), on bovine nerve granules (49), and
on rabbit chromaffin granules (2) respec-
tively. Dibenzyline has also been reported
to slow the release from bovine nerve gran-
ules while accelerating the release from the
adrenal medullary glands of the same species
(22) .

Summary. 1. Adrenal homogenates and
fractionated medullary granule suspensions
from rats were incubated in various media
at several temperatures with and without
addition of various concentrations of drugs,
after which adrenaline concentration was
measured in the centrifuged particulates and
the supernatant. 2. Both homogenates and
granule suspensions showed minimal spon-
taneous release of adrenaline at aoc, mark-
edly increased with temperature. All drug in-
cubations were carried out routinely at ODe.
In many instances determinations were re-
peated at increased temperature and drug
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concentration under experimental conditions
which approximated those of other investi-
gators who studied the release of catechol a-
mines from the chromaffin granules of other
species. 3. Thirteen of the 35 drugs exam-
ined modified the release of adrenaline from
the rat chromaffin granules. a) Ten of these
were previously reported to increase the re-
lease in vitro in other species. They were
chlorpromazine, compazine, CH3-promazine,
chlorpromazine sulfoxide, imipramine,
PCMB, Serpasil, Serpasil Suspending Ve-
hicle, ephedrine and methamphetamine. b)
LSD and mescaline increased the release from
the rat granules; they had been previously
reported ineffective in other species. c) Sero-
tonin slowed the release; this had not been
previously reported.

4. Twenty-two of the 35 drugs examined
were ineffective as releasers when incubated
with the rat chromaffin granules. a) At least
6 of these, which we found ineffective, were
previously reported effective in other species.
They were reserpine, TM-IO, tyramine, co-
caine, dibenzyline and 48-80. b) Reserpine
deserves special comment because, in other
species, it has been reported to be effective
as a releaser at high concentrations and as
an inhibitor of spontaneous release at lower
concentrations. Neither of these effects was
observed in comparable experiments with rat
medullary granules. c) The 16 remaining
drugs which we found ineffective were: hista-
mine, acetylcholine, guanethidine, bretylium,
insulin, RO-1-9 569, physostigmine, tremorine,
librium, nialamide, iproniazid, JB-329, bufo-
tenin, DOPA, sodium fluoride, and sodium
cyanide. Many of these had been previously
reported ineffective in other species. The
metabolic inhibitors, sodium cyanide and
sodium fluoride, deserve special comment.
They were equally ineffective both in the
cold and at 37°C.

5. Many of these agents were ineffective
or quantitatively less effective on rat medul-
lary granules as compared with the reported
data on bovine adrenal medullary and adre-
nergic nerve granules. There are greater simi-
larities between the rat and rabbit medullary
granules as compared with bovine granules,
except that LSD and mescaline were effec-
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tive on rat granules and ineffective on rabbit
granules while reserpine was effective on rab-
bit granules and ineffective on rat granules.
The very high concentrations of drugs re-
quired for any effect on the rat granules, in
most instances, suggest that great care be
taken when attempting to transfer these
mechanisms into in vivo systems.
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Although numerous reports concerning the
responses of embryos to external irradiation
have been published (1), the consequences of
administering radioisotopes to pregnant fe-
males have received only occasional attention.
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The LD50 dose for the rat embryo of mater-
nally administered p3~ increases from 0.46
me per gram of embryonic tissue on day 6
of gestation to 1.29 me on the tenth day(2).
Injections of 0.2, 0.4, or 0.6 me of p32 on
day 14 or 17 of gestation have caused pro-
nounced interference with spermatogenesis in
the resulting progeny (3) . Body size and
growth rates were reduced in litters of fe-
males injected with 5 to 17 ps: of p32. per
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