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Catecholamine Uptake, Accumulation, and Release

in Acute Porphyria

M. FLINT BEAL, NUZHET0. ATUK, THOMASC. WESTFALL, and
SUZANNEM. TURNER, Departments of Internal Medicine and Pharmacology,
University of Virginia School of Medicine, Charlottesville, Virginia 22901

A B S T RA C T Hypertension and tachycardia are
well known features of acute porphyria and have been
shown to be related to increased circulating catechola-
mines. The mechanism by which circulating catechola-
mines are increased was studied using the isolated
perfused rat heart and human platelets as a model of
adrenergic neuronal function. It was found that neither
8-aminolevulinate (ALA) nor porphobilinogen (PBG)
blocked uptake or caused release in the isolated per-
fused rat heart. Platelets from six patients with acute
prophyria, three in remission and three latent, with
matching normal controls were studied with regard
to their uptake of [3H]norepinephrine in the presence
of ALA or PBG. It was found that ALA and PBG sig-
nificantly reduced uptake and accumulation of [3H]-
norepinephrine in patients with acute porphyria;
however, no similar reduction in uptake and ac-
cumulation was observed in the platelets of normal
controls. Therefore, it appears that there is a latent
defect in the catecholamine uptake and (or) accumula-
tion of platelets of patients with acute prophyria
which only manifests itself in the presence of ALA
or PBG. If platelet uptake serves as a model of
adrenergic neuron uptake, this suggests that ele-
vated circulating catecholamine levels during acute
attacks of acute porphyria are caused at least partially
by blockade of re-uptake into the sympathetic neurons.

INTRODUCTION

The hepatic porphyrias consist of acute intermittent
porphyria (AIP),1 variegate porphyria, and hereditary
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uAbbreviations used in this paper: AIP, acute intermittent
porphyria; ALA, 8-aminolevulinate; DMI, desmethylimi-
pramine; HC, hereditary coproporphyria; NE, norepineph-
rine; [3H]NE, tritiated norepinephrine; PBG, porphobilino-
gen; URO-S, uroporphyrinogen I synthetase.

coproporphyria (HC). These three diseases share
many common characteristics; they are transmitted as
autosomal dominants, clinical exacerbations manifest
themselves as similar episodes of acute neurological
dysfunction, and acute episodes are associated with in-
creased urinary excretion of 8-aminolevulinate (ALA)
and porphobilinogen (PBG) (1). The acute neurological
exacerbations manifest themselves with tachycardia,
hypertension, abdominal pain, constipation, vomiting,
bladder symptoms, and ascending paralysis which
may progress to quadriplegia and respiratory failure.
The findings of tachycardia and hypertension have
been frequently reported in AIP, and Waldenstrom
considered the pulse rate to be a good indication of
the activity of the disease (2-10).

The pathogenesis of the hypertension and tachy-
cardia in AIP has been studied by Schley et al. (7),
who studied four patients in the acute phase and in
remission. They found significant correlations be-
tween blood pressure and pulse rate with the amount
of catecholamine excretion. Atuk et al. confirmed these
findings in three patients with acute porphyria (11).
The etiology of increased catecholamines is unclear.
There are several possibilities which could account for
the abnormalities: (a) increased release of norepineph-
rine (NE) and epinephrine due to pathologic changes
within the sympathetic nervous system itself; (b)
impaired metabolism of catecholamines; (c) impaired
re-uptake of NE by the adrenergic neurons, or (d)
some combination of the above mechanisms.

The present study was designed to investigate
whether ALA or PBG, the two porphyrin precursors
known to be elevated during acute attacks of acute
porphyria, could either block neuronal catecholamine
uptake or cause release of catecholamines. The iso-
lated perfused rat heart was chosen because of its
convenience for in vitro studies to determine whether
ALA and PBGhave a direct toxic effect on catechola-
mine metabolism. Studies were also performed on
normal human platelets and platelets of patients with
acute porphyria, because platelets are able to accumu-
late and store catecholamines by a process which
resembles that of adrenergic neurons (12-14).
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METHODS

Rat heart experiments. Hearts from 250-g rats were re-
moved and immediately connected to an Anderson coronary
perfusion apparatus (Metro Scientific, Inc., Farmingdale,
N. Y.) via the aorta (15). The normal perfusion medium
contained 119.8 mMNaCl, 5.63 mMKC1, 2.16 mMCaC12,
2.10 mMMgCl2, 100 mMdextrose, and 25 mMNaHCO3.
The solution was bubbled with 95%02-5% CO2, and the
temperature was maintained at 38±1°C, pH 7.32-7.45.
All hearts were perfused at a constant flow of 6.0±1.0
ml/min with a Harvard perfusion pump (Harvard Apparatus
Co., Inc., Millis, Mass.).

To test the influence of ALA and PBG on the uptake of
NE, all hearts were equilibrated with normal medium for
30 min and then switched to a medium containing [3H]-
norepinephrine ([3H]NE) (1.0 ng/ml of 1-[3H]NE, 3.8 Ci/mM
sp. act.) with or without different concentrations of the com-
pound to be studied. Hearts were perfused with the [3H]NE-
containing medium for 10 min, followed by 3 min of drug-
free medium to wash out the extracellular space. 10 ng/ml
ascorbic acid and 10 nglliter EDTA were added to the
perfusion medium to prevent oxidation of NE. To inhibit
monoamine oxidase, 0.125 mMpargyline was also added
to the perfusion medium.

Hearts were removed at the end of the perfusion, weighed,
and homogenized in 5% trichloroacetic acid. The homog-
enates were then filtered under suction, and a 1-ml aliquot
was taken for analysis by liquid scintillation spectrometry.
5 ml of the remaining filtrate was taken for isolation of
[3H]NE according to the technique described by Cheramy
et al. (16) with some modifications. The perfusate samples
were adjusted to pH 6.6-6.9 with a NaH2PO4-K2HPO4
buffer (0.01 M, pH 7.2) and then passed on an Amberlite
column (Amberlite CG50 H+ Type II, 200-400 mesh,
Rohn & Haas Co., Philadelphia; purified and buffered with
a NaH2PO4-K2HPO4 solution 0.2 M, pH 6.1; 2.5 cm high,
0.5 cm diameter) to separate [3H]NE and [3H]normetaneph-
rine from [3H]NE acid metabolites which were present in
the Amberlite effluent. 1 ml of effluent was taken for
analysis by liquid scintillation spectrometry. The Amberlite
column was washed with 5 ml of 3:5 ethanol-H20 and with
5 ml of water containing 1%Triton X-100 (Rohm & Haas Co.)
[3H]NE and [3H]normetanephrine were eluted with 5 ml of
0.2 N acetic acid in tubes containing 500 ul of a protective
solution (EDTA 2%-thioglycolic acid 0.6%).

Finally, [3H]NE was separated from the [3H]o-methylated
amine by adsorption on alumina columns (15). Each Amberlite
eluate was adjusted to pH 8.4 with a 0.5-ml Tris buffer and
passed over a 100-mg, 0.5-cm diameter, alumina column.
The alumina columns were washed with 5 ml of 0.2 M
sodium acetate, pH 8.4, and then with 5 ml of water containing
1% Triton X-100. [3H]NE was eluted with 1 ml of 0.2 N
HC1. Eluates were collected directly into scintillation vials.
For liquid scintillation counting, the 1-ml samples were
placed in 10 ml of Triton-based solution containing 5.5 g of
2,5 diphenyloxazole, 150 mg of 1,4-bis-2-(5-phenyloxazolyl)
benzene, and a 2:1 mixture of toluene and Triton X-100.
The samples were then counted in a Packard Tri-carb
liquid scintillation spectrophotometer (Packard Instrument
Co., Inc., Downers Grove, Ill.). NE recoveries by Amberlite
column were checked by passing known amounts of [3H]NE
through parallel columns and found to be 81% with a range
of 75-85%. Therefore, no correction for recovery has been
made.

Release of [3H]NE. In these experiments, hearts from
rats were connected to the perfusion apparatus as described
above and perfused for 10 min with normal perfusion medium,

and then for 20 min with 1.0 nglml of 1-[3H]NE, 3.8
Ci/mM sp act, in the perfusion medium to label the endog-
enous store. It was assumed that the release of [3H]NE
from the heart reflects release from adrenergic terminals be-
cause procedures which cause degeneration of the nerve
terminals, such as the use of 6-hydroxydopamine, are known
to prevent drug-induced release of [3H]NE from the heart
(17). After labeling with [3H]NE, the hearts were switched
to a NE-free medium for 12 min. They were then perfused
for 2 min with normal medium containing the compound
to be tested via a side arm cannula and then switched back
to a drug-free medium for another 10 min. The perfusate
effluents from the hearts were continuously collected and
analyzed for [3H]NE by liquid scintillation analysis after
the suitable preparative procedures described above.

Platelet experiments. Six acute porphyria patients (three in
remission and three latent) and six age-matched normotensive
normal controls were selected for the study. Patients were
characterized further by the determination of erythrocyte
uroporphyrinogen I synthetase (URO-S) levels, as were the
normal controls (18). Platelet-rich plasma was prepared by
collecting blood by venipuncture into plastic syringes con-
taining 0.8 ml 19% wt/vol sodium citrate per each 10 ml of
blood, to give a final concentration of 12.9 mMsodium
citrate. Citrate was used as an anticoagulant, because Hughes
and Brodie (19) have shown that EDTA impairs platelet
uptake of serotonin and catecholamines. The citrated blood
was then centrifuged three times for 10 min at 3000 rpm
at room temperature with the platelet-rich plasma being
pipetted off and pooled after each successive centrifuga-
tion. All glassware with which the platelets came into
contact was made of plastic. Platelet counts were made by a
light absorption particle analyzer. The platelet-rich plasma
was then- pipetted in 1.8-ml aliquots into 15-ml conical plastic
centrifuge tubes closed with a cap, through which a tube was
thrust, and was gassed with 95% 02-5% CO2 mixture. The
tubes were held in a water bath at 37°C and rocked gently
to-and-fro mechanically. 28 tubes could be incubated simul-
taneously. After a 10-min incubation, 0.2 ml of a solution of
NEin 0.9% sodium chloride solution with or without the drug
being tested was added to each tube. The tubes were incu-
bated for 90 min, then cooled in ice, and centrifuged at
10,000 rpm in a Sorvall #2 centrifuge (Du Pont Co.,
Instrument Products Div., Sorvall Biomedical Div., Wilming-
ton, Del.) at 4°C for 10 min. The supernate was then poured
off from the platelet pellet, and the tubes were left to drain
for a few minutes. All adhering drops of plasma in the tubes
were removed with filter paper. The pellets were then re-
suspended in 1 ml 5% TCA, frozen and thawed once to
liberate the catecholamines, and recentrifuged for 10 min
at 15,000 rpm. Following centrifugation, 0.8 ml of the
supernate was added to 6 ml of liquid scintillator, and the
radioactivity was counted in a Packard Tri-carb scintilla-
tion spectrometer. Inasmuch as the platelets were not washed
after centrifugation, [3H]NE caught in the interstices of the
platelet pellet was included in the estimation. Born and
Bricknell (20) estimated that the volume of trapped solution
was 0.352 1ul/108 platelets. It was calculated that this volume
of radioactivity would make a negligible contribution to the
total uptake radioactivity; therefore, no correction has been
made for it.

The time-course of catecholamine uptake and accumula-
tion in the platelets was linear over 90 min. Similarly,
incubation with [3H]NE concentration (10 mM) was also
linear over the same period (Fig. 1), indicating that we were
studying initial uptake. Using column chromatography, our
studies on the metabolism of NE demonstrated that 70.5%
of the total activity was represented by free [3H]NE. The
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FIGURE 1 The time-course of [3H]NE uptake and accumula-
tion in normal platelets, at high and low [3H]NE concentra-
tions.

remaining 29.5% was represented by 3H metabolites. This
finding is consistent with that of Abrams and Solomon (12),
showing that most of the NE taken up by platelets is not
metabolized.

For these experiments, 1 ig of 1-[3H]NE (1-NE-7-H3, sp
act 3.8 Ci/mM, Amersham/Searle Corp., Des Plaines, Ill.)
was diluted with cold 1-NE in a ratio of 1:1,500 to make a

solution of 100 ,ug 1-NE/ml. When added to the platelet-
rich plasma, the final concentration of 1-NE was 10 ,ug/ml.
ALA and PBG were obtained from Sigma Chemical Co.,
St. Louis, Mo.

Statistical analysis. Data in the test, tables and figures
are given as mean±SEM. Statistical significance was deter-
mined by Student's one-tailed or pair t test whenever appli-
cable.

RESULTS

Fig. 2 depicts the uptake of [3H]NE into rat hearts in
the presence of variance concentrations of ALA and
PBG. Guanethidine, which is well known to block NE
uptake into adrenergic nerve terminals, was used as a

control. As can be seen, there was a significant reduc-
tion of NE uptake in the presence of 0.1 mMguan-

ethidine as compared to normals (P < 0.01); however, a

similar reduction in the uptake of [3H]NE in the pres-

ence of various concentrations of ALA and PBG was
not observed.

The possibility that ALA and PBG might increase
the release of NE from adrenergic neurons was ex-
amined next. Fig. 3 shows the effect of a 2-min applica-
tion of KCl with ALA or PBGon the efflux of [3H]NE
from rat hearts previously labeled with 3H-amine.
KCl produced a marked increase in the release of
[3H]NE (107% of the 6-min value). Neither ALA (A)
nor PBG(B) in varying concentrations had any effect
on the release of [3H]NE.

Table I depicts the results of erythrocyte URO-S
determinations. Five patients with AIP had low URO-S
levels, a characteristic abnormality in this disease
(21), whereas all controls had normal values. The one
patient with HC manifested a level of urinary copro-
porphyrin diagnostic of this disease during an acute
exacerbation (22), and confirmed by the normal URO-S
level. The results of [3H]NE uptake studies in the
platelets of patients and normal subjects are shown in
Table II. Absolute values for the uptake of [3H]NE
are 2.645+0.41 for the patients with acute porphyria
as compared to 1.654+0.13 for the normal controls.
When the platelets of patients with porphyria were
incubated in the presence of ALA or PBG, there was a
significant reduction in uptake of [3H]NE which did not
occur with the platelets from normal controls. With
concentration of 0.1 mMPBG, there was a minimal
loss of inhibition of [3H]NE uptake in the patient
group and a slight increase in uptake of NE in normal
controls. To test the specificity of [3H]NE uptake into
platelets, desmethylimipramine (DMI) was used
(12) and found to produce a significant inhibition of
[3H]NE uptake into platelets obtained from both
groups.

DISCUSSION

The basic defect of AIP is a genetically determined
partial lack of URO-S activity (21). Thus, when ALA
synthetase (the rate- controlling enzyme in the por-
phyrin pathway) is induced, the porphyrin precursors
(ALA and PBG) build up to high levels in the blood.
In HC, the enzymatic defect has recently been shown
to be decreased activity of coproporphyrinogen oxi-
dase. Substrate compensation for this defect is not
possible, however, because the activity of URO-S
becomes rate-limiting with consequent accumulation
of PBGand ALA (22). Since hematin feedback inhibits
ALA synthetase, infusions of this compound have
recently been used to treat acute attacks of AIP with
successful clinical remission (23). The elevated plasma
levels of both ALA and PBG were shown to return
to normal with clinical remission. This implies a
possible direct toxic effect of ALA or PBGin the patho-
genesis of acute attacks of AIP. Other evidence in
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FIGURE 2 The uptake of [3H]NE by the perfused rat heart in the absence (control) or
presence of guanethidine, ALA, or PBG. All hearts were perfused with normal medium for
30 min and then switched for 10 min to medium containing 1.0 ng/ml of [3H]NE with or
without the compound being tested for its ability to block uptake, followed by a 3-min per-
fusion with NE and drug-free medium. The hearts were then removed and homogenized in
5% trichloroacetic acid, and the 3H-NE content was analyzed as described in Methods. Data
are plotted as uptake of [3H]NE in disintegrations per minute per gram/10 min x 0.001.
Each bar represents the mean±SEMof four to six hearts.

support of this view has recently been summarized
(24).

The findings of tachyeardia and hypertension are
among the most frequent manifestations of attacks of
AIP and HC. Ridley found persistent tachycardia in 24
of 25 patients, and hypertension in 15 of 25 during
acute attacks (6). The hypertension and tachycardia
were found to correlate with the amount of catechola-
mine excretion (7, 11). The etiology of elevated cate-
cholamines has not been elucidated. Inasmuch as ALA
and PBGare elevated during acute attacks and may be
toxic, our studies were designed to examine whether
either ALA or PGE could block uptake or cause re-
lease of catecholamines from adrenergic neurons.

The uptake of NE into isolated perfused rat hearts
was studied first because this preparation has been
well delineated as a model of sympathetic neuronal
function (25). Previous studies had demonstrated no
tachycardia or hypertension in the presence of these
compounds in experimental animals, but their effects
on catecholamine metabolism had not been studied.
The results demonstrate that neither ALA nor PBG
in concentrations from 1 ,uM to 0.1 mMblock uptake or
cause release of [3H]NE from sympathetic neurons in
this system. Concentrations of ALA and PBG in this

range are found in the plasma during acute attacks of
AIP (23).

Intact human platelets can be employed to test
uptake mechanisms for NE (12). The platelets are
capable of functioning in appropriate conditions and
actively taking up NE from the medium in concentra-
tions up to 10 ,ug/liter (26). Our uptake experiments
using this test system revealed that neither ALA nor
PBG blocked uptake or [3H]NE in the platelets of
normal controls. In contrast, both ALA and PBG sig-
nificantly blocked the uptake of [3H]NE into the
platelets of patients with acute porphyria. The patients'
platelets were not deficient in uptake capacity, in that
their control uptake of [3H]NE was actually greater
than that of platelets from normal controls. The fact
that PBG did not block uptake as well at the higher
concentrations may have been due to its ability to
polymerize in vitro to form porphyrins (5). There would
be more of a tendency to polymerize at higher con-
centrations, and the products formed may have arti-
factually elevated [3H]NE uptake by causing mem-
brane damage. Hematoporphyrin has been shown to be
toxic to platelet membranes in vitro (27).

Our experiments reveal that neither ALA nor PBG
affect uptake or release of [3H]NE in normal rat

1144 M. F. Beal, N. 0. Atuk, T. C. Westfall, and S. M. Turner



2- min

aEo
0-

a-

-c

c

C

E
0-o

0

100

90
80

70
60
50

40
30
20
10

100

90
80
70
60
50
40
30
20
10

6 8 10 12 14 16 18 20 22

Time (minutes)
FIGURE 3 The efflux of [3H]NE from perfused rat hearts perviously labeled for 20 min with
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TABLE I
Erythrocyte URO-S Activity in Patients with AIP and HC

State of
Subject Age Sex illness URO-S Diagnosis

yr nmol/g
Hb per h

B. D. 27 F Remission 51.0 AIP
D. D. 46 F Latent 62.4 AIP
S. D. 23 M Latent 43.3 AIP
J. D. 18 F Latent 44.9 AIP
G. S. 56 M Remission 44.8 AIP
S. S.* 23 F Remission 132.7 HC
Normal 26-55 99.9±5.5

Normal values are mean±SEM.
* Urinary coproporphyrin during the acute attack was 9,245
,ug/24 h (normal = 75-225 ,ug/24 h).

hearts. Similarly, ALA or PBGhas no effect on uptake
of [3H]NE into normal human platelets. In contrast,
however, both compounds inhibit uptake of 3H-NE
into platelets of patients with acute porphyria. In-
asmuch as there is significantly greater [3H]NE uptake
in the absence of ALA and PBG in patients' plate-
lets, our findings suggest the possibility that there
must be an overt defect in the uptake mechanisms of
porphyria patients' platelets. The studies of Born and
Smith (26) indicate that there are two different uptake
systems, one of which is inhibited by alpha and beta
adrenergic blocking agents. Using DMI in concentra-
tions from 1 ,tM to 0.1 mM, we have examined uptake
in both high and low concentrations of NE. There is
a maximum inhibition of uptake of 50%, regardless of
concentrations of either DMI or NE. Therefore, there
are DMI-sensitive and DMI-insensitive uptake mech-
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TABLE II
Effects of ALA and PBGon [3H]NE Uptake of Acute Porphyria Patients and Normal Controls

Control NE DMI ALA PBG

Groups Patients uptake 1 1 10 100 1 100

JM

Por- B. D. 2.585 1.312 1.691 1.561 1.666 1.604 2.083
phyria D. D. 4.137 2.616 2.881 2.885 3.789 3.241 3.363

S. D. 1.340 0.369 1.186 1.425 1.092 1.171 1.509
J. D. 3.210 2.528 2.198 2.990 2.396 2.574 3.550
G. S. 1.695 0.939 1.407 1.584 2.056 1.628 2.459
S. S. 2.903 1.316 1.115 1.033 0.990 1.196 1.674

2.645±0.41 1.513+0.36 1.746±0.27 1.913±0.33 1.998±0.42 1.902±0.33 2.439±0.34
Significance, P 0.004 0.008 0.030 0.051 0.001 0.290

Normal S. T. 1.786 1.277 1.882 1.817 1.912 1.753 2.270
N. A. 1.156 0.599 1.169 1.151 1.112 1.273 1.181
J. L. 1.823 1.077 1.582 2.048 1.938 1.942 1.933
F. B. 1.976 1.267 1.678 1.836 2.127 1.544 2.213
B. 0. 1.317 0.343 1.300 1.213 1.056 1.511 1.423
J. G. 1.865 1.418 1.972 1.968 2.081 1.985 1.986

1.654±0.13 0.997+0.17 1.597±0.12 1.672±0.20 1.704±0.19 1.668±0.11 1.834±0.17
Significance, P 0.0005 0.230 0.380 0.250 0.450 0.022

Data are given as mean±SEM. All mean values represent four experiments and are expressed as uptake of [3H]NE in
disintegrations per minute x 0.001/90 min per 105 per mm3platelets (actual number added to the incubation ranged from
3 to 6 x 108 platelets in 1.8 ml platelet-rich plasma). P values are derived from Student's one-tailed t test.

anisms. At this point, our data would not permit us
to differentiate which uptake system is being an-
tagonized by ALA.

Previous experimental results have demonstrated
that neither ALA nor PBGin intravenous doses of 100
mg/kg caused any alteration in heart rate or blood
pressure in normal anesthetized cats. There was also
neither potentiation nor inhibition of cardiovascular
responses to epinephrine and NE (28, 29). In
nephrectomized rats receiving ALA or PBG intra-
venously, plasma concentrations of >5 mg/100 ml
have been achieved without any alteration in blood
pressure or symptoms of nervous system toxicity (23,
30). Also, no alterations in blood pressure or heart
rate have been observed in allylisopropylacetamide-
induced experimental porphyria in rats (31-33).
The ingestion of 1 g ALA by a normal man was not
associated with alteration of blood pressure or heart
rate (34). All these observations are in accord with
our findings that neither ALA nor PBGblock uptake
of [3H]NE in normal rat hearts and normal human
platelets.

7In the past, both autonomic neuropathy and denerva-
tion of the baroreceptors have been proposed as
underlying mechanisms for the tachycardia and hyper-
tension seen during acute attacks of porphyria. Patho-
logic changes consisting primarily of demyelination

have been described in the autonomic nervous system
at autopsy (35, 36). These changes, however, are
probably secondary to a primary axonal metabolic
disturbance as evidenced by normal nerve conduction
velocities during acute attacks. The baroreceptor
reflexes in one case of AIP were shown to be unre-
sponsive to carotid sinus massage and procaine block
(37). This suggests a deafferentation of the barorecep-
tors which, in experimental situations, is known to lead
to increased sympathetic tone by central neurogenic
mechanisms (38). The tachycardia and hypertension
during acute attacks of porphyria may therefore be
caused by several mechanisms. The finding of elevated
catecholamines during acute attacks of porphyria has
recently been brought to light. Wefound this to be the
case in all of our patients.

The uptake of NE into human platelets has been
proposed as a model of uptake into adrenergic neurons.
The uptake mechanisms are similar in that they are
temperature-dependent, saturable, and able to con-
centrate NE about five-fold. In addition, they are
inhibited by the same drugs (12-14, 26, 39-41).
Because ALA and PBGblock uptake of NE into the
platelets of patients with acute porphyria, it is tempting
to speculate that a similar mechanism occurs in their
adrenergic neurons. Re-uptake is the predominant
means of terminating the physiologic action of neuro-
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transmitter NE in vivo (41). Therefore, if there is
decreased re-uptake of NE during acute attacks of
porphyria, this must contribute to elevated levels of
circulating catecholamines. It is therefore suggested
that adrenergic-receptor blocking agents are the drugs
of choice in managing the hypertension and tachycardia
associated with acute porphyria. These have previously
been shown to be effective, and they do not induce
ALA synthetase in vitro (7, 11, 42).
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