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Tetrahydrobiopterin in Striatum: Localization in Dopamine

Nerve Terminals and Role in Catecholamine Synthesis

Abstract. The hydroxylase cofactor, tetrahydrobiopterin, and its biosynthetic
system are localized in dopaminergic nerve terminals in the striatum. This conclu-
sion is based on the nearly equivalent loss of tyrosine hydroxylase and tetrahydro-
biopterin and its initial biosynthetic enzyme, guanosine triphosphate cyclohydrolase,
after injection of 6-hydroxydopamine into the substantia nigra. The role of the
hydroxylase cofactor in the regulation of dopamine synthesis is reassessed.

The initial and rate-limiting reaction in
the biosynthesis of catecholamine neuro-
transmitters (dopamine, norepinephrine,
and epinephrine) is catalyzed by tyrosine
hydroxylase. This enzyme requires mo-
lecular oxygen and the reduced form of
the hydroxylase cofactor, tetrahydro-
biopterin (BHy), for the conversion of
tyrosine to L-dopa, which is then decar-
boxylated to form dopamine in dopamin-
ergic neurons of the central nervous sys-
tem (CNS). Tetrahydrobiopterin is also
required for tryptophan hydroxylase ac-
tivity in the neurons that produce the
other major biogenic amine neurotrans-
mitter, serotonin, We previously report-
ed that the distribution of hydroxylase
cofactor across areas of the rat brain was
positively correlated with the total (tyro-
sine plus tryptophan) hydroxylase en-
zyme activity (/). Since these enzymes
are markers for aminergic neurons, our
results suggested that BHy was at least
highly concentrated if not exclusively
localized in aminergic neurons in certain
areas of the brain, We also reported that
the hydroxylase cofactor content in cere-
brospinal fluid (CSF) from patients with
Parkinson’s disease was reduced to 50
percent compared to control (2). Since
Parkinson’s disease is characterized by a
degeneration of nigrostriatal dopaminer-
gic neurons, a considerable portion of
CSF cofactor appears to be derived from
these cells. .

In the brain BH, is synthesized de
novo from guanosine triphosphate
(GTP). Although the enzymatic steps in
BH, biosynthesis have not been com-
pletely elucidated, it is accepted that the
initial step is the conversion of GTP to
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dihydroneopterin triphosphate. This re-
action is catalyzed by the enzyme GTP
cyclohydrolase (3). Just as tyrosine hy-
droxylase serves as a marker enzyme for
catecholaminergic neurons, GTP cyclo-
hydrolase should serve as a marker for
cells with BH,4 synthesizing capability.
Tyrosine hydroxylase can be activated
by such processes as direct protein phos-
phorylation (4) and limited tryptic diges-
tion (5) as well as by anions (6) and
phospholipids (7). Activation by protein
phosphorylation is expressed in kinetic
terms by a lower Michaelis constant
(Ky,) of tyrosine hydroxylase for its co-
factor BH4 (4), and consequently the
enzyme is more active in the presence of
suboptimal BH, concentrations. The de-
creased K, for BH, is important because
of evidence suggesting that intraneuronal
concentrations of BH, are subsaturating
and thus limit the activity of tyrosine
hydroxylase in the dopaminergic neu-
rons of the nigrostriatal system (8, 9). To
develop greater understanding of the cel-
lular localization and site of biosynthesis
of BH4 in the CNS, we studied the

nigrostriatal system of the rat as a model
aminergic area because of the high con-
centration of dopaminergic neurons and
the functional importance of this area in
certain neurological disorders, notably
Parkinson’s disease.

The specific neurotoxin 6-hydroxydo-
pamine (6-OHDA) was injected (10) into
the left substantia nigra of male Sprague-
Dawley rats to selectively destroy the
dopamine neurons whose cell bodies,
which are located in the nigra, project to
and terminate in the corpus striatum.
The contralateral striatum serves as a
control since neurotoxic damage is limit-
ed to the nigra and striatum ipsilateral to
the lesion. The success of the 6-OHDA
lesion was tested by monitoring apomor-
phine-induced rotational behavior (/1);
only animals making three or more
clockwise turns per minute were used in
biochemical analyses. Striatal tyrosine
hydroxylase activity was measured as
described in (/2). Reduced and oxidized
forms of biopterin in the striatum were
measured by native fluorescence after
high-pressure liquid - chromatography
(13). Striatal GTP cyclohydrolase activi-
ty was measured by monitoring the con-
version of GTP to. dihydroneopterin tri-
phosphate as described by Nixon et al.
4.

The results of the experiments (Table
1) show that tyrosine hydroxylase was
depleted in the striatum on the lesioned
side by 93 percent in comparison with
the control activity in the contralateral
striatum. This decrease in striatal tyro-
sine hydroxylase activity together with
the clockwise turning exhibited by the
same animals in response to apomor-
phine indicated almost complete destruc-
tion of nigrostriatal dopaminergic neu-
rons. The 6-OHDA lesion also caused a
73 percent loss of total biopterin in the
ipsilateral striatum as well as a 68 per-
cent loss of striatal GTP cyclohydrolase
activity (Table 1). Bullard et al. (I5),
who administered 6-OHDA intraventric-
ularly, suggested that there was some
association of reduced pterins with dopa-
minergic neurons, although the intraven-

Table 1. Effects of unilateral 6-hydroxydopamine injection in the substantia nigra on biopterin
and related enzymes in rat striatum. Values are mean = the standard error of the mean.

GTP-Cyclo- Tyrosine
hydrolase hydroxylase
(pmole/hour Biopterin (nmole/min
Treatment per milli- (nglg, wet per milli-
gram of weight) gram of
protein) protein)
Control (N = 6) 3.85 = 0.92 0.33 = 0.01 2.50 = 0.04
6-Hydroxydopamine (N = 6) 1.22 = 0.43* 0.09 = 0.017 0.17 = 0.097
Percent decrease 68 73 93

*P < .01 and TP < .001; significantly different from control values as determined by Student’s paired ¢-test.
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tricular injection was not totally effective
in depleting cofactor.

Our studies with both lesioned and
control striata confirm reports (I3, 16)
that over 90 percent of biopterin is in the
reduced (tetrahydro) form. Our results
also indicate that in the striatum the
majority of BH, and the capacity to
synthesize the cofactor are specifically
located in dopamine neurons. The fact
that tyrosine hydroxylase activity was
depleted slightly more than either bio-
pterin or GTP cyclohydrolase would be
expected because of a small percentage
of serotonergic innervation of the stria-
tum. Since tryptophan hydroxylase in
serotonergic neurons also requires BH,
for activity, it is likely that the GTP
cyclohydrolase and BH,4 remaining in the
striatum after the nigral lesion reside in
serotonergic nerve terminals whose cell
bodies are located in other regions.

These observations support the sug-
gestion that BH, is exclusively localized
within aminergic neurons throughout the
brain (I, 17). Alternatively BH,; may be
present in nondopaminergic postsynap-
tic neurons, which are depleted of cofac-
tor when the dopamine innervation is
removed. This explanation would re-
quire that most of the BH, be present in
nondopaminergic structures of the stria-
tum. This seems unlikely in view of our
observation (/8) that BH, and tyrosine
hydroxylase subunits are present in the
striatum in nearly equimolar amounts.
Since tyrosine hydroxylase is contained
only within dopaminergic terminals,
most of the tyrosine hydroxylase sub-
units would have no immediate access to
cofactor molecules.

From calculations based on the gross
wet weight of striatal tissue, it was re-
ported that the intracellular concentra-
tion of BH, within striatal dopamine
terminals was approximately 1 pM (/,
15). Our results, which demonstrate a
high degree of cofactor localization in
striatal dopamine nerve terminals, pro-
vide the opportunity to more accurately
assess the intracellular BH, concentra-
tion. It is difficult to estimate the small
volume contributed by dopamine nerve
terminals to the total volume of the stria-
tum, since there is no apparent change in
tissue mass after the 6-OHDA lesions.
Only biochemical assays of specific
aminergic markers or the lack of dopa-
mine histochemical fluorescence (79) af-
ter 6-OHDA treatment reveals the loss of
striatal terminals. However, if one as-
sumes that 1 percent of the striatal vol-
ume is occupied by dopamine terminals,
then the concentration of BHy in the
terminal would be approximately 100
M or possibly higher, depending on the

920

degree of intraneuronal compartmental-
ization of BH,. Our observations have
important implications for the in vivo
regulation of tyrosine hydroxylase activ-
ity by BH, concentrations and protein
phosphorylation.

Recent studies (20) show that the K,
of nonphosphorylated striatal tyrosine
hydroxylase for cofactor is pH-depen-
dent; K, values increase dramatically
with pH above 5.8. The K, of the phos-
phorylated form of the enzyme for BH,
is considerably lower and appears to be
independent of pH. As a result, the dif-
ference in K, values between the acti-
vated and control enzyme at pH 6.8
could be large. Similarly the K, values
at pH 6.8 of adrenal tyrosine hydroxy-
lase for cofactor appear to be between 10
and 30 wM for the phosphorylated form
and 500 to 600 wM for the nonphospho-
rylated form (/8). On the basis of these
values and our estimate of 100 uM as the
intraneuronal BH,4 concentration, it ap-
pears that the phosphorylated form of
tyrosine hydroxylase would be saturated
with cofactor and therefore optimally
active. Conversely, the nonphosphoryl-
ated enzyme would be relatively inactive
and would not contribute significantly to
the endogenous synthesis of catechol-
amines. Thus, phosphorylation would
represent a mechanism for rapidly in-
creasing the rate of transmitter synthe-
sis.

These findings have implications for
the treatment of Parkinson’s disease and
other disorders in which a lack of suffi-
cient biogenic amine production is sus-
pected. Since most of the BH, and its
biosynthetic machinery in the nigrostria-
tal system are localized in dopaminergic
neurons, it is probable that the major if
not exclusive physiologic role of BH, in
this area is to serve as cofactor for
tyrosine and tryptophan hydroxylases.
Therapeutic administration of BH, or
synthetic analogs should increase neuro-
transmitter synthesis specifically within
aminergic neurons. This appears feasible
since both BHy and a more lipophilic
synthetic analog, 6-methyltetrahydro-
pterin, have been shown to cross the
blood-brain barrier and elevate whole
brain and striatal cofactor concentra-
tions (/6). The kinetic data on tyrosine
hydroxylase suggest that the intracellu-
lar concentration of BH, severely limits
the activity of the nonphosphorylated
enzyme and support other observations
8, 9) indicating that the intraneuronal
concentration of BH, influences dopa-
mine production. We have found that
about 80 percent of tyrosine hydroxylase
in striata from control animals is in the
high K, form; thus, exogenous adminis-

tration of pharmacologic doses of cofac-
tor could elevate the activity of this pool
of tyrosine hydroxylase molecules and,
thereby, accelerate dopamine synthesis
in functional nigrostriatal dopaminergic
neurons.
ROBERT A. LEVINE
LEONARD P. MILLER
WALTER LOVENBERG
National Heart, Lung, and Blood
Institute, National Institutes of
Health, Bethesda, Maryland 20205
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Renin and Angiotensin: The Complete System Within the

Neuroblastoma X Glioma Cell

Abstract. Cells of the homogeneous hybrid line neuroblastoma x glioma (NGI08-
15) have many neuronal properties. Immunocytochemical tests show that they
contain both immunoreactive renin and angiotensin; direct radioimmunoassays
show that they are positive for renin, angiotensin I, and angiotensin II; enzymatic
assays show that they contain angiotensinogen and converting enzyme as well. The
renin appears to be present in an enzymatically inactive form that can be activated
by trypsin and then blocked by antiserum to purified mouse submaxillary renin.
Renin concentration and activity are increased by enhancing cellular differentiation
with dibutyryl cyclic adenosine monophosphate or by serum withdrawal. These
findings demonstrate a complete renin-angiotensin system within these neuron-like
cells, and suggest that activation of intracellular renin could generate angiotensin I1.

The peripheral renin-angiotensin sys-
tem is integral to blood pressure control
and extracellular fluid volume homeosta-
sis (/). The active hormone angiotensin
IT is generated within the circulation by
sequential cleavage by renal renin of
liver-derived angiotensinogen to form
angiotensin I, and subsequent conver-
sion of angiotensin I to angiotensin II by
converting enzyme. Several lines of evi-
dence suggest the possibility of a sepa-
rate renin-angiotensin system intrinsic to
the central nervous system (2-5). Exoge-
nous administration of renin, angiotensin
I, or angiotensin II into the brain ventri-
cles raises blood pressure, stimulates
drinking, and releases antidiuretic hor-

mone and adrenocorticotropin (2, 6). Re-
nin enzymatic activity, and renin and
angiotensin immunoreactivity have been
demonstrated in several regions of the
brain (4, 5). It is not known whether
neural tissue generates renin and angio-
tensin, or rather utilizes the components
synthesized within kidney and liver.
Also unknown is whether the renin-angi-
otensin cascade is completed within the
circulation of the brain and then the
products absorbed by neural tissue or
whether some of the steps in angiotensin
II generation can be completed within
the nerve cells.

We have investigated a homogeneous
cell line in tissue culture, the neuroblas-

toma X glioma (NG108-15) cell, as a
possible model for understanding the re-
nin-angiotensin system in neurons. Be-
cause of their nervelike properties these
cells have proved helpful in investiga-
tions of neurotransmitter synthesis, syn-
apse formation, and membrane excitabil-
ity (7). We report here that they contain
antigenic renin that must be activated in
order to allow angiotensin I to be gener-
ated. They also contain a renin sub-
strate, converting enzyme, angiotensin I,
and angiotensin II, suggesting that the
complete renin-angiotensin cascade may
be completed within a single cell.

Cells of the NG108-15 line of mouse
neuroblastoma X rat glioma were grown
and passaged in Dulbecco’s modification
of Eagle’s minimum essential medium,
supplemented with 5 percent fetal bovine
serum, 1 X 107*M hypoxanthine, 1 x
107°M aminopterin, and 1.6 X 107°M
thymidine. For radioimmunoassay, cells
were washed three times with phos-
phate-buffered saline, sonicated for 9
seconds on ice, and immediately frozen
in phosphate-buffered saline in a bath
containing acetone and dry ice. The ra-
dioimmunoassay and immunocytochem-
istry for renin were performed with rab-
bit antibody to pure renin from mouse
submaxillary gland. This renin was puri-
fied by the method of Cohen et al. (8)
and appeared as a single band on both
sodium dodecyl sulfate (SDS) and poly-
acrylamide gels. Its biochemical similar-
ity to renal renin has been established
(9). The direct renin radioimmunoassay
was developed according to the method
of Michelakis er al. ({/0) with iodination
by the chloramine-T method. Sensitivity
was 50 pg. Angiotensin I and angiotensin
II radioimmunoassays were performed
by the methods of Poulsen and Jorgen-
sen (/1) and Nussberger et al. (12), re-
spectively.

Table 1. All components of the renin-angiotensin system are located in the NG108-15 cell. Only trace amounts of angiotensin I were generated
before the cells were exposed to trypsin; the levels reported are those obtained after the cells were trypsinized by the method of Cooper et al.
(21). Trypsinization was terminated after 20 minutes by soybean trypsin inhibitor. Control cells exposed to trypsin that had previously been
mixed with inhibitor showed no activity. The values shown here were obtained without the addition of exogenous substrate; values were
comparable with its addition. Antibody inhibition experiments were performed with the antiserum diluted 1:1000. The radioassay for converting
enzyme was performed with [PH]Hip-Gly-Gly used as substrate and ethyl acetate used for extraction at pH 8.0. In each case the converting
enzyme inhibitor SQ 14,225 (107*M) blocked the converting enzyme activity of the cells. Cells were exposed to dibutyryl cyclic AMP (1 mM) in

serum-containing medium for 4 days. Each assay was performed in duplicate and is reported as

+ 1 standard deviation; N is the number of

independent assays. The symbol (+) indicates that angiotensin [ could be generated without exogenous substrate.

Renin

Converting enzyme

Angio-
Concentra- Inhibition Sub- tensin 11 . Inhibition
Group tion (N = 2) Activity* by strate (N=12) Acn_wty by 1073 M
(pg/mg (N = 4) antibody N=4 (fmole/mg (N = 3) SQ 14,225
protein) ) protein) (U/mg) )
Control 34 £ 10 200 * 30 87 + 62 = 5 5.5+0.1 91
Serum-free 132 = 25 1000 =+ 30 90 + 32+3 5.5 +x0.1 88
Dibutyryl cyclic AMP Not tested 300 = 20 92 + 99 + 2 5.8+ 0.1 96

*Measured as picograms of angiotensin I per milligram of protein per hour.
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