MOLECULAR PHARMACOLOGY, 6, 350-356

Increased Conversion of Tyrosine to Catecholamines in the Intact Rat
Following Elevation of Tissue Tyrosine Hydroxylase
Levels by Administered Phenoxybenzamine

WALLACE DAIRMAN AND SIDNEY UDENFRIEND

Roche Institute of Molecular Biology, Nutley, New Jersey 07110
(Received January 16, 1970)

SUMMARY

When phenoxybenzamine (20 mg/kg) was administered to rats for 2 consecutive days,
a 2-fold increase in tryosine hydroxylase relative to controls was observed in adrenal and
heart homogenates. A 4-6-fold increase in the incorporation of label from MC-L-tyrosine
into catecholamines was observed following 2 days of phenoxybenzamine treatment, in
comparison to a 2-3-fold increase following a single dose of the alpha-adrenergic blocking
agent. The administration of a ganglionic blocking agent 2 hr prior to the administration
of “C-L-tyrosine completely prevented the increased incorporation of label into catecho-
lamines following 1 day of phenoxybenzamine treatment, but caused only a partial reduc-
tion in the accelerated rate of conversion of tyrosine to catecholamines observed after 2
days of phenoxybenzamine treatment. These data are consistent with the concept that the
increased tyrosine hydroxylase activity measured in tissue homogenates expresses itself

physiologically as an acceleration of catecholamine synthesis in the intact animal.

INTRODUCTION

Many laboratories have now demon-
strated that procedures which increase sym-
pathetic nervous activity, such as exercise,
exposure to cold, alpha-receptor blockade,
thyroidectomy, and electrical stimulation
of sympathetic nerves, result in an almost
immediate acceleration in the rate of cate-
cholamine synthesis as a result of increased
tyrosine hydroxylase activity (1-11). The
increased rate of catecholamine synthesis
occurs without an increase in the amount of
enzyme, and evidence has been presented
that this phenomenon results from release
of tyrosine hydroxylase from end-product
inhibition (12, 13).

Recently, Mueller et al. (14) reported in-
creased tyrosine hydroxylase activity in
homogenates of rat adrenal gland following
the administration of 6-hydroxydopamine.

This agent disrupts the peripheral sympa-
thetic nerve endings but does not have the
same effect on the chromaffin cells of the
adrenal medulla (15). More recently, Thoe-
nen et al. (16) and Mueller et al. (17) re-
ported increased amounts of tyrosine hy-
droxylase activity in homogenates of adre-
nals and sympathetic ganglia after chronic
administration of reserpine or phenoxybenz-
amine. This elevation of adrenal tyrosine
hydroxylase levels could be prevented by
severing the splanchnic nerve (16, 18).
Thoenen et al. (18) proposed that a chronic
increase in splanchnic nerve activity results
in an increase in the tyrosine hydroxylase
content of the adrenal. This would, there-
fore, comprise a second mechanism for regu-
lation of catecholamine synthesis.

The elevation of tissue tyrosine hydroxyl-
ase levels could be the result of an induc-
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tive process, an activation of pre-existing
enzyme, or a decreased degradation of en-
zyme. Mueller et al. (19) have presented
evidence that increased amounts of enzyme
protein are responsible for the increased
tyrosine hydroxylase levels and that this is
the result of an increase in the rate of en-
zyme synthesis.

The purpose of the present study was to
determine whether the increase in tyrosine
hydroxylase activity, measured in tissue
homogenates, expresses itself physiologically
as an acceleration of catecholamine synthe-
sis in the intact animal.

METHODS

Sprague-Dawley female rats, obtained
from Carworth Farms, New City, N. Y.,
and weighing 160-200 g, were used. “C-L-
Tyrosine (uniformly labeled, 376 uCi/
wumole) was obtained from New England
Nuclear Corporation. Phenoxybenzamine
hydrochloride (20 or 25 mg/kg), pentolin-
ium tartrate (5 mg/kg), or 0.9% sodium
chloride was administered intraperitoneally.
The animals were routinely fasted for 16 hr
before they were killed to eliminate varia-
tions due to the intake of dietary tyrosine.
Rates of incorporation of isotope into cate-
cholamines from labeled tyrosine were meas-
ured as described previously (20). Tracer
doses of “C-L-tyrosine (25 uCi) were adminis-
tered intravenously 1 hr before the animals
were killed. Norepinephrine and epinephrine
were isolated from tissues as described pre-
viously (21), and tyrosine was isolated by
the method of Lewander and Jonsson (22).
Norepinephrine and epinephrine were as-
sayed by a modification of the trihydroxy-
indole procedure (23). Tyrosine was deter-
mined according to the method of Waalkes
and Udenfriend (24). Adrenal tyrosine
hydroxylase activity was determined by the
method of Nagatsu et al. (25) on adrenal
pairs homogenized in 2 ml of 0.13 M potas-
sium phosphate buffer, pH 7.0, and enzy-
matic activity of the heart was estimated by
the method of Levitt et al. (26). Tritium and
“C were counted in Bray’s solution (27),
with an efficiency of 20% for the tritiated
and 90 % for the “C-labeled catecholamines.
The “C-tyrosine fractions were made 0.5 N
with respect to HC1; 0.5-ml aliquots of this
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solution in 10 ml of Bray’s solution reduced
the counting efficiency to 75 %.

Statistical analyses were performed using
Student’s ¢-test. Those values found to be
significantly different at the 0.05 probability
level or lower are so designated in the tables.

RESULTS

All three agents which Thoenen et al. (16,
18) have shown to be capable of increasing
tissue tyrosine hydroxylase—i.e., reserpine,
6-hydroxydopamine, and phenoxybenza-
mine—decrease tissue catecholamine levels.
The first two result in almost complete de-
pletion of catecholamines, so that they can-
not be used to estimate rates of catechola-
mine synthesis based on the conversion of

TABLE 1

Effect of 2 days of phenozrybenzamine treatment in
the rat on tissue tyrosine hydrozylase activity
Rats were given phenoxybenzamine (20 mg/

kg) or 0.9 % NaCl intraperitoneally. Twenty-

four hours later the injections were repeated.

Twenty hours after the last administration of

phenoxybenzamine or 0.9% NaCl, the animals

were killed, and the adrenals and hearts were
removed and assayed for tyrosine hydroxylase
activity.

Tyrosine hydroxylase activity®

Tissue
Control Phenoxybenzamine
Adrenals 5.1 &= 0.49 (6)* 9.6c = 1.1 (6)
6.0 £ 0.40 (5) 11.9c + 1.1 (5)
Heart 411 + 104 (6) 896 + 96 (7)

e Adrenal tyrosine hydroxylase activity is
reported as nanomoles of tyrosine converted to
3,4-dihydroxyphenylalanine per adrenal pair per
10 min (mean =+ standard error). The low enzy-
matic activity of rat heart does not permit dilu-
tion of the radioactive tyrosine with carrier for
measurement of activity under conditions of
saturating amounts of substrate and with a sub-
strate of known specific activity. The values for
the heart hydroxylase activity are therefore
relative and are reported as counts per minute of
tritiated water liberated from 3,5-*H-L-tyrosine
(2 X 10° cpm) per 40 ul of heart press juice in 15
min (mean =+ standard error).

% The numbers in parentheses refer to the num-
ber of animals used.

¢ Significantly different from controls (p <
0.05).
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radioactive tyrosine to epinephrine and
norepinephrine in vivo. Phenoxybenzamine
can be used for such estimates because it
lowers rat adrenal catecholamines less than
30% and heart norepinephine less than
50-60 %.

Effect of phenoxybenzamine on tissue tyrosine
hydrozylase activity. We have previously
shown that a single dose of phenoxybenza-
mine (25 mg/kg) does not alter the level of
tyrosine hydroxylase activity in rat adrenal
homogenates 1 day following its adminis-
tration (2). The administration of two sepa-
rate doses of phenoxybenzamine 1 day apart
resulted in a 2-fold increase in eazyme levels
observed 1 day after the last dose of the
alpha-adrenergic blocking agent. This con-
firms the findings of Thoenen et al. (16, 18).
A similar increase in tyrosine hydroxylase
activity was observed in the heart press
juice of rats dosed with phenoxybenzamine
for 2 consecutive days (Table 1).

Effect of phenoxybenzamine on conversion
of radioactivity from MC-L-tyrosine to cate-
cholamines. It has been demonstrated that
within 3-24 hr following a single dose of
phenoxybenzamine the incorporation of
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radioactivity from “C-L-tyrosine into cate-
cholamines is markedly accelerated in the
intact rat (2, 28). It has been proposed that
the mechanism for this increased synthesis
involves an increase in reflex sympathetic
nervous activity and release of tyrosine hy-
droxylase from end-product inhibition (2,
29). If dosage with phenoxybenzamine for 2
consecutive days results in the formation of
additional enzyme, one should observe even
greater incorporation of label from “C-tyro-
sine into catecholamines than is seen 1 day
following a single dose. Furthermore, the
increased catecholamine synthesis observed
1 day following a single dose of phenoxybenz-
amine, being entirely dependent on in-
creased nerve activity, should be sensitive to
the effects of ganglionic blocking agents, in
contrast to that component of catecholamine
synthesis due to increased enzyme, which is
seen after 2 days of phenoxybenzamine
treatment. As shown in Table 2, 1 day of
phenoxybenzamine treatment resulted in a
2-3-fold stimulation of incorporation of
label from #C-tyrosine into the catechola-
mines of adrenals and hearts, while 2 days of
treatment resulted in levels of incorporation

TABLE 2

Effect of ganglionic blockade on conversion of tyrosine to catecholamines in rat adrenals and heart following
single and multiple injections of phenoxybenzamine

At zero time, 10 rats were dosed with phenoxybenzamine (20 mg/kg), and 16 rats, with 0.99%, NaCl,
all intraperitoneally. Twenty-four hours later, 10 of the 0.9% NaCl-treated group (1 day) received
phenoxybenzamine (20 mg/kg) intraperitoneally. Those rats originally given phenoxybenzamine re-
ceived a second injection of this agent (2 days) (20 mg/kg), and the remaining six animals of the 0.9%
NaCl-treated group received 0.9%, NaCl a second time. Twenty hours later, five rats from each phenoxy-
benzamine-treated group were given pentolinium tartrate (10 mg/kg) intraperitoneally. Two hours
later, all animals received 25 uCi of 4C-L-tyrosine intravenously and were killed after 1 hr. The data

are reported as means =+ standard errors.

Adrenal epinephrine

Heart norepinephrine

Dura-

Treatment tion Specific Total Specific Total
activity radioactivity activity radioactivity

days cpm/ug cpm/adrenal pair cmp/ug cpm/g
Control 80 4 7 (6)* 1705 = 87 (6) 709 £ 75 (6) 340 & 25 (6)
Phenoxybenzamine 1 261 + 25% (5) 4722 + 309° (5) 1896 + 214° (4) 970 + 43° (4)
Phenoxybenzamine 1 119 + 23 (4) 2352 + 276 (4) 607 = 33 (5) 367 = 36 (5)

+ pentolinium

Penoxybenzamine 2 456 + 31° (5) 6220 & 331> (5) 3053 + 212° (5) 875 + 43* (5)
Phenoxybenzamine 2 351 «+ 41° (5) 5421 =+ 451° (5) 1663 = 251* (5) 567 =+ 75° (5)

+ pentolinium

¢ Numbers in parentheses refer to the number of animals used.

b Significantly different from controls (p < 0.05).
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TABLE 3

Specific activity of tyrosine in heart and adrenals following ganglionic blockade after single and multiple
injections of phenozybenzamine
Conditions were the same as described for Table 2. Data are reported as the means + standard errors.

Treatment 13;:::_ Specific activity of tyrosine
Heart Adrenal Plasma
days cpm/ug com/ug cpm/ug
Control 370 4 30 (6)° 272 + 17 (6) 941 + 52 (6)
Phenoxybenzamine 1 326 + 15 (5) 305 + 15 (5) 842 + 42 (5)
Phenoxybenzamine + pen- 1 306 + 25 (5) 313 + 7 (4) 815 + 54 (5)
tolinium
Phenoxybenzamine 2 345 + 15 (5) 279 + 18 (5) 802 + 42 (5)
Phenoxybenzamine + pen- 2 389 = 26 (5) 335 + 26 (5) 900 + 62 (5)
tolinium

¢ Numbers in parentheses refer to the number of animals used.

TABLE 4
Effect of various conditions which increase sympathetic nervous activity on rat and guinea pig adrenal
tyrosine hydrozylase
Phentolamine (5 mg/kg) or 0.9% NaCl was administered intraperitoneally to rats, and the animals
were killed 2 hr later. Rats were exercised in a large, motor-driven, rotating drum divided into indi-
vidual cages (1). The rate of rotation was 7 rpm. Rats and 300-g female Hartley guinea pigs were kept
at 5° in individual metal cages having wire fronts and bottoms.

Tyrosine hydroxylase activity*

Treatment Duration
Control Experimental
hr mumoles/adrenal pair/10 min

Rat

Phentolamine, 5 mg/kg 2 7.7 + 0.82 (4)* 8.0 &+ 0.53 (4)

Exercise 3 13.4 &= 1.96 3) 10.1 £ 0.71 (3)

Exposure to 5° 23 11.8 & 0.91 (4) 11.1 & 0.59 (4)
Guinea pig

Exposure to 5° 53 17.2 = 1.11 (5) 21.9 + 3.08 (5)

Exposure to 5° 192

Then shaved and ex- 48 25.2 4+ 2.5 (7) 20.4 + 0.87 (7)

posed to 5°

e The results are expressed as nanomoles of tyrosine converted to 3,4-dihydroxyphenylalanine
(means =+ standard errors) per adrenal pair in 10 min.
& Numbers in parentheses refer to the number of animals used.

of radioactivity which were 4-6 times the
control values. Administration of the gan-
glionic blocking agent pentolinium tartrate
prior to the administration of the “C-tyro-
sine completely prevented the increased in-
corporation of label seen after 1 day of
phenoxybenzamine treatment. However, af-
ter 2 days of phenoxybenzamine treatment,
when the level of enzyme had increased,
ganglionic blockade resulted in only a partial

reduction in the incorporation of label from
1C-L-tyrosine into the catecholamines. We
have previously demonstrated that the ad-
ministration of pentolinium alone does not
reduce the relative rate of catecholamine
synthesis in hearts or adrenals of control
animals when measured by the techniques
used in this study (29).

In order to establish that the observations
presented in Table 2 were not due to alter-
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ations in tissue levels of the precursor, “C-L-
tyrosine, its specific activity was determined.
The results presented in Table 3 show that
treatment with phenoxybenzamine and/or
pentolinium tartrate did not significantly
affect the specific activity of “C-L-tyrosine
in either heart, adrenals or plasma; tissue
levels of tyrosine were not altered by these
experimental procedures.

Effect of phentolamine, exercise, and cold
exposure on adrenal tyrosine hydrorylase. 1t
was of interest to determine whether other
conditions under which sympathetic nerve
activity increases and catecholamine syn-
thesis is accelerated would lead to increased
tissue levels of tyrosine hydroxylase. The
effects on adrenal tyrosine hydroxylase of
acute alpha-adrenergic blockade (phentola-
mine), exercise, and cold exposure were
studied in the rat, and the effects of acute
and chronic cold exposure were investigated
in the guinea pig. None of these conditions
led to any significant increase in adrenal
tyrosine hydroxylase activity of adrenal
homogenates (Table 4).

DISCUSSION

The procedure for comparing relative rates
of norepinephrine synthesis from “C-tyro-
sine has been used for several years (1, 12,
20). While the use of a single injection of
4C-tyrosine does not permit the calculation
of rates of catecholamine synthesis, it does
allow changes in the rate of catecholamine
synthesis to be estimated if the procedure is
used as originally proposed (20). The con-
clusion that phenoxybenzamine increases
the rate of catecholamine synthesis, origi-
nally reported in this laboratory (1), was
confirmed by Reid et al. (30), who followed
the decline in the specific activity of heart
norepinephrine after the administration of
radioactive norepinephrine, and also by
Bigelow et al. (28), who demonstrated an
increase in the urinary excretion of norepi-
nephrine and metabolites after phenoxyben-
zamine administration.

The finding that after 2 days of phenoxy-
benzamine treatment the incorporation of
radioactivity into heart norepinephrine was
increased over the 1-day value, on a specific
activity basis, but not when the data are
calculated per gram of tissue (Table 2), re-
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flects the ability of phenoxybenzamine to
lower endogenous levels of heart norepi-
nephrine (31, 32). This probably results in a
decrease in the retention of “C-norepi-
nephrine. Thus, in terms of specific activity
as well as M“C-norepinephrine per gram of
heart, ganglionic blockade only partially
reduced the phenoxybenzamine-mediated
increase in incorporation of label from MC-
tyrosine after 2 days of treatment, but com-
pletely abolished the increased synthesis
observed following 1 day of treatment with
the alpha-adrenergic blocking agent. Be-
cause it can be completely prevented by the
administration of a ganglionic blocking
agent, the increased incorporation of label
from M“C-tyrosine into catecholamines in
heart and adrenals seen after 1 day of phe-
noxybenzamine treatment appears to be en-
tirely dependent on accelerated sympathetic
nervous activity. Since the additional in-
corporation observed after 2 days of phe-
noxybenzamine administration is only par-
tially reduced following ganglionic blockade,!
it would appear that factors other than nerve
activity come into play at this time, most
probably the elevations in tissue tyrosine
hydroxylase levels.

The present findings represent the first
demonstration that the elevation in adrenal
and heart tyrosine hydroxylase produced by
the repeated administration of phenoxybenz-
amine manifests itself i vivo by increasing
the rate of catecholamine synthesis in the
intact animal. It is probable that the in-
creased tyrosine hydroxylase activities ob-
served in tissue homogenates following the
administration of 6-hydroxydopamine or
reserpine (14, 16-18) also play a role in in-
creasing the synthesis of catecholamines in
vivo.

There now appear to be two mechanisms
for regulating catecholamine synthesis, one
involving end-product inhibition, and the

! There is the possibility that in animals treated
for the longer period of time with phenoxyben-
zamine, pentolinium does not evoke complete
ganglionic blockade. This was considered, but no
simple experiment could be devised to rule it out.
However, the dose of pentolinium tartrate em-
ployed in these studies is twice that which has
been reported to produce maximal ganglionic
blockade in the normal rat (33).
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other, an apparent enzyme induction. Both
these mechanisms exert their effects on the
rate-limiting step in catecholamine synthe-
sis, tyrosine hydroxylase (34). Regulation
through end-product inhibition is a rapidly
occurring event, and the synthesis rate should
be capable of an almost instantaneous ad-
justment in response to altered physiological
demands for catecholamines. Under most
environmental conditions, this type of mech-
anism probably accounts for the bulk of the
regulation necessary to maintain physiologi-
cal balance with respect to catecholamines
in man and animals.

Elevation of tissue levels of tyrosine hy-
droxylase is a relatively slower process,
which so far has been evoked only by rather
drastic procedures. Even conditions as
severe as acute alpha-adrenergic blockade,
exercise, or cold exposure, which markedly
accelerate catecholamine synthesis in vivo
(1, 2), do not increase the tyrosine hydroxyl-
ase levels in adrenal homogenates. The
procedures which result in an apparent in-
duction of tyrosine hydroxylase are a pe-
ripheral chemical sympathectomy with 6-
hydroxydopamine (14), repeated injections
of large (toxic) doses of reserpine (16, 17),
or repeated administration of high doses of
phenoxybenzamine. In addition, prolonged
exposure to these severe stresses is required
before an induction of tyrosine hydroxylase
is clearly demonstrable. If one considers the
relationship of the two mechanisms of end-
product inhibition and enzyme induction to
the function of the sympathetic nervous
system, one must conclude that the former
is undoubtedly in continuous operation while
the latter rarely comes into play except
under unusually severe conditions. It is
conceivable that the prolonged and severe
exercise of an athlete in training could pro-
duce the degree of sympathetic nervous
activity which appears to be necessary for
elevating tissue tyrosine hydroxylase levels.
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