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SUMMARY

MASSERANO, JOSEPH M. AND WEINER, NORMAN. The rapid activation of adrenal
tyrosine hydroxylase by decapitation and its relationship to a cyclic AMP-dependent
phosphorylating mechanism. Mol. Pharmacol. 16: 513-528 (1979).

Rat adrenal tyrosine hydroxylase appears to exist in two forms that differ primarily in
their affinities for pterin cofactor. In the nonstressed rat that has been anesthetized either
by halothane or pentobarbital, approximately 25% of adrenal tyrosine hydroxylase is in
the activated (low K,,) form. Following decapitation, approximately 60% of the enzyme is
found in the active (low K,,) form, suggesting that a considerable fraction of the less active
form of the enzyme is rapidly transformed to the active form during stress. A similar,
although more complete, transformation of the less active form of the enzyme to the
active form can be produced if the soluble enzyme from either stressed or nonstressed
rats is incubated in the presence of cyclic AMP-dependent protein phosphorylating
system. In the presence of the cyclic AMP-dependent protein phosphorylating system,
the enzyme from both stressed and nonstressed animals achieves a comparable degree of
activation. These results suggest that stress related activation of tyrosine hydroxylase
may be mediated by a cyclic AMP-dependent protein kinase reaction.

INTRODUCTION

Tyrosine hydroxylase (TH)? is consid-
ered to be the rate limiting enzyme in the

Changes in the activity of TH in cate-
cholaminergic tissues have been attributed
to two basic mechanisms: induction (2) and

synthesis of catecholamines in both the pe-
ripheral and central nervous systems (1).

This work was supported by USPHS grants NS
07927, NS 09199 and AA 03527.

! A preliminary report of this work was presented
at the annual meeting of the American Society of
Neurochemistry, Denver, Colorado. (Trans. Am. Soc.
Neurochem. 8: 144, 1977).

2 The abbreviations used are: TH, tyrosine hydrox-
ylase; 6-MePtH,, 6-methyltetrahydropterin, EGTA,
ethylene glycol bis(8-aminoethyl ether)-N,N’-tetra-
acetic acid; TES, 2- {[tns—(hydroxymethyl)methyl]
amino} ethanesulfonic acid buffer.

activation (3-6).

Induction of TH has been shown to occur
following prolonged stress of the animal,
including cold exposure (7, 8) and immobi-
lization (9, 10); as well as following treat-
ment with various drugs, such as carbachol
(11), reserpine (12) and oxytremorine (13).
The induction of TH requires many hours
and appears to be associated with an in-
crease in enzyme protein, as demonstrated
by immunochemical titration techniques.
The mechanism by which this induction
takes place has been examined by Costa
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and coworkers (14) who claim that it is
mediated by a cyclic AMP-dependent pro-
tein kinase reaction involving the translo-
cation of the protein kinase into the nu-
cleus. However, the validity of this hypoth-
esis has been challenged (15).

Acute activation of TH differs from in-
duction of the enzyme in that it can occur
following brief periods of nerve stimulation
(3). This type of activation has been shown
to take place in various preparations, in-
cluding following stimulation of the isolated
hypogastric nerve-vas deferens preparation
(3, 4), in the hippocampus following stimu-
lation of the locus coeruleus (16), and in the
striatum following administration of anti-
psychotic agents (6, 7).

Activation of TH also can be produced
by a cyclic AMP-dependent protein phos-
phorylating system (3, 5, 18, 19). Soluble,
crude enzyme may be activated by exposure
to MgCl;, ATP and cyclic AMP. In addi-
tion, treatment of various tissue prepara-
tions, including rat striatal slices (20, 21),
striatal and mesolimbic synaptosomes (22),
rat striatal homogenates (23) and intact vas
deferens (3) with dibutyryl cyclic AMP or
other cyclic AMP analogs is associated with
an increase in TH activity in these more
intact systems. Evidence for the phospho-
rylation of TH by a cyclic AMP-dependent
phosphorylating mechanism has been pro-
vided by experiments utilizing purified en-
zyme from various tissue preparations, in-
cluding bovine striatum (24), rat striatum
(25), rat pheochromocytoma (26), bovine
chromaffin cells (27) and bovine adrenal
medulla (28). Earlier efforts to demonstrate
direct phosphorylation of TH from either
rat striatum (5) or bovine caudate (29)
yielded negative results.

Weiner and co-workers (3, 30) have at-
tempted to relate the in vitro activation of
TH by the cyclic AMP-dependent protein
kinase system to the enzyme activation as-
sociated with nerve stimulation. They have
found that stimulation of the hypogastric
nerve-vas deferens preparation produces an
increase in TH activity within a fraction of
a minute. The addition of cyclic AMP, ATP
and Mg** to soluble enzyme prepared from
stimulated and control tissues produces an
activation of both the less active enzyme
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from unstimulated preparations and a less
dramatic increase in activity of the more
active enzyme from stimulated prepara-
tions. The activity of TH from control and
stimulated tissues in the presence of the
cyclic AMP-dependent protein phosphoryl-
ating system is similar, suggesting that the
effects of nerve stimulation may be me-
diated through a cyclic AMP-dependent
mechanism.

The purpose of these experiments was to
determine whether a similar activation can
occur in adrenal medulla tissue as a conse-
quence of the application of acute stress to
the intact animal.

METHODS

Material

Animals. Male-Sprague-Dawley rats
weighing 250 to 400 g were obtained from
Charles River Laboratories (Wilmington,
Massachusetts). Animals were housed in
groups of four to six with free access to food
and water.

Drugs and assay chemicals. Drugs were
obtained from the following companies: so-
dium pentobarbital (Diamond Laborato-
ries, Des Moines, lowa); halothane (Ayerst
Laboratories, New York, New York); ether
(J. T. Baker Chemical Company, Phillips-
burgh, New York); chlorisondamine hydro-
chloride (Ciba Pharmaceutical Company,
Summit, New Jersey); and hexamethonium
bromide (Sigma Chemical Company, St.
Louis, Missouri).

Chemicals were purchased from the fol-
lowing companies: 6-methyltetrahydrop-
terin HCl (6-MePtH,), Calbiochem (San
Diego, California); catalase, Boehringer-In-
gelheim, Ltd. (Elmsford, New York); 1-*C-
L-tyrosine and gamma-[*?P]ATP, New
England Nuclear (Boston, Massachusetts);
dithiothreitol, histone, pyridoxal 5’-phos-
phate, NADPH, 3-iodotyrosine, cyclic
AMP and ATP, Sigma Chemical Company
(St. Louis, Missouri). All other reagents
were of the highest purity available com-
mercially.

Procedures for removal of adrenal glands
from stressed and nonstressed animals
Anesthesia. Adrenal enzyme from non-
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decapitated (nonstressed) animals was ob-
tained by anesthetizing the animals with
either pentobarbital, halothane or ether
and removing the adrenal glands surgically.
An adequate anesthetic state was defined
as that level of anesthesia at which the
animals exhibit no blink reflex or response
to a small abdominal skin incision. Once
adequate anesthesia was obtained, the ab-
domen was opened and the adrenal glands
were removed, placed upon filter paper, and
maintained at 4° on ice. The adrenal me-
dulla was then dissected out and immedi-
ately frozen on dry ice.

Pentobarbital anesthesia was induced by
the administration of 60 mg/kg of this com-
pound intraperitoneally. Anesthesia with
the volatile anesthetics was produced by
placing the animals into a one gallon jar
and injecting either halothane (0.066 vol-
ume %) or ether (0.2 volume %) onto gauze
attached to the underside of the jar lid. The
volatile anesthetic doses were calculated to
achieve a partial pressure which would pro-
duce surgical anesthesia within a five min-
ute period.

Decapitation stress procedures. In the
studies in which the effects of pentobarbital
were assessed, control animals were in-
jected with 1 ml/kg of saline and five min-
utes later the rats were decapitated, using
a small animal guillotine. In studies in
which the effects of either ether or halo-
thane were assessed, control animals were
placed in a one gallon jar for a period of five
minutes, removed and decapitated. The ad-
renals were removed and processed as de-
scribed above.

Administration of ganglionic blocking
agents. Chlorisondamine, 50 mg/kg, was
administered subcutaneously 4 hours prior
to either pentobarbital administration or
decapitation. Control rats received saline,
1 ml/kg, subcutaneously, four hours prior
to the removal of the adrenal gland. In
some cases chlorisondamine (15 mg/kg) or
hexamethonium (15 mg/kg) was adminis-
tered one hour before killing the animals.
Adrenal glands were removed as described
above.

Tissue preparation and assay of TH.
The adrenal medullae were weighed and
homogenized in 9 volumes of 0.05 M Tris-
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acetate buffer, pH 6, containing 0.2% Triton
X-100. The homogenate was centrifuged at
40,000 X g for 30 min at 4°. One-half milli-
liter of the supernatant was passed over a
Sephadex-G25 column (28 cm X 0.9 cm) to
remove catecholamines and other small
molecules and the protein fraction was
eluted with homogenization buffer. The one
milliliter fraction following the void volume
(4.5 ml) was collected and 20 ul aliquots of
the eluate fraction containing TH, as deter-
mined in preliminary experiments, were
employed in each assay.

The TH activity of the adrenal tissue was
determined by means of the coupled decar-
boxylase assay (31) as modified by Zivkovi¢
et al. (6). The standard assay mixture (100
ul) contained: 90 mM potassium phosphate
buffer (pH 6.2), 20 mM Tris-acetate buffer
(pH 6), 10 mM sodium phospate buffer (pH
7), 1 mM 6-MePtH,, 0.5 mm NADPH, 4 mm
pyridoxal 5’-phosphate, 2 ul hog kidney L-
aromatic amino acid decarboxylase (pre-
pared according to the method of Waymire
et al. [31]), 1,666 units of catalase, 10 ul
sheep liver pteridine reductase (prepared
according to the method of Kaufman
[32]). The Tris acetate buffers and sodium
phosphate buffers are employed to dissolve
the NADPH and 6-MePtH,, respectively
(6). The final pH in the assay was 6.2. When
kinetic studies were performed, either the
6-MePtH, concentration was varied from
0.033 mM to 1 mM, or the tyrosine concen-
tration was varied from 0.66 uM to 100 um.

In cases where the “cyclic AMP-depend-
ent protein phosphorylating system” was
employed, the following compounds were
added to the assay mixture in a final total
volume of 100 pl: 0.1 mM cyclic AMP, 0.5
mM ATP, 0.8 mM theophylline, 20 mM NaF,
20 mM magnesium acetate, and 0.12 mMm
EGTA (17).

Each sample was assayed in duplicate.
An additional tube, serving as a blank, con-
tained ingredients identical to those in the
assay tubes, plus 2 mM 3-iodotyrosine in
0.01 N HCl. To the assay mixture was
added, at 4°, 20 ul of the adrenal enzyme
(after SePhadex chromatography) and, fi-
nally, 1-[*C]L-tyrosine. Except in those ex-
periments where tyrosine concentration
was varied, the final concentration of
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[“Cltyrosine employed was 0.1 mM (spe-
cific activity, 10 mCi/mmole).

Following the addition of substrate, the
tubes were capped with a rubber septum
from which a plastic well was suspended,
and the reaction was initiated by placing
the stoppered tubes into a 37° bath. Each
sample was incubated for 20 min, and then
transferred to an ice bath. This reaction
was linear with enzyme concentration and
with time for at least 30 min. At the end of
20 min, 50 pl of 20 mm 3-iodotyrosine in 1
M sodium phosphate buffer, pH 8.0, was
added. The assay tube was then incubated
for an additional 30 min at 37° to allow for
the quantitative conversion of ['*C]dopa to
"“CO, and dopamine. The reaction was
stopped by injecting 0.1 ml 1.6 N perchloric
acid into the assay tube. Two-tenths milli-
liter of NCS solubilizer (Amersham Searle
Corporation, Arlington Heights, Illinois)
was injected into the plastic well suspended
from the rubber septum covering the top of
the assay tube and the tube was incubated
for an additional hour at 37° to allow for
quantitative collection of the liberated CO,.
The plastic well was then removed and
placed into a scintillation vial to which was
added 10 ml scintillation fluid containing
0.5 g 1,4-bis(2-(4 methyl-5-phenyloxazolyl))
benzene (di-methyl POPOP), 4.9 g 2,5-di-
phenyloxazole (PPO) and 5 ml ethanol per
liter of toluene. Radioactivity was counted
by liquid scintillation spectrometry. Count-
ing efficiency was 85%. Protein was deter-
mined by the method of Lowry et al. (33).
Results are expressed as nmols product
formed per mg protein per hour.

Assay of cyclic AMP: Two adrenal me-
dullae were homogenized in one milliliter of
5% trichloroacetic acid to extract cellular
cyclic AMP. The homogenate was centri-
fuged at 4,000 X g for 20 min at 4°. The
supernatant was passed over a Dowex col-
umn according to the procedure of Su et al.
(34) to separate cyclic AMP from other
nucleotides. Cyclic AMP was assayed by
the radioimmunoassay procedure of Harper
and Brooker (35).

Assay of protein kinase. Protein kinase
was assayed based on the method of Lan-
gan (36). Four adrenal medullae were ho-
mogenized using a teflon pestle in 15 vol-
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umes of buffer (pH 6.0) containing 10 mm
potassium phosphate, 10 mm EGTA and 5
mM theophylline. The homogenate was
centrifuged at 40,000 X g for 15 min at 4°.
The protein kinase activity was assayed
within 20 min in the presence and absence
of 20 pM cyclic AMP. The assay mixture
(240 pl) contained: 50 mm TES (pH 6.5), 5
mmM MgCl,, 1 mMm dithiothreitol, 200 ug his-
tone and 25 pl gamma-[*?P]ATP (specific
activity, 45 uCi/mole). The reaction was
initiated by placing 10 ul of supernatant
into the assay mixture and placing the assay
tubes into a 37° bath. The tubes were in-
cubated for 5 min and the reaction was
terminated by the addition of 2.25 ml of
28% TCA to each tube. Each sample was
passed over a Millipore filter (0.45 pm) and
washed with 16 ml of 256% TCA. Following
the wash the filters were allowed to dry and
then placed into 10 ml Omnifluor-toluene
(0.4%) fluid and counted by liquid scintil-
lation spectrometry.

Calculations and statistics. All differ-
ences between treatment groups were ana-
lyzed by the Student’s ¢-test for paired sam-
ples with a program from the Olivetti Pro-
gramma 101 computer. For the kinetic stud-
ies, the results were analyzed according to
the method of Lineweaver and Burk and
the kinetic constants were determined by
weighted linear regression analysis accord-
ing to the procedure developed by Wilkin-
son (37), employing the Olivetti computer
program. All calculations from the kinetic
data presented in this paper were per-
formed to obtain the apparent K. and the
apparent V.. values.

RESULTS

The apparent K, for tyrosine for the
adrenal enzyme from untreated, decapi-
tated rats is 58 uM when the assay is per-
formed in the presence of 1 mm 6-MePtH.,.
The Lineweaver-Burk plot of enzyme activ-
ity vs. tyrosine concentration yields a
straight line, suggesting that the enzyme
obeys Michaelis-Menten kinetics (Fig. 1).
The apparent maximal velocity of the en-
zyme reaction is 68 + 9 nmols product
formed per hour per mg adrenal medulla
supernatant protein.

Kinetic analysis of the adrenal medulla
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F16. 1. Kinetic analysis of the effects of decapitation, ether and halothane on adrenal tyrosine hydroxylase

activity at various substrate concentrations

The results are means from five experiments + S.E.M. All values were determined at 1 mm 6-MePtH.. Six
tyrosine concentrations were employed. For clarity of the figures the 0.66 uM and 1 uM points were deleted from
the S, V plot and the 100 uM point was deleted from the 1/S, 1/V plot.

enzyme from unanesthetized, decapitated
rats, employing different concentrations of
pterin cofactor, also indicates that the en-
zyme obeys Michaelis-Menten kinetics over
a range of cofactor concentrations from
0.033 to 0.25 mM (Figs. 2 and 3). However,
at 1 mM 6-MePtH,, the reciprocal sub-
strate-velocity relationship appears to de-
viate from linearity in a downward (higher
enzyme activity) direction (Fig. 3). The ap-
parent K,, for 6-MePtH, is calculated to be
89 uM and the apparent V., in the presence
of 0.1 mm tyrosine is 33 nmols product
formed per hour per mg adrenal medulla
supernatant protein.

Comparison of tyrosine hydroxylase ac-
tivity in the adrenal gland following de-
capitation vs. anesthesia and surgical re-
moval

Variations in tyrosine concentration.
Table 1 summarizes the changes in the
activity of adrenal TH prepared from de-
capitated and anesthetized animals as a
function of different concentrations of ty-
rosine. No marked differences in the affin-
ity of the enzyme for tyrosine were ob-
served following any of the anesthetic pro-
cedures or decapitation. In contrast, in all
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Tyrosine Hydroxylase Activity
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v
8
T
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F16. 2. Kinetic analysis of the effects of decapita-
tion, ether and halothane on adrenal tyrosine hy-
droxylase activity at various cofactor concentrations

The results are means from four experiments +
S.E.M. All values were determined at 0.1 mm [1-
“C]L-tyrosine.

cases where the adrenal was removed sur-
gically from the rat following anesthesia,
the apparent V.. of the enzyme was sig-
nificantly less than that seen following de-
capitation (p < 0.05). The apparent V., of
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F1G. 3. Kinetic analysis of the effects of decapita-
tion and pentobarbital + “cyclic AMP mix” on ad-
renal tyrosine hydroxylase activity at various cofac-
tor concentrations

The results are means from four experiments +
S.E.M. All values were determined at 0.1 mMm [1-
“C]L-tyrosine.

the enzyme prepared from animals anesthe-
tized with halothane is also significantly
lower (p < 0.05) than the corresponding
value for the enzyme recovered from ani-
mals anesthetized with ether. These results
suggest that partial activation of adrenal
TH may be associated with ether anesthe-
sia, whereas minimal or no activation of the
enzyme occurs when the adrenals are re-
moved following anesthesia with halothane.

The activity of adrenal TH prepared
from animals anesthetized with pentobar-
bital was similar to that seen following an-
esthesia with halothane. There was no sig-
nificant difference in the affinity of the
enzyme for tyrosine between the pentobar-
bital anesthetized group and the group
killed by decapitation. However, TH pre-
pared from pentobarbital anesthetized ani-
mals exhibited a significantly lower reac-
tion velocity, at 1 mm 6-MePtH,, than was
seen with comparable enzyme preparations
prepared from decapitated rats.

Effect of different cofactor concentra-
tions. When relatively low concentrations
of pterin cofactor were employed in the
assay, TH prepared from adrenals of decap-
itated rats exhibited significantly higher ac-
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TABLE 1
The effects of stress and a cyclic AMP-dependent
protein kinase system on tyrosine hydroxylase of rat
adrenal
Tyrosine as variable substrate. The values are the
means from five experiments + S.E.M. All kinetic
values for tyrosine were determined at 1 mmM 6-
MePtH,. V... values are presented as nmoles CO;

formed per hour per mg protein.
Treatment K. Vinax
(mm)
Series A
Halothane 0.048 £ 0.009 413+ 6.0>°
Ether 0.051 £ 0.008 539 + 8.3°
Decapitation 0.0568 £ 0.008 67.8+8.9
Series B ’
Pentobarbital 0.048 £ 0.006 505 2.1+
Decapitation 0.046 + 0.007 70.7 £ 3.2°
Pentobarbital +
cAMP mix 0.061 £ 0010 98.8+9.2
Decapitation +
cAMP mix 0.062 + 0.014 104.7+6.3

* % Significantly different from decapitation in the
corresponding series of experiments p < 0.05 and p <
0.01, respectively.

4 Significantly different from cAMP treatment p
< 0.05, p < 0.01, respectively.

¢ Significantly different from ether, p < 0.05.

tivity than the enzyme from anesthetized
rats. However, at the highest concentration
of pterin cofactor employed (1 mm), the
differences in tyrosine hydroxylase activity
between preparations obtained from anes-
thetized and decapitated rats were less pro-
nounced (Figs. 2 and 3). When the activity
of adrenal TH from rats anesthetized with
either halothane, ether or pentobarbital
was determined in the presence of different
cofactor concentrations and plotted accord-
ing to the method of Lineweaver and Burk,
a nonlinear relationship between the recip-
rocal of enzyme velocity and the reciprocal
of pterin cofactor concentration was ob-
tained. The curves deviated downward con-
siderably at the highest cofactor concentra-
tions. This deviation was more marked for
enzyme prepared from animals anesthe-
tized with halothane or pentobarbital. Ac-
cording to Reiner (38), this type of relation-
ship suggests that more than one enzyme
type may be present and that these exhibit
different affinities for the variable sub-
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strate. Similar results have been obtained
for other enzymes, including the high and
low K, forms of cyclic AMP phosphodies-
terase (39), aldehyde dehydrogenase (40)
and N-hydroxyphentermine reductase (41).
Another possible interpretation of the
downward deviation of the Lineweaver-
Burk plot is that the enzyme exhibits neg-
ative cooperativity. In the present study,
the interpretation that there are two forms
of the enzyme present seems more likely,
since the cyclic AMP activated form of TH
enzyme shows a normal Lineweaver-Burk
plot with no apparent cooperativity (Hill
coefficient = 1.06) (42). This supports the
notion that the enzyme does exist in two
forms, although the possibility that the less
active form may exhibit negative coopera-
tivity cannot be excluded.

The kinetics of the enzyme were analyzed
according to the method of Wilkinson (37).
For enzyme from the adrenals of anesthe-
tized animals, where the curvilinear Line-
weaver-Burk relationships were apparent,
only the lower cofactor concentrations were
employed in these calculations. As is ap-
parent from Figures 2 and 3, at low cofactor
concentrations the straight line relation-
ship obtained in all instances.

Using the equations suggested by Reiner
(38) for the determination of the propor-
tions of two enzymes with different affini-
ties for substrate but similar maximal ve-
locities, the apparent K,, value for the less
active form of the enzyme was calculated.
As was anticipated, the contribution of the
less active form of the enzyme to the total
enzyme activity becomes more prominent
as saturating levels of cofactor are ap-
proached. At the higher levels of cofactor,
a line is obtained with a slope equal to:

KWV, + KV,
V,

where V = maximal velocity, K = K,, and
the subscripts refer to enzyme 1 (high affin-
ity enzyme) and enzyme 2 (low affinity
enzyme) and V = V; + V,. the intercept of
this line on the vertical axis,% is%, and the
tangent of the line segment intersecting the
ordinate, when extended to the abscissa
(~1/8S) is equal to:

1)
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i+ V)

“VS= - RV, T EVa)

(2)

If we assume that K, is much less than K;,
then the equation may be simplified to:

KV

ViV, @)

(30). Using the above equations, the theo-
retical apparent K,, values for the less ac-
tive form of the enzyme were obtained (Ta-
ble 2, column 3).

Based upon the analysis of the kinetic
properties of the adrenal enzyme obtained
from animals either decapitated or exposed
to halothane or ether, as indicated in Fig-
ures 2 and 3 and Table 2, it seems apparent
that different proportions of the less and
the more active forms of tyrosine hydrox-
ylase may coexist among the several groups.
The mean apparent K,, value for the high
affinity enzyme is approximately 0.07-0.1
mM 6-MePtH,, whereas that for the low
affinity enzyme is approximately 0.7-0.9
mM. Thus, the high affinity enzyme exhibits
a 7-10-fold greater affinity for pterin cofac-
tor than does the low affinity form.

The effect of the cyclic AMP-dependent
protein phosphorylation system on the ac-
tivity of adrenal tyrosine hydroxylase pre-
pared from decapitated and anesthetized
rats

When soluble TH prepared from adre-
nals surgically removed from either decap-
itated or pentobarbital anesthetized ani-
mals was incubated with the cyclic AMP-
dependent protein phosphorylating system
in the presence of different concentrations
of tyrosine, further activation of the enzyme
was noted (Fig. 4). No change in the appar-
ent affinity of the enzyme for tyrosine was
seen with either preparation. However, for
the enzyme prepared from both decapitated
(p < 0.05) and pentobarbital anesthetized
(p < 0.01) animals, the apparent maximal
velocity of the reaction in the presence of
the cyclic AMP-dependent protein kinase
system was significantly greater than that
seen in the absence of this system. Similar
levels of enzyme activity were seen when
TH from these two groups of animals was
assayed in the presence of the cyclic AMP-
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TABLE 2

The effects of stress and nonstress procedures + cyclic AMP mix on the cofactor kinetic parameters of
adrenal tyrosine hydroxylase

The values are the means from four experiments + S.E.M. All kinetic values for cofactor were determined at
0.1 mM [1-"“C]L-tyrosine. K values are presented as mM 6-MePtH,. Vim.: values are presented as nmoles CO;
formed per hour per mg protein. High affinity K (column 1) and V.. (column 2) values were obtained by using
the Wilkinson test (27). In cases where the treatments produced nonlinear reciprocal kinetics at high cofactor
concentrations, only the values obtained with the low cofactor concentrations, which are on the linear portion
of the plot, were used to determine the high affinity K, and V.. values. The low affinity K,» values were
determined by two procedures described in the text. The K values in column 3 were determined by assuming
that the high affinity K., was much less than the low affinity K.,. As a consequence, when a sufficient
proportion of the enzyme is in the low affinity state, so that Kin, Vi « K, V2, Kn, Vi may be ignored in these
calculations (equation 3). Values of S, V; and V. (equation 3) were determined by extrapolation of the linear
portion of the lines obtained experimentally. The K., values in column 4 were determined with the use of the
high affinity K» and Vi values presented in columns 1 and 2 which were obtained in the presence of the cyclic
AMP-dependent phosphorylating system (cAMP mix). This minimizes the uncertainty of the extrapolation of
the Lineweaver-Burk relationships, since deviation from linearity was insignificant, thus allowing one to obtain
a more precise value for K., and total V.. to use in the calculations. V... values (column 5) were obtained by
inserting the high affinity V.. values (column 2, + cAMP mix) into the following equation: Vinax (total) = Vi,
(high affinity) + Vi (low affinity). For the pentobarbital and decapitation groups the corresponding Vimax
values obtained in the presence of the cyclic AMP-dependent protein phosphorylating system were used as
estimates of total V.. For the halothane and ether groups, total V... was assumed to be that obtained in the
presence of cCAMP mix following decapitation of the animals.

Treatment High Affinity Low Affinity
K. Vinax Kn K. Vinasx

Halothane 0.113 + 0.006 8+3° 0.97 0.67 48
Ether 0.083 + 0.010 15+ 8° 0.76 0.52 41
Decapitation 0.089 + 0.009 33+10 23
Decapitation + cAMP Mix 0.055 + 0.010 56+ 3

Pentobarbital 0.071 £ 0.010 16 £ 1€ 0.51 0.38 35
Decapitation 0.066 + 0.005 3Bx1 0.64 0.55 21
Pentobarbital + cAMP Mix 0.059 + 0.003 516

Decapitation + cAMP Mix 0.055 + 0.010 56+ 3

“ Significantly different from decapitation, p < 0.05.
® Significantly different from cAMP treatment, p < 0.05.
< Significantly different from cAMP treatment, p < 0.01.

dependent protein phosphorylating system.

The activity of TH obtained from decap-
itated animals and animals anesthetized
with pentobarbital, measured in the pres-
ence and absence of the cyclic AMP-de-
pendent protein kinase system, also was
evaluated using variable cofactor concen-
trations. As indicated in Table 2, the K
values of the enzyme in the presence of
cyclic AMP, ATP and Mg**, for the two
groups, was not significantly different. Al-
though the apparent V., for the high affin-
ity enzyme obtained from adrenals of rats
following decapitation is significantly
greater than that of anesthetized animals,
no significant difference in the apparent
Vmax for this form of the enzyme was ob-

served when the enzyme from the two
groups was assayed in the presence of the
cyclic AMP-dependent protein kinase sys-
tem. The apparent Vi..x values for the high
affinity enzyme from both groups of ani-
mals, when measured in the presence of
cyclic AMP, ATP and Mg**, was signifi-
cantly greater than the apparent Via.. of
enzyme from pentobarbital treated animals
(p < 0.05) measured in the absence of these
constituents. The average apparent K, val-
ues for the low affinity enzyme were 0.45
mM for the pentobarbital anesthetized
group and 0.60 mm for the enzyme from
decapitated rats. The low affinity enzyme
exhibits an apparent K,, which is approxi-
mately 7-10-fold higher than the K,, value
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for the high affinity form of the enzyme.

Assuming the cyclic AMP-dependent
protein phosphorylating system is able to
convert the entire population of TH mole-
cules to the active form, the apparent Kn
values for the less active form of the enzyme
may be calculated by an alternative proce-
dure, employing the reciprocal of equation
2.

- K\, + K.V,
Vl + Vz

For these calculations the values of K,
obtained by the Wilkinson weighted linear

S 4)

1.8

o Pentobarbital
0 Decapitation
@ Pentobarbital + CAMP Mix
@ Decapitation + CAMP Mix

70

50

30
10

100

Activity
nmols x h-! x mg-1
v

Tyrosine Hydroxylase

0410

(8] Tyrosine — 14C um
F16. 4. Kinetic analysis of the effects of decapita-
tion and pentobarbital + “cyclic AMP mix” on ad-
renal TH activity at various substrate concentrations
The results are means from five experiments +
S.E.M. All values were determined at 1 mm 6-MePtH,.
Six tyrosine concentrations were employed. For clarity
of the figures the 0.66 uM and 1 uM points were deleted
from the S, V plot and the 100 uM point was deleted

from the 1/S, 1/V plot.
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regression analysis were employed. In all
experimental groups, when the enzyme was
assayed in the presence of the cyclic AMP-
dependent protein phosphorylating system,
the reciprocal plots of enzyme velocity vs.
cofactor concentration yield straight lines
which resembled the high affinity enzyme
form (Fig. 3). It was therefore assumed that
the K, and V. values obtained for the
enzyme assayed in the presence of the
cyclic AMP-dependent protein phosphoryl-
ating system reflected the K, and Vi
values for the totally activated (high affin-
ity) form of the enzyme and that the entire
complement of enzyme was now in this
form; ie, Vo=0and V;, = V; + V.. When
this procedure is employed to analyze the
activated enzyme, V and K, can be readily
determined from the Lineweaver-Burk
plot. The experimental data obtained in the
absence of a cyclic AMP-dependent phos-
phorylating system are then inserted into
equation (4) for different concentrations of
cofactor, and the apparent K, value for the
less active form of the enzyme can be ob-
tained. These results are presented in col-
umn 4 of Table 2 for the halothane, ether
and pentobarbital anesthetized groups.

Cyclic AMP levels and protein kinase ac-
tivities in adrenal medulla following de-
capitation and pentobarbital anesthesia

Table 3 illustrates cyclic AMP levels and
protein kinase activity in the adrenal me-
dulla of rats subjected to decapitation or
pentobarbital anesthesia before the adre-
nals were removed. There is no significant
difference between the cyclic AMP levels
in the glands from the two groups. How-
ever, there is a significant increase (p <

TABLE 3
The effects of stress on cyclic AMP levels and protein kinase activity in the adrenal medulla
The values are the means + S.E.M. from 12 experiments for the cyclic AMP measurements and 5 experiments

for the protein kinase data.
Treatment Cyclic AMP Protein kinase activity
-cAMP +cAMP —cAMP/+cAMP
(pmols/mg) (nmols/hr/mg)
Pentobarbital 27+ 10 42 + 6° 14127 0.30 £+ 0.03
Decapitation 39 £ 12 67+9 136 £ 6 0.49 + 0.04

° Significantly different from decapitation, p < 0.05.



522 MASSERANO
0.05) in the cyclic AMP-independent pro-
tein kinase activity following decapitation
as compared with adrenal protein kinase
activity from animals anesthetized with
pentobarbital.

Effects of chlorisondamine upon stress
activated TH

The effect of chlorisondamine treatment
on the stress-induced activation of TH in
the adrenal medulla was determined.
Chlorisondamine, 50 mg/kg, was adminis-
tered subcutaneously 4 hours before killing
the rats. This treatment did not appear to
affect adrenal TH activity in the pentobar-
bital treated group of animals (Table 4). In
contrast, the ganglionic blocking agent in-
hibited the activation of TH associated
with decapitation by approximately 60%.
This effect was apparent at both high and
low cofactor concentrations. When chlori-
sondamine (15 mg/kg) or hexamethonium
(15 mg/kg) was administered one hour be-
fore decapitation or anesthetization of the
animals, similar results were obtained (data
not shown).

TABLE 4

Stress-activation of adrenal medulla tyrosine
hydroxylase

Effect of chlorisodamine. The values are the means
from five experiments + S.E.M. All values were deter-
mined at 0.1 mM [1-C]L-tyrosine. Data are presented
as nmoles CO; formed per hour per mg protein. Chlor-
isondamine was given intraperitoneally (50 mg/kg), 4
hours prior to removal of the adrenal glands. In the
lowest line of the table, the percentages represent the
inhibition of adrenal tyrosine hydroxylase activation
in the decapitation stressed animals which was seen
following chlorisondamine treatment. Percentages
were determined by using the average of the pento-
barbital and pentobarbital + chlorisondamine groups
as the 0% value and the decapitation group as the
100% value.

Treatment [6-MePtH,]
(0.066 mM) (1 mM)
Pentobarbital 53+10 26836
Pentobarbital + chlorison-
damine 69+10 298 +3.2
Decapitation 220+35 69.7+93
Decapitation + chlorisonda-
mine 13.7+24 421 +82
(| 58%) (1 67%)
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DISCUSSION

Rat adrenal TH can be activated rapidly
as a consequence of decapitation of the
animal. The activation of the enzyme ap-
pears to be related to a shift of a fraction of
the less active form of the enzyme to a more
active state. The notion that the enzyme
ordinarily exists in two different states is
suggested from the curvilinear Lineweaver-
Burk kinetics seen in adrenal medulla su-
pernatants prepared from animals that
were anesthetized prior to killing (Figs. 2
and 3). Quantitative transformation of the
enzyme to the active form can be produced
by incubation of enzyme prepared from
anesthetized rats in the presence of the
cyclic AMP-dependent protein phosphoryl-
ating system. The addition of the cyclic
AMP-dependent protein kinase system to
the enzyme obtained from adrenals of both
the stressed and nonstressed rats produces
activation to approximately the same level.
The elimination of the deviation from lin-
earity of the Lineweaver-Burk plot of en-
zZyme activity versus cofactor concentration
suggests that the enzyme is now in the
totally active state.

A greater proportion of the less activated
form of TH is apparent in adrenals obtained
from animals anesthetized with ether, pen-
tobarbital or halothane, as compared with
animals whose adrenals are removed fol-
lowing decapitation. That this effect is seen
with all three anesthetics indicates that the
lower activity of TH obtained following an-
esthesia is due to a “non-stressful” removal
of the adrenal gland and not to some non-
specific effect of the anesthetics. We have
added pentobarbital (1 um to 1 mM) to
soluble adrenal TH and observed no effect
on TH activity. In addition, when adrenal
TH from animals that were subjected to
decapitation under pentobarbital anesthe-
sia was examined, the activity of the en-
zyme was similar to that seen in prepara-
tions obtained from unanesthetized, decap-
itated animals. It thus appears that the
differences in TH activation observed in
the several groups examined in this study
are due to the effects of the stress and are
not related to the anesthetic itself.

Since protein kinase is activated by de-
capitation (Table 3), it is possible that TH
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activity is enhanced artifactually either

during homogenization of the tissue or dur-
' ing the assay. However, the preparation of
, the tissue for assay was conducted at 4°.

We have demonstrated that the addition of
r cyclic AMP, ATP and Mg** to the adrenal
enzyme at 4° does not result in enzyme
activation. In addition, the supernatant en-
zyme was routinely separated from small
molecules by Sephadex chromatography
prior to the assay. Thus, ATP and Mg**
would be separated from the enzyme and
any cyclic AMP-independent protein ki-
nase present would be unable to activate
TH by phosphorylation subsequent to this
step. Furthermore, when protein kinase is
separated from TH by sucrose density cen-
trifugation, the activation of the latter en-
zyme following decapitation can still be
demonstrated. These results suggest that
the activation of TH following decapitation
is indeed occurring in the intact adrenal
gland.

It has been reported that the effects of
handling rats and injecting them intraperi-
toneally can itself be stressful (44; R. Kvet-
nansky, personal communication). This
might explain the presence of a considera-
ble fraction of the enzyme in the activated
state in the anesthetized groups. However,
it is possible that there is some proportion
of activated enzyme present in the adrenal
gland even in the absence of adrenal im-
pulses and stress, because we observed no
difference in TH activity between animals
treated with pentobarbital and those
treated with chlorisondamine plus pento-
barbital. The proportion of the enzyme in
the active state that is seen in the anesthe-
tized groups may therefore represent the
“basal level” of rat adrenal TH activity.
Conversely, animals treated with chlorison-
damine prior to decapitation exhibit a 60%
decrease in adrenal TH activity as com-
pared to the decapitated animals not
treated with the ganglionic blocking agent.
This suggests that the TH activation seen
in the adrenal following stress is transsy-
naptically mediated.

Ether anesthesia was associated with a
significant increase in TH activity over that
seen with halothane anesthesia. This in-
crease may be explained by the fact that
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ether produces a generalized sympathetic
nervous system response and catechola-
mine release from the adrenal medulla (45,
46), whereas halothane does not exert this
effect.

A considerable number of putative allo-
steric modulators of TH has been proposed
and one or more of these substances may
be responsible for the enhanced activity of
this enzyme that is associated with neural
activity or stress. Mandell et al. (47) noted
that administration of either amphetamine,
reserpine or alpha-methyl-p-tyrosine to
rats is associated with a shift of caudate
TH from the soluble to the particulate
state, presumably as a consequence of
membrane binding. This was associated
with a modest activation of the enzyme.
However, stresses that presumably en-
hance central neural activity did not repro-
duce the effects of the drugs on this enzyme.

Kuczenski and Mandell (48) observed
that sulfate ions and heparin activated rat
caudate soluble TH in vitro. Both the max-
imal velocity and the affinity of the enzyme
for cofactor were enhanced by heparin. In
addition, the K; for dopamine was increased
by this sulfated polysaccharide. The
changes produced by heparin resulted in an
enzyme whose kinetic properties resembled
closely those of particulate enzyme. Ku-
czenski and Mandell (49) proposed that
physiological stimuli may modify the solu-
ble enzyme or its environment in a manner
that allows the molecule to become mem-
brane bound. As a consequence, the enzyme
is activated. However, the relevance of this
effect of heparin to neurally induced en-
zyme activation is questionable (50).

Other anions, such as, phosphatidyl-L-
serine (51, 52), lysolecithin (52), and poly-
glutamic acid (53), are able to activate rat
caudate TH. In most instances, activation
involves an enhanced affinity of the enzyme
for cofactor, a shift in the optimal pH of the
enzyme toward the more physiological pH
region, and a reduced affinity of the enzyme
for dopamine. However, neither heparin
nor phosphatidyl-L-serine affect the activ-
ity of TH from peripheral adrenergic neu-
rons (54). In contrast, melanin is able to
activate both rat brain and bovine adrenal
TH (55).
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The similar activation of the enzyme as-
sociated with stress and with the cyclic
AMP-dependent phosphorylating system
suggests that direct phosphorylation or the
phosphorylation of some intermediate ac-
tivator may be responsible for enzyme ac-
tivation in vivo. This interpretation is based
upon the assumption that, if the stress ef-
fect were through some independent mech-
anism, one might expect to see an additivity
of the stress activation and the cyclic AMP-
dependent activation of the enzyme. Var-
ious other treatments do appear to produce
TH activation that is additive with cyclic
AMP-dependent enzyme activation. These
include the effects of calcium on TH in the
hippocampus (16), stimulation of TH activ-
ity in striatal tissue by lysolecithin (43) and
activation of TH in striatal synaptosomes
by ouabain and veratridine (22). We have
observed an additive effect of in vitro cyclic
AMP-dependent activation of the enzyme
and TH activation elicited in adrenal slices
in the presence of elevated potassium con-
centrations (unpublished observations).

In the present studies, we observed no
change in the apparent K,, value for tyro-
sine. However, a small increase in the ap-
parent V., was observed with variable sub-
strate concentrations, following stress and
during incubation of the soluble enzyme
with cyclic AMP, ATP and Mg**. This is
probably because fully saturating cofactor
concentrations, at least for the high K,
form of the enzyme (1 mm), were not em-
ployed. Zivkovic et al. (6) observed similar
kinetic changes in rat striatal TH following
neuroleptic administration, which may be
explained in a similar manner.

The present study suggests that, in the
rat adrenal medulla, two forms of TH co-
exist and the proportions of these two en-
zyme forms depends upon the manner in
which the animals are manipulated prior to
and during killing.

Table 2 illustrates the K., values obtained
for the activated enzyme form in each
group. There are no significant differences
among these K, values, as would be ex-
pected if we assume we are dealing with the
same activated enzyme form in each group.
If we assume that the sum of the apparent
Vmax values presented in Table 2 for the
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high affinity and low affinity enzyme are
indeed equal to the Vpm., for the cyclic
AMP-dependent stimulated form (Vpax
high affinity + Vi low affinity = Vi
cyclic AMP), then we can make the follow-

ing statements: In the preparation from the -

nonstressed rat, the adrenal TH is approx-
imately 25% activated; 75% is in the less
active form. Subsequent to decapitation,
the proportion of activated form in the
adrenal increases to 60%. These values are
calculated on the assumption that the ap-
parent V.. is proportional to the quantity
of the enzyme. Proof of this awaits further
study directed toward the separation of the
two forms of TH and quantitation of the
amounts present by either immunotitration
or other means. Based on preliminary im-
munotitration studies, the assumption ap-
pears to be valid.

Table 2 presents the calculated apparent
K., values for the less active form of adrenal
TH. The average values are within the
range of 0.45 to 0.8 mM. In previous studies
using tissue obtained from striatum (17, 49,
56), nucleus accumbens, hypothalamus,
brain stem (6, 56) and vas deferens (3), K
values for the pterin cofactor (6-MePtH, or
dimethyltetrahydropterin) for control tis-
sues were within the range of 0.47 to 0.80
mM. The absence of reports from other
laboratories that suggest the presence of
two forms of the enzyme may be due to the
fact that, in most tissues, the enzyme is
mainly in the less active state. Various
treatments, including nerve stimulation (3),
heparin sulfate (48), antipsychotic drugs
(17, 56) and melanin (55) appear to be as-
sociated with shifts in the apparent K., for
cofactor to values which are within the
range of 0.11 to 0.29 mM. The infrequency
of curvilinear reciprocal enzyme kinetics
reported for the above mentioned activated
forms of the enzyme may be due to the fact
that these treatments yield an enzyme that
is almost fully activated. However, demon-
stration of two forms of the enzyme may be
difficult unless the proportion of the less
common form of the enzyme is in excess of
20-25% of the total enzyme and unless a
sufficiently broad range of cofactor concen-
trations is examined.

Lovenberg and Bruckwick (17) reported

.




ADRENAL TYROSINE HYDROXYLASE ACTIVATION

that haloperidol pretreatment of rats pro-
duces a reduction in the K, of striatal TH
for the cofactor from 0.53 mM to 0.21 mM.
The addition of the “cyclic AMP-depend-
ent protein phosphorylation system” to the
F soluble striatal enzyme prepared from con-
trol rats produces a similar K,, change from
0.50 mM to 0.16 mM. It is apparent from
these studies that enzyme activation in
vivo, e.g., by haloperidol treatment, can
produce TH activation in the central nerv-
ous system comparable to that produced by
cyclic AMP-dependent protein kinase.
However, based on the present study, the
degree of activation of adrenal TH follow-
ing decapitation is not as great as that
attainable in vivo in the presence of a cyclic
AMP-dependent protein phosphorylating
system (Fig. 3).

Weiner et al. (3) have reported that cur-
vilinear reciprocal kinetics are obtained
with TH prepared from homogenates of
unstimulated hypogastric nerve-vas defer-
ens preparations, which is consistent with
data from the adrenal gland. The curvilin-
ear kinetics are less apparent for the en-
zyme prepared from stimulated vas defer-
ens tissue. The apparent K,, value for co-
factor is reduced from approximately 0.5
mM in the unstimulated preparation to 0.07
mM in the stimulated preparation.

Similar results have been reported by
Nagatsu et al. (55) for rat brain TH and for
purified bovine adrenal TH. Nonlinear
Lineweaver-Burk plots were obtained in
both these preparations and were con-
verted to linear plots when the enzyme was
assayed in the presence of melanin.

Table 3 illustrates that decapitation of
rats produces an increase in protein kinase
activity with no demonstrable change in
cyclic AMP levels in the adrenal medulla.
Concomitant with the protein kinase in-
crease is an increase in TH activity (Fig. 3).
Recently, we have observed that 5 min
following the transorbital application of
electroconvulsive shock to rats there is an
increase in protein kinase and TH activities
in the adrenal medulla with no concomitant
change in cyclic AMP levels (57). However,
10 min following the administration of elec-
troconvulsive shock to rats, a significant
increase in cyclic AMP levels in the adrenal
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medulla does occur and is correlated with
a significant increase in both protein kinase
activity and TH activity in that tissue.
Thus, following stress in the rat, the acti-
vation of adrenal medulla protein kinase
appears to precede any measurable increase
in tissue cyclic AMP level. A similar result
has been reported by Corbin et al. (58) who
found that low doses of epinephrine (0.11
pm) will produce an increase in protein ki-
nase activity and glycerol release in fat pads
without a demonstrable change in cyclic
AMP levels. Nevertheless, the failure to
demonstrate a significant increase in cyclic
AMP at a time when TH is already acti-
vated raises the possibility that the enzyme
activation is not mediated by cyclic AMP.
It is possible that protein kinase is activated
by a cyclic AMP-independent mechanism,
e.g., by calcium-dependent regulator pro-
tein (59, 60).

Our results do not exclude the possibility
that other mechanisms, such as anions (48,
49, 53) or phospholipid activation (51, 52)
may be responsible for the activation of TH
following decapitation.

Joh et al. (25) reported that phosphoryl-
ation of purified rat brain TH is associated
with an increase in Vi, of the enzyme, with
no change in K., for either tyrosine or pterin
cofactor. However, in this laboratory (P. R.
Vulliet, T. A. Langan and N. Weiner, un-
published observations), phosphorylation
of purified enzyme from rat pheochromo-
cytoma is associated with an increase in
affinity for pterin cofactor. The basis for
this discrepancy is not known, but it may
be related to intrinsic differences in the
enzyme from these two tissues.

When a severe stress, such as decapita-
tion, is imposed on the animal, adrenal TH
changes rapidly to a more activated form,
suggesting that the adrenal enzyme pos-
sesses considerable capacity to respond rap-
idly to stress. The adrenal gland is respon-
sive to a number of physiological stimuli,
including cold, heat, alterations in plasma
pH, asphyxia, hypotension, hypoglycemia,
glucagon and physical and emotional
stresses (61). It seems reasonable to sup-
pose that adrenal TH is maintained in a
state of partial activation and that it pos-
sesses the capacity for even greater activa-



526

tion following severe stress. Preliminary ex-
periments in our laboratory have shown
that adrenal TH can be activated by other
stresses, including pain stress from subcu-
taneous formaldehyde injections and sei-
zures produced by electroconvulsive shock.
In the present study we have provided
further evidence to support the concept
that a cyclic AMP-dependent protein phos-
phorylating system mediates TH activa-
tion, and that this activation can occur in
the intact adrenal gland following decapi-
tation. Although this effect is not associated
with a demonstrable rise in cyclic AMP,
there is a significant increase in cyclic
AMP-independent protein kinase within
the adrenal medulla. It remains to be de-
termined whether the activation of the en-
zyme following stress or decapitation in-
volves phosphorylation of the enzyme.
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