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Abstract - Three carbonyl recagents. namely sodium bisulfite. hydroxylamine and phenylhydrazine. n-
creased the release of [*H]norepinephrine from sliced mouse heart during stimulation with 50 mM
potassium ion. The [*H]norepinephrine was identified by binding to aluminum hydroxide and sub-
sequent thin-layer chromatography. These carbonyl reagents at 10 * M increased the overflow of
[*H]norepinephrine by 162 249 per cent. Semicarbazide, another carbonyl reagent. proved to be an
exception. However, semicarbazide reacted more slowly than the other carbonyl reagents with pyridoxal
phosphate (which was used as a model aldehyde). Thercfore. the ability of carbonyl reagents 1o increasce
overflow of [ *H]norepinephrinc appeared to correlate with their ability to react with carbonyl groups.
The augmented rclease of [*Hnorepinephrine by sodium bisulfite. hydroxylamine or phenylhydrazine
was not due to inhibited reuptake of released transmitter since cocaine, a strong uptake blocker.
did not increase the release of [ *Hnorepinephrine. When animals were pretreated with 6-hydroxydopa-
mine to destroy adrenergic nerve terminals. the stimulus-induced overflow of [*H]ncurotransmitter
in the presence of sodium bisulfite was virtually abolished. Similar results werc obtained when cocaine
was used to prevent the accumulation of [*H]norepinephrine by nerves. Thus. the adrenergic nerve
endings were the source of the increased overflow of [*H]norepinephrine. These data implicate endo-
genous aldehydes or ketones in a regulatory role during the release of ncurotransmitter. Experiments
with norepinephrine-depleted hearts (reserpine. 16 hr) labeled with [*H]metaraminol (not metabolized
by monoamine oxidase) as neurotransmitter showed increased release of *H-neurotransmitter in the
presence of 107* M sodium bisulfite. This indicated that the aldehyde derived from norepinephrine
by the action of monoamine oxidase was not responsible for the action of the carbonyl-binding agents.
In separate experiments. two oxidative phosphorylation uncouplers. 2.4-dinitrophenol (5 x 107 M)
and carbonyl cyanide m-chlorophenylhydrazone (107° M), similarly increased overflow of [*H]nore-
pinephrine. Experiments with cocaine showed that the increased release of [*H]norepinephrine in the
presence of carbonyl cyanide m-chlorophenylhydrazone was derived from nerve terminals. The oxidative
phosphorylation uncouplers and the carbonyl reagents may have a common site of action. perhaps

at an adenosine triphosphate-dependent carbonyl site in the axonal membranc.

The release of norepinephrine (NE) has been studied
with isolated organs or tissue slices that were exposed
to either potassium[1,2] or electrical stimulation
[3.4]. The amount of NE released from stimulated
sympathetic nerve terminals is influenced by a
number of factors. These factors include activation
of cholinergic receptors[5], blockade of =z-recep-
tors[3,6] and stimulation of z-receptors[7]. Addi-
tionally, prostaglandins regulate the release of NE.
apparently by influencing the influx of calcium ions
into the neuron [8]. The data dealing with z-receptor
blockade or stimulation have led some investiga-
tors [3,4,6.7.9] to hypothesize that the regulation of
transmitter rclease was via a feedback mechanism in-
volving either pre- or postsynaptic receptors or both.
We were interested in exploring the possibility that
3.4-dihydroxyphenylglycolaldehyde (the aldehyde de-
rived from NE by the action of monoamine oxidase)
might play a role in negative feedback regulation of
NE release. Therefore, aldehyde-binding agents were
tested for their effect on the K*-stimulated release
of NE from mouse heart. Although sodium bisulfite,
hydroxylamine and phenylhydrazine did, in fact, in-
crease the overflow of NE, the mechanism of action
did not appear to be the one postulated.

MATERIALS AND METHODS

Male, Swiss—Webster mice (25-30 g) were killed by
cervical dislocation. Hearts were removed and sliced
open longitudinally from the apex so that the two
halves remained joined near the atria. Each heart was
rinsed bricfly in cold 0.9°, (w/v) saline and then
spread out on cold moist (0.99, saline) filter paper
on the stage of a Mcllwain-Mickle tissue chopper.
The heart was chopped from the apex of onc half
to the apex of the other at a sctting of 0.5 mm. Each
heart was put into a 10-ml beaker containing 2 ml
of cold, modified Krebs-Ringer phosphate buffer and
cquilibrated for 5 min at 37° on a shaker bath.
{*H]NE (18- 34 nM) was added and uptake was per-
mitted to continue for 15 min at 37, Each heart was
then rinsed briefly in fresh Krebs buffer and incubated
with 10 ml of fresh buffer (50-ml beaker) for 15 min
at 37" to remove cxtraneuronal and loosely bound
[*H]NE. Subsequently. each heart was removed with
a pair of forceps. blotted gently on a paper towel
to remove adhering liquid, and transferred to 1.5 ml
of fresh Krebs buffer in the well (approximately 2
ml capacity) of a plastic tissue culture plate. At S-min
intervals. each heart was removed and blotted as
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above, and then transferred into the next well. Each
plate contained four rows of six wells, sufficient for
four hearts. The fifth position in each row contained
50 mM KClL, which had been substituted for an equi-
molar amount of NaCl. This procedurc was carried
out at 37° with slow shaking on a water bath. Each
heart was held together by strands of connective tis-
sue and this facilitated the transfer procedure. At the
end of each experiment, a 1.0-ml aliquot was sampled
from cach well for the determination of rcleased
radioactivity. Additionally, the radioactivity in each
heart was leeched into 3 ml of absolute ethanol by
shaking at 37" for 20 min and then scintillation count-
ing fluid was added. Fifteen mi of Bray’s solution was
used in some experiments and 10 ml Aquasol (New
England Nuclear) in others.

In some experiments, A{OH); was used to isolate
[*HINE from the total *H liberated from the heart.
Once ml of fluid from the wells of duplicate heart
specimens was combined and treated with freshly pre-
cipitated AI(OH); with a modification of the method
described by Locke er al.[10] as follows: A(OH),
was precipitated from 10 ml of 209, (w/v) Al (SOy);
in 120 ml of distilled water, containing 480 mg ascor-
bic acid and 0.1 M NH,CL and the suspension was
adjusted to pH 83 with NaOH. Upon addition of
3 ml of the A(OH); suspension to the 2-ml exper-
imental sample. the pH remained at 8.3, which was
optimal for binding catechol compounds. The mixture
was permitted to stand at room temperature for 5
min with occasional shaking, and then the precipitate
was centrifuged at 700 ¢ for 10 min. A 1.0-ml aliquot
of the supernatant was assayed for radioactivity to
determine the amount of unbound (non-catechol)
compounds. The precipitate was washed once by
resuspension in 4.5 ml of 95% ethanol followed by
centrifugation. Finally, bound catechol compounds
were eluted by adding 4.5 ml of 95%, ethanol--conc.
HCT(99:1) and allowing the mixture to stand at room
temperature for 1 hr; samples were centrifuged at 700
g for 10 min to scdiment the residual precipitate.
Two-ml aliquots of each purified extract were assayed
for radioactivity. The recovery of standard [*H]NE
in this procedure was 90-92 per cent.

In other experiments, the radioactivity released
from the heart during stimulation with 50 mM K*
in the presence of 107 M phenylhydrazine was sub-
jected to thin-layer chromatographic analysis. For
these experiments, cight hearts were run as usual in
the presence of 1073 M phenylhydrazine and then
1.25 ml of medium from the K*-stimulated samples
was combined and 20 mg ascorbic acid., 54 mg NH,Cl
and 0.5 ml of 20°, (w/v} Aly(SQ,); were added. The
pH was adjusted to 8.3 with NaOH and the purifica-
tion was completed according to Locke er al [10].
Thin-layer chromatographic radioassay [ 10] was per-
formed with Silica gel G and sec-butanol-formic
acid-water (15:3:2) as solvent.

The rate of reaction of the carbonyl rcagents with
pyridoxal phosphate was measured at 390 nm[ 1]
on a Gilford model 300 spectrophotometer equipped
with a flow-through cell. The reaction was run at
room temperature in the same medium used to study
the release of [*HINE from sliced mousc heart. The
reaction was initiated by the addition of 100 g of
concentrated carbonyl reagent (prepared in distilled
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water) to 10 ml of the buffered pyridoxal phosphate.
Sodium bisulfite at 107*M (final concentration)
reacted with all of the pyridoxal phosphate to form
an addition complex which exhibited no absorbancy
at 390 nm: therefore. 1077 M bisulfite was routinely
added to aliquots of reaction mixture to distinguish
the absorbance of pyridoxal phosphate from the
absorbance of the reaction products with the other
carbonyl reagents. The residual pyridoxal phosphate
was given by the difference in readings between
samples read directly and samples to which 1077 M
sodium bisulfite had been added.

[*H]bi-norepinephrine (6.9 to 10.1 Ci:m-mole) and
{*HJmetaraminol (6.7 Ci/m-mole) were obtained from
New England Nuclear. Sodium bisulfite. hydroxyla-
mine hydrochloride and phenylhydrazine hydrochlo-
ride were obtained [rom Fisher Scientific: semicarbi-
zide hydrochloride. J. T. Baker: 2.4-dinitrophenol
(24-DNP). Nutritional  Biochemicals: carbonyl
cyanide m-chlorophenylhydrazone (CCCP), Sigma
Chemical Co.; pyridoxal phosphate monohydrate.
CalBiochem:; and reserpine (Serpasil), Ciba. 6-Hyd-
roxydopamine hydrobromide (6-OHDA) was pur-
chased from Regis Chemical Co.; solutions were pre-
pared in ice-cold N,-sparged 0.9° saline. The modi-
fied Krebs—-Ringer buffer consisted of 118 mM NaCl,
47 mM KCL 320 mM sodium phosphate. 1.8 mM
CaCl,, 1.2 mM MgSO, and, additionally. contained
5.6 mM glucose. 1.7 mM ascorbic acid and 1.3 mM
EDTA.

Statistical analyses were carried out with the Stu-
dent’s r-test [12].

RESULTS

Studies with carbonyl reagents. Figure | shows the
spontaneous cfflux of tritium from sliced heart with
time and the effect of stimulation with 50 mM K~
in the presence (upper panel) and absence (lower
panel) of 107 M sodium bisulfite. The spontancous
efflux diminished with time in control hearts. When
sodium bisulfite was added. the spontancous efflux
initially increased with time and then exhibited a pla-
teau between 20 and 30 min. The plateau region was
used to study the effect of K ' stimulation. The stimu-
lus-induced efflux of tritium was increased in the pres-
ence of sodium bisulfite. After stimulation with K”.
the overflow of tritium decrcased and then fell below
that scen for the corresponding unstimulated samples.
This effect was augmented in the bisulfite-treated
samples. There was then a return toward baseline (un-
stimulated) values.

In addition to bisulfite, two other carbonyl re-
agents, namely, hydroxylamine and phenylhydrazine.
increased the K "-evoked overflow of tritium. In the
experiments shown in Fig. 2, the data are the dis./min
released by 50 mM K™ (stimulated sample minus
baseline valuc: see legend to Fig. 2). The increased
overtlow compared to control was 162 per cent for
sodium bisulfite, 179 per cent for hydroxylamine and
249 per cent for phenylhydrazine (P < 0.001). In thesc
experiments, there was an upward trend in the spon-
taneous efflux of tritium in the presence of phenylhyd-
razine or hydroxylamine. The spontancous efflux
exhibited a plateau after 20 min with hyvdroxylaminc.
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Fig. 1. Effect of 107% M sodium bisuifite on the overflow
of tritium from sliced mouse heart during stimulation with
50 mM potassium ion. Individual sliced hearts were
labeled with [*HINE for 15 min at 37° and then rinsed
in fresh medium for 15 min. Each heart was then incubated
in 1.5 ml of fresh medium and transferred at 5-min inter-
vals into fresh medium. At the fifth interval (20-25 min).
the medium contained 50 mM K™, which was substituted
for an equimolar amount of Na’. Data are not shown
for the first 5-min time interval, which was considered to
be an equilibration period. Data points are the mean +
S.E.M. for six hearts. The mean heart content of [*HINE
(+ S.E.M.) after uptake and the initial 15-min rinse was
111,416 + 4433 dis./min (N = 24).

but was still increasing at 30 min with phenylhydra-
zine.

In other experiments, the carbonyl reagents were
tested at a concentration of 2.5 x 10™* M. There was
increased stimulated overflow of tritium with hydrox-
ylamine or phenylhydrazine, but much smaller in
magnitude (viz. 56.7 and 41.4 per cent, respectively,
P < 0.02) than that seen at 107° M. There was no
significant increase in stimulated overflow of tritium
with sodium bisulfite at this concentration.

One other carbony! binding agent, semicarbazide,
was also tested. This compound is known to react
more slowly with aldehyde groups[13]. Semicarba-
zide at 1073 M did not increase the K -stimulated
overflow of tritium, nor did it alter the spontanecus
efflux. The data (stimulated sample minus baseline
value; see legend to Fig. 2) were as follows. The H
released by 50 mM K™ from the control hearts was
131.9 + 9.4 dis/min/10,000 dis./min in the heart
{mean + S.EM.; N = 9), while that released in the
presence of semicarbazide was 102.6 + 10.6 dis./min
(N =8; —22 per cent compared to control. P>
0.05).

The rate of reaction of the carbonyl reagents with
a representative biological aldehyde, pyridoxal phos-
yhate (vitamin Bg), was studied spectrophotometri-

ally (Fig. 3). The concentration of carbonyl reagent

073 M) corresponded to that used in studies with

~ed mouse heart. The concentration of pyridoxal
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phosphate (2.5 x 10™* M) was selected to give a con-
venient absorbancy (1.4 to 1.5 units) at the absorption
maximum (390 nm). Phenylhydrazine reacted very
rapidly with pyridoxal phosphate: the reaction was
essentially complete within | min. Sodium bisulfite
also reacted rapidly. but 23 per cent of the pyridoxal
phosphate remained in equilibrium with the bisulfite
addition complex. When the concentration of bisulfite
was raised (o 1072 M, the addition complex with pyr-
idoxal phosphate was quantitatively formed within 20
sec. Hydroxylamine reacted with pyridoxal phosphate
more slowly; the reaction went to 70 per cent of com-
pletion by 2 min and to 90 per cent of completion
by 5 min. Semicarbazide was the slowest reacting car-
bonyl reagent. Based on the length of time required
for the reaction to go to 50 per cent of completion,
we estimated that semicarbazide reacted only one-
cighth as quickly as hydroxylamine with pyridoxal
phosphate.

The radioactive material released from the hearts
was subjected to purification with freshly precipitated
Al(OH); in order to bind *H-catechols and climinate
SH-O-methylated metabolites, Most of the tritium
was bound to the AKOH); {Table 1). Thin-layer chro-
matographic analysis of pooled AWOH),;-purified
extracts of samples collected during stimulation with
K™ in several experiments with phenylhydrazine con-
firmed that the purified tritium consisted of a single
substance with an R, corresponding to that of cold-
carrier NE. During stimulation with 50 mM K7, the
percentage of A{OH);-bound tritium rose (Table 1),
indicating preferential release of [PHINE. Addi-
tionally, the percentage of bound tritium rose during
the washes prior to stimulation and appeared higher

3 Control

Bisulfite (1073M)

W Hydroxylamine (10°M)
Pheny!hydrozine(idz’M?*
* P <0.00l

600

400

200

Dis/min released per 104 disper min in heart

Fig 2. Effect of carbonyl reagents (107 * M) on the over-
flow of tritium from sliced mouse heart during stimulation
with 50 mM potassium ion. Labeling with [*HINE and
other details were the same as for Fig. 1. For each heart,
the average of the pre- and post-stimulus samples (see Fig.
1) was subtracted from the K *-stimulated sample to obtain
the dis/min released by 50 mM K. Data were then
expressed as dis./min released; 10,000 dis/min in the heart
of the pre-stimulus sample. Data are the mean + SEM.
for N = 7 (controls), N = 6 (bisulfite) and N = 8 {phenyl-
hydrazine, hydroxylamine). The mean heart content of
[PHINE (dis./min + S.E.M.) after uptake and the initial
{5-min rinse was 43.164 + 2,390 (controls), 43.410 + 4,985
(bisulfite), 44,555 + 6,732 (hydroxylamine) and 43.132 +
4679 (phenylhydrazine).
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Fig. 3. Rate of reaction of the carbonyl reagents (107 7M)
with pyridoxal phosphate (2.3 x 0 * M) The reaction
was run at room temperature in the same medivm ased
to study the release of [FHINE from sliced mouse heart.
The absorbancy was measured at 390 nm. The amount
of pyridoxal phosphate was given by the difference in read-
ings between samples read directly and samples to which
10 * M sodium bisulfite had been added to complex the
residual aldehyde. Sodium bisulfite at 10 © M reacted with
all of the pyridoxal phosphate to form un addition complex
exhibiting no absorbance at 350 nm. Residual absorbance
in the samples containing the other carbonyl reagents was
due to the presence of products (viz. the phenylhvdrazone,
semicarbazone, or oxime of pyridoxal phosphate). The
phenylhydrazone had a stronger absorbance than the pyri-
doxal phosphate; thercfore. samples were diluted 4-fold to
obtain spectrophotometric readings. The initial absorbance
of 2.5 x 107* M pyridoxal phosphate was 1.4 to 1.5 units.
Abbreviations used are: semicarbazide (SC). hydroxyla-
mine {HX). sodium bisultitc (BS) and phenylhydrazine
(PH.

in the prestimulus samples containing the carbonyl
reagents, This may indicate that the elevated spon-
taneous efflux seen with sodium bisulfite in Fig. |
represented overflow of unmetabolized [*H]NE.

In order to determine if the increased overflow of
[*HINE in the presence of the carbonyl rcagents was
derived from nerve terminals. the following exper-
iments were run (Fig. 4). Cocaine (10°F M) was added
to the medium during the labeling of the heart with
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Fig. 4. Neuronal and non-neuronal releuse of tritium dur-
ing stimulation with 50 mM K ' in the presence of 10 M
sodium bisulfite. The open circles are hearts from control
{untreated) mice. The closed circles are from hearts incu-
bated with 107" M cocaine during the uptake of the
[*Hlnorepinephrine and subsequently rinsed and incu-
bated in medium without cocaine (see Materials and
Methodsy The open squares represent hearts from mice
treated twice with 6-OHDA-HBr (iv. 100 mg'kg 40 and
20 hr). In the carlier experiments (Figs. | and 2), data were
expressed as dis./min released/ 10,0000 dis./min in the heart
in order to account for differences in net newronud uptake
of [PHINE due to biotogic variabilitv. In this experiment
(Fig. 4), changes in uptake were due to drug treatment
and. therefore, data werc expressed simply as released dis.;
min (mean + S.E.M.). The mean heart content of [*HINE
{(+ S.E.M.) after uptake and the initial 13-min rinse was:
controls, 59,731 4 7.536 dis./min (N = 6): cocaine-treated.,
11,945 + 662 dis.,/min (N = 6) and 6-OHDA, 9,646 + 754
(N =41

[*HINE in order to block uptake into the nerve ter-
minals {sec legend to Fig. 4). Subsequently, the hearts
were rinsed and reincubated in cocaine-free medium.
Upon stimulation with 50 mM K™ in the presence
of 107% M bisulfite. there was very little or no re-
sponse. Similar resuits were obtained (Fig 4) when
animals were pretreated with 6-hydroxydopamine to
destroy the sympathetic nerve tlerminals in the

Table 1. Tritium released from mouse heart labeled with [*Hlnorepinephrine. -binding to aluminum
hydroxide*

Tritium recovered from aluminum hydroxide (%, of total)

Control Bisulfite Hydroxylamine Phenvihydrazine

Sample (N =9 (N=3 (N = 3) {N =3)
Wash No. | 638 + 3.3 69.7 + 4.7 66.0 + 4.0 68.7 + 1.2
Wash No. 2 669 + 29 733 4+ 35 697 £ 55 73.7 £ 0.6
Wash No. 3 68.6 + 3.5 76.7 + 3.8 733 + 4.7 8O0 + 1.0
Waush No. 4 69,1 + 3.0 79.5 + 3.5 76.0 + 3.6 857 + 0.6
50 mM K- 76.0 + 2.3 86.3 + 2t 830 4+ 20 91.7 + 1.5
Wash T3+ 26 813 + 3 713+ 3t 90.7 + 0.6

* Data arc uncorrected for recoveries which were in the range of 90-92 per cent. Data are the
mean + S.E.M. for the number of samples (N} shown in parentheses. Fach sample consisted of poolad
aliguots from two replicate hearts. The experimental format was as described for Fig. 1. The concen-

tration of each reagent was 1073 M,
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Table 2. Tritium released from normal and reserpinized
mouse hearts labeled with [*H]metaraminol*

Tritium released by 50 mM
K-
(dis./min/10* dis./min in the

Group heart + SEM.}
Normal 283 £ 21 (N = 6)
Normal + 107¢ M 1102 + 91 (N = 6)

bisulfite

Reserpine treated
Reserpine + 107 % M
bisulfite

514 £+ 36(N = 6)
1028 + 86 (N = 8)

* Hearts from control mice and from mice pretrcated
with reserpine (Lp., 10 mg/kg, 16 hr) werc prepared as in
Fig. 1. except that [*H]metaraminol (46 nM) was used
in place of [*H]norepinephrine. Data were analyzed as
in Fig. 2. The mean heart content of [*H]metaraminol
after uptake and the initial 15-min rinse ({dis/min +
S.E.M.} was 83985 + 4.033 for control hearts (N = 12) and
53,425 + 2,718 for reserpine-treated hearts (N = 14).

heart[14, 15]. These data showed that the increase
in K "-stimulated overflow of [*HINE in the presence
of the carbonyl reagents was derived from nerve ter-
minals and not from extra-neuronal [*HINE uptake
sites.

In order to determine whether or not the carbonyl
reagents might be acting by blocking reuptake of a
portion of the released [PHINE, the following exper-
iment was run. Subsequent to the uptake of [*H]NE
into the nerves of the heart, cocaine (107° M) was
added to prevent reuptake of released [*HINE. The
data were analyzed as in Fig. 2. The *H rcleased by
S0 mM K from the control (untreated) hearts was
148.5 + 204 dis/min/10,000 dis/min in the heart
(mean + S.EM.; N = 6). while that released after the
addition of cocaine was 106.8 + 16.3 (N = 6). Thus,
cocaine failed to augment the efflux of trittum: in-

[ controt
8001~ 2,4DNP (5x1074 M)
CCCP (1078M)
400+ *
2001
- * F<O00!
o]

Fig. 5. Effect of the oxidative phosphorylation uncouplers,
2.4-dinitrophenol (2.4-DNP, 5 x 107* M) and carbonyl
cyanide m-chlorophenylhydrazone (CCCP, 107°M) on
the overflow of tritium from sliced mouse heart during
stimulation with 50 mM potassium ion. Data were calcu-
lated as described in Fig. 2. Data are the mecan + SEM.
for N =12 (controls), N =10 (24-DNP) and N =10
(CCCP). The mean heart content of [*HINE (dis./min +
S.E.M.) after uptake and the initial 15-min rinse was
76.002 + 4,002 (controls), $7.555 + 4.807 (24-DNP) and
74458 + 4991 (CCCP).
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stead. there was a somewhat diminished response to
K™ stimulation (—28 per cent. P > 0.1).

In other experiments, animals were depleted of
endogenous NE by treatment with reserpine (10
mg/kg, 16 hr). Then, [*H}metaraminol, a false trans-
mitter which is not metabolized by monoamine oxi-
dase, was taken up into the heart. [*H]Metaraminol
can enter the catecholamine-binding granules via a
reserpine-resistant  uptake mechanism [16,17] and.
subsequently. it can be released by field stimu-
lation [18]. In our experiments with reserpinized
preparations, sodium bisulfite {107 * M) increased the
K *-stimulated release of [*H]metaraminol by 100
per cent (Table 2). Results with normal hearts are
presented for comparison.

Studies with oxidative phosphorylation uncouplers.
The effect of the oxidative phosphorylation un-
couplers, 2.4-DNP and CCCP, on K *'-stimulated
release of [*HINE is shown in Fig. 5. The data are
expressed as the dis./min released by 50 mM K™ (see
legend to Fig. 2). 24-DNP and CCCP at concen-
trations known to uncouple oxidative phosphoryla-
tion [ 19, 207 increased the stimulated overflow of tri-
tium as compared to control by 220 and 406 per cent,
respectively. The spontaneous efflux of tritium from
hearts exposed to 24-DNP or CCCP was greater
than that in control hearts at each time period prior
to stimulus. However. this spontaneous overflow
diminished with time in DNP-treated hearts. but in-
creased with time in CCCP-treated hearts and
reached a plateau at about 20 min.

The radioactive material released from the hearts
in the presence of CCCP was purified by adsorption
onto and elution from AHOH);. Most of the tritium
was bound to the A{OH}; (Table 3). Data with con-
trol hearts from within the same experiment are pre-
sented for comparison. The results obtained with
CCCP were very similar to those with the carbonyl
reagents (see Table 1) in that the percentage of
Al{OH);-bound tritium rose during K* stimulation
and was higher in all drug-treated samples compared
to untreated controls. The AlOH);-purified extract
of samples collected during K * stimulation of CCCP-
treated hearts was subsequently extracted with ethyl

Table 3. Tritium rcleased from mouse heart labeled with
[*H]norcpinephrine—binding to aluminum hydroxide*

Tritium recovered from aluminum
hydroxide (%, of total)

Control CcCCp

Sample (N=3) (N=73)
Wash No. 1 64.7 + 0.5 735+ 11
Wash No. 2 68.4 + 1.4 799 + 05
Wash No. 3 69.7 + 1.3 822+ 10
Wash No. 4 720 £ 1.6 84.2 + 0.5
50mM K* 767 + 1.7 888 + 0.6
Wash 730+ 27 834 + 0.7

* Data are uncorrected for the recovery, which was 90
per cent. Data are the mean + S.E.M. for the number of
samples (N) shown in parentheses. Each sample consisted
of pooled aliquots from two replicate hearts. The exper-
imental format was as described for Fig. 1. The concen-
tration of CCCP was 107" M.
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acetate to cstimate the amount of deaminated prod-
uct[217]: only 202 per cent represented >H-dea-
minated products. Thus, the majority of the tritium
released was comprised of unmetabolized NE.

As in experiments with sodium bisulfite (see Fig.
4), we also determined the effect of CCCP (107° M)
on the K7 -stimulated overflow of tritium from hearts
incubated with cocaine (107> M) during the uptake
of [*HINE: this was done in order to evaluate poss-
ible extraneuronal release of trittum by CCCP. The
results with CCCP were similar to those obtained
with bisulfite, in that the response to 50 mM K7
was markedly diminished in cocaine-treated vs un-
treated hearts. The data were calculated by subtract-
ing the average of the pre- and post-stimulus samples
from the K *-stimulated sample. The amount of *H
released. expressed as dis./min (mean + SE.M.), was
2706 + 294 (CCCP, N =10) and 361 + 683
(cocaine + CCCP, N = 6). Therefore, the released tri-
tium was derived from nerve terminals.

DISCLISSION

The work of several investigators has indicated the
presence of feedback regulatory mechanisms that con-
trol the release of catecholamine neurotransmit-
ters[3.4,6-9]. It has been proposed that these
mechanisms operate through activation by released
neurotransmitter of receptors that may be located
either presynaptically or postsynaptically. We were
interested in the possibility that 34-dihydroxy-
phenylglycolaldehyde. the product generated by
monoamine oxidase acting on NE. might be involved
in regulating the release of neurotransmitter from
sympathetic nerves. In an attempt to trap this meta-
bolic aldehyde, a number of carbonyl-binding agents
were added to preparations of sliced mouse heart.
Three agents (namely, sodium bisulfite, hydroxyla-
mine or phenylhydrazine) increased the amount of
[*H]INE released during stimulation with 50 mM K~
{Fig. 2). One other agent, semicarbazide, did not in-
crease stimulated release. The lack of an effect by
semicarbazide correlated with the known slow rate
of reaction of semicarbazide with aldehydes [13],
which we confirmed by studying the rate of reaction
of the carbonyl reagents with pyridoxal phosphate
(Fig. 3). The augmented overflow of [PH]NE from
hearts incubated with bisulfite was shown to be neur-
onal in origin. Thus, there was little or no response
to K* stimulation in hearts from animals which had
been sympathetically dencrvated with 6-OHDA (Fig.
43 or in normal hearts where the uptake of [*H]NE
into nerves had been prevented with cocaine (Fig. 4).
Additionally, inhibition of reuptake of a portion of
the released ["HINE was excluded as a mechanism
for the increased overflow of [PH]NE by experiments
with cocaine (sec Results).

In other experiments (to be reported separately),
monoamine oxidase (MAQ) inhibitors were similarly
tested because these drugs would be expected to pre-
vent formation of the aldehyde, Pargyline and a
number of other MAQ inhibitors increased the over-
flow of [*H]NE by 40-80 per cent. These latter data,
taken in conjunction with the current results with car-
bonyl reagents, were in keeping with a role for meta-
bolic aldehydes (derived from MAQ activity) in feed-
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back regulation of neurotransmitter release. However,
the experiments with [*H]metaraminol (Table 2)
appeared to obviate this possiblity. In these latter ex-
periments, NE was first depleted with reserpine so
that the formation of aldehvde from released endo-
genous neurotransmitter could be excluded. Labeling
{via uptakej with [*H]metaraminol then provided a
nonmetabolizable amine for study. It is known that
[*H]metaraminol can be taken up into sympathetic
nerves and storage vesicles and that it can be released
as a false transmitter [ 18, 22]. The uptake of [3H]me-
taraminol into catecholamine storage vesicles is not
strongly affected by reserpine; that is, it enters the
vesicles via the so-called “reserpine-resistant” mechan-
ism that can be utilized additionally by dopa-
mine [16-18], but not by NE. Farnebo[!8] has
shown that ["HImetaraminol in reserpinized catecho-
lamine storage vesicles of the rat iris can be released
by electric field stimulation. In our experiments, there
was release of [*H]metaraminol from reserpinized
nerves of the heart during stimulation with 50 mM
K *. When sodium bisulfite (10" * M) was added, the
release of tritium was augmented markedly (Table 2).
This result indicated that the action of bisulfite did
not require endogenous NE. Therefore, the idea con-
cerning metabolic aldehydes appears untenable as an
explanation for the actions of the carbonyl reagents.
It should be noted, however, that the release of
tritium from hearts labeled with [*H]metaraminol
was increased by reserpinization (Table 2. absence of
bisulfite). This observation was in keeping with the
idea that the endogenous metabolic aldehyde (derived
from NE) might be capable of exerting a negative
feedback influence. Therefore, this possibility cannot
be totally excluded by the current data. Alternatively,
the increased overflow of tritium elicited by K* in
reserpinized preparations may reflect other factors,
such as an alteration in the properties of the amine
storage vesicles caused by the binding of reserpine.
The action of bisulfite persisting in reserpinized
preparations after the uptake of [PH]metaraminol
remains to be explained. A pertinent possibility may
lic in a reaction with structural aldehydes or ketones
of the membranes. If the release of transmitter
requires an interaction between storage vesicles and
the neuronal membrane [23], carbonyl groups in the
neuronal membrane may modulate the interaction.
An alternative mode of action for bisulfite (as well
as hydroxylamine and phenylhydrazine) could be a
general toxic effect unrelated to a reaction with car-
bonyl groups. Other investigators had noted that oxi-
dative phosphorylation uncouplers [which deprive
neurons of adenosine triphosphate (ATP)]} increased
the overflow of transmitter during stimulation
{24, 25]. Therefore, we tested two well-known oxida-
tive phosphorylation inhibitors. 24-DNP and CCCP
increased the spontaneous as well as the stimulated
efflux of tritium as compared to control hearts (Fig.
5); the results were similar to those obtained with
the carbonyl reagents (Fig. 2). 2,4-DNP produced a
response that was in the range of the carbonyl-bind-
ing compounds, while CCCP, at much lower concen-
tration, evoked the strongest response of all the com-
pounds studied. In addition, the X *-stimulated over-
flow of [°’HINE in the presence of CCCP was mark-
edly diminished in hearts exposed to cocaine to pre-
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vent the accumulation of [*H]NE by nerve terminals
{see Results). Thus, CCCP, like bisulfite (Fig. 4), in-
creased the release of [*HINE from neuronal sites.

Other investigators who utilized 24-DNP or
CCCP in studies of transmitter release reported the
following findings. Farnebo [24] showed a moderate
increase in the overflow of [PHINE from isolated rat
irises which had been incubated with 24-DNP and
electrically stimulated; he attributed this effect to par-
tial blockade of reuptake of NE caused by 2,4-DNP.
Von Euler and Lishajko [26] reported an increase in
the spontaneous release rate of NE from isolated
splenic nerve granules incubated with 24-DNP or
CCCP. They suggested that their data may have indi-
cated that an energized state was necessary for the
granules to retain bound NE. Kirpekar et ol [25]
showed an enhanced stimulated release of NE (both
electrical and K* stimulation) from perfused cat
spleen in the presence of 24-DNP. These authors
theorized that sympathetic nerves may depolarize
during inhibition of oxidative metabolism to cause
an accentuated release. In a later paper. Chang et
al. [27] described a cardiac stimulant action in iso-
lated guinea pig heart perfused with 2.4-DNP. They
attributed their findings to a possible direct action
of 24-DNP on extragranular stores of NE, i.e. a pool
of NE which is available for immediate release and
subsequently filled from the main granular stores.

It is interesting to note that most of the investiga-
tors in the studies described above did not ascribe
their findings with oxidative phosphorylation un-
couplers to a general toxic action of the drugs, but
rather offered more specific alternative explanations.
Our studies and those of the previous investigators
indicate that a generalized deprivation of energy
stores can increase the overflow of transmitter. This
possibility also has to be considered as a possible
mode of action for the carbonyl reagents. A direct
study of the ATP levels in the adrenergic nerves of
the mousc heart was not feasible, since it would be
virtually impossible to separate the small amount of
neuronal ATP from the ATP in heart muscle.

Our data indicated a good correlation between the
reactivity of the carbonyl reagents and increased over-
flow of [*HINE. Thus, bisulfite {which makes a sim-
ple addition product) and hydroxylamine and phenyl-
hydrazine (which react with the elimination of water)
reacted rapidly with pyridoxal phosphate and also in-
creased [PH]NE overflow. On the other hand, semi-
carbazide, another hydrazine compound, reacted
much more slowly with pyridoxal phosphate and did
not effectively increase [*HINE overflow.

It may be that carbonyl reagents and oxidative
phosphorylation uncouplers act at a common site.
Perhaps a regulatory site on the neuronal membrane
contains an cssential carbonyl moiety and also has
a requirement for ATP. Although the current exper-
iments offer no clues as to the identity of such reactive
carbonyl groups. they may be part of a carbohydrate
residue, or they may be derived from plasmalogens,
which give rise to aldchydes on mild hydrolysis. Such
carbonyl groups may react reversibly with NE to
form Schiff’s bases. Although Schiff’s bases of catecho-
lamines can undergo ring closure to form tetrahydroi-
soquinoline products [28], steric factors in mem-
branes may preclude such irreversible reactions. The
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reactive carbonyl groups may be part of a presynaptic
regulatory mechanism that interacts with the released
transmitter [9].

It is of interest to note that phenylhydrazine has
been reported [29] to petentiate neuronally evoked
contractions in a muscle preparation from the locust.
where glutamate is the presumed neurotransmitter.
Although the authors did not interpret the action of
phenylhydrazine as being due to its reaction with car-
bonyl groups. this may be a likely explanation. If so.
this may mean that the presence of regulating car-
bonyl moieties in neuronal membranes may be a gen-
eral phenomenon.
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