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The residue from the second ethanol 
solution, containing about 190 ng of the 
unknown, was dissolved in 5 pjl of 
bis(trimethylsilyl)acetamide, and one- 
half was examined by mass spectrometry 
after a reaction time of 2 minutes. The 
spectrum exhibited signals at the mle val- 
ues required by conversion of the com- 
pound to a di-trimethylsilyl derivative: 
270 -> 414; 253/255 -> 397/399; 239/ 
241 -> 383/385; and 133/135/137 -- 205/ 
207/209. The appropriate shifts also oc- 
curred after trimethylsilylation of DES. 
These data suggest that the unknown is 
an isomer of DES, and one possibility is 
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This compound should display an in- 
tense signal for loss of an ethyl group, as 
the resulting ion with mle 239 is both ben- 
zylic and allylic. Scission of the C-C 
bond between the two benzyl carbons 
results in the formation of ions of mle 
133 (12C9HgO), 135 (12CgHO10 and 
12C814CH90), and 137 (12C814CHO10). 
Analogous ions for the trimethylsilyl de- 
rivative will appear at mle 205, 207 and 
209. The spectra obtained for an authen- 
tic sample of pseudo-DES (5) (free and 
derivative) match those for the unknown 
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The administration of choline by in- 

jection (1) or diet (2) raises the concentra- 
tion of the neurotransmitter acetyl- 
choline (ACh) in rat brain. This increase 
may or may not be associated with a 
change in the amount of transmitter ac- 
tually released into synapses per unit 
time. Studies described in this report 
show that, by activating central mus- 
carinic receptors, choline administration 
also elevates the activity in caudate nu- 
clei of tyrosine hydroxylase (TOH), the 
enzyme that catalyzes the first step in 
catecholamine biosynthesis. This en- 

zyme is absent from cholinergic neurons 
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when the 14C atom in the latter is taken 
into account (see Fig. 1), and the two 
substances behave identically in thin- 
layer chromatography. 

Radiochemical purity is of transcend- 
ing importance in tissue residue studies, 
particularly in view of current emphasis 
on analytical sensitivities and identifica- 
tions at picogram levels. We have identi- 
fied only one of several impurities pre- 
sent in the isotopic DES implants, and 
this was not apparent in the routine ana- 
lytical procedure used for initial report- 
ing of radiochemical purity. The labeled 
impurities found here may arise not only 
from the initial radioactive synthesis, but 
also from self-radiolysis (6) in the solid 
state during storage and during the exper- 
imental period. 
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but is present in dopaminergic neurons 
that receive cholinergic inputs (3). 
Hence, its activation by choline suggests 
that choline administration actually does 
enhance ACh release, at least within the 
brain. 

Male Sprague-Dawley rats (Charles 
River) weighing 150 to 200 g were housed 
in groups of eight in a controlled environ- 
ment (23? to 24?C) for 2 to 4 days before 
use in an experiment. Animals had free 
access to food and water and were ex- 
posed to light (Vita-Lite, Duro-Test 
Corp., North Bergen, N.J.) daily be- 
tween 7 a.m. and 7 p.m. Choline chloride 
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(ChCl) was dissolved in saline and in- 
jected intraperitoneally in a total volume 
of 2 ml per kilogram of body weight. Rats 
were decapitated 2 hours after injection, 
and their brains were quickly removed. 
The corpora striata were dissected (4) on 
an ice-cooled glass plate and immediate- 
ly frozen on Dry Ice. Frozen tissues 
were weighed and homogenized in 10 vol- 
umes of 50 mM tris-acetate buffer, pH 6, 
containing 0.2 percent Triton X-100. The 
homogenates were placed in an ice bath 
for 20 to 30 minutes and were then centri- 
fuged at 10,000g for 10 minutes. The 
TOH activity in the supernatant fluid 
was assayed by the method of Waymire 
et al. (5) and the protein concentration 
by the method of Lowry et al. (6). 

A single injection of 60 or 120 mg of 
ChCl per kilogram caused striatal TOH 
activity to increase by 19 percent 
(P < .05) or 36 percent (P < .01), re- 
spectively (Table 1). A smaller dose (30 
mg/kg) failed to elevate TOH activity sig- 
nificantly. We have previously shown 
that this lower dose causes peak in- 
crements of 11 percent in brain ACh lev- 
els, while the 60-mg/kg dose causes brain 
ACh to rise by 22 percent (1). [We were 
unable to measure ACh and TOH activi- 

ty in the same tissue samples because 
measurement of ACh requires that brain 
enzymes be inactivated-for example, 
by a focused microwave beam aimed at 
the head (1, 2).] The increase in TOH ac- 
tivity that follows choline administration 
could be blocked by treating rats con- 

currently with atropine sulfate, 40 mg/ 
kg, intraperitoneally (Table 2). This mus- 
carinic antagonist had no effect on TOH 

activity when injected alone (Table 2). 
Javoy et al. (7) have recently shown 

that dopa synthesis (8) in the corpus stria- 
tum is accelerated when rats are treated 
with oxotremorine, a drug that stimu- 
lates central muscarinic receptors. In 

preliminary studies, we noted a similar 
acceleration of dopa synthesis in rats giv- 
en choline (9). In animals killed 30 min- 
utes after receiving RO-4-4602 (800 mg/ 
kg, intraperitoneally), those that had also 
received choline 90 minutes before 
death had striatal dopa concentrations 
(957 + 84 ng/g) 42 percent higher than 
those of rats that received only the dopa 
decarboxylase inhibitor (674 + 45 ng/g, 
P < .01). 

Choline itself reportedly acts as a very 
weak agonist on muscarinic receptors; 
however, the brain choline levels at- 
tained after animals received the choline 

(ChCl) was dissolved in saline and in- 
jected intraperitoneally in a total volume 
of 2 ml per kilogram of body weight. Rats 
were decapitated 2 hours after injection, 
and their brains were quickly removed. 
The corpora striata were dissected (4) on 
an ice-cooled glass plate and immediate- 
ly frozen on Dry Ice. Frozen tissues 
were weighed and homogenized in 10 vol- 
umes of 50 mM tris-acetate buffer, pH 6, 
containing 0.2 percent Triton X-100. The 
homogenates were placed in an ice bath 
for 20 to 30 minutes and were then centri- 
fuged at 10,000g for 10 minutes. The 
TOH activity in the supernatant fluid 
was assayed by the method of Waymire 
et al. (5) and the protein concentration 
by the method of Lowry et al. (6). 

A single injection of 60 or 120 mg of 
ChCl per kilogram caused striatal TOH 
activity to increase by 19 percent 
(P < .05) or 36 percent (P < .01), re- 
spectively (Table 1). A smaller dose (30 
mg/kg) failed to elevate TOH activity sig- 
nificantly. We have previously shown 
that this lower dose causes peak in- 
crements of 11 percent in brain ACh lev- 
els, while the 60-mg/kg dose causes brain 
ACh to rise by 22 percent (1). [We were 
unable to measure ACh and TOH activi- 

ty in the same tissue samples because 
measurement of ACh requires that brain 
enzymes be inactivated-for example, 
by a focused microwave beam aimed at 
the head (1, 2).] The increase in TOH ac- 
tivity that follows choline administration 
could be blocked by treating rats con- 

currently with atropine sulfate, 40 mg/ 
kg, intraperitoneally (Table 2). This mus- 
carinic antagonist had no effect on TOH 

activity when injected alone (Table 2). 
Javoy et al. (7) have recently shown 

that dopa synthesis (8) in the corpus stria- 
tum is accelerated when rats are treated 
with oxotremorine, a drug that stimu- 
lates central muscarinic receptors. In 

preliminary studies, we noted a similar 
acceleration of dopa synthesis in rats giv- 
en choline (9). In animals killed 30 min- 
utes after receiving RO-4-4602 (800 mg/ 
kg, intraperitoneally), those that had also 
received choline 90 minutes before 
death had striatal dopa concentrations 
(957 + 84 ng/g) 42 percent higher than 
those of rats that received only the dopa 
decarboxylase inhibitor (674 + 45 ng/g, 
P < .01). 

Choline itself reportedly acts as a very 
weak agonist on muscarinic receptors; 
however, the brain choline levels at- 
tained after animals received the choline 
doses used here (1) were probably far too 
low for the choline to have any direct ef- 
fect on ACh receptors. Hence, the acti- 
vation of these receptors after choline ad- 
ministration most likely resulted from in- 
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Choline Administration: Activation of Tyrosine 

Hydroxylase in Dopaminergic Neurons of Rat Brain 

Abstract. The administration of choline in doses previously shown to elevate brain 

acetylcholine concentrations also increases the activity of tyrosine hydroxylase in rat 
caudate nuclei. This response can be blocked by atropine, a muscarinic antagonist. 
These findings indicate that choline-induced increases in acetylcholine concentra- 
tions may be associated with parallel changes in the amount of the neurotransmitter 
released into synapses. 
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creased release of ACh into synapses. 
This activation, in turn, was associated 
with, and may have resulted from, the 
precursor-induced increase in ACh syn- 
thesis and levels (1). 

The precise anatomic mechanisms that 
mediate the choline-induced activation 
of striatal TOH are still unknown. Histo- 
chemical (10) and lesion (11) studies 
have been interpreted as showing that 
practically all of the ACh in striatal neu- 
rons is located within small interneu- 
rons. Considerable immunohistochem- 
ical (12) and biochemical (13) evidence 
suggests that at least some of these 
cholinergic interneurons receive pre- 
synaptic inputs from dopaminergic neu- 
rons; however, there is still no direct 
evidence that the inverse synaptic con- 
nections (that is, of cholinergic on do- 
paminergic neurons) also exist. Choliner- 
gic drugs are known to accelerate both 
dopamine turnover (14) and dopamine 
synthesis (7, 8) and to increase the con- 
centration of the dopamine metabolite 
homovanillic acid (HVA) (15) in the stria- 
tum. Conversely, such anticholinergic 
drugs as atropine and scopolamine dimin- 
ish striatal dopamine turnover and de- 
crease striatal HVA concentrations (16). 
Moreover, these drugs lessen the in- 
crease in striatal HVA content caused by 
giving rats drugs that block dopamine re- 
ceptors-an increase thought to reflect 
activation of nigro-neostriatal neurons 
by a polysynaptic mechanism (17). Thus, 
increases in ACh release seem likely 
to cause parallel changes in the activa- 
tion of nigro-neostriatal neurons. Such 
changes might be expected to affect 
TOH activity within these neurons. Do- 
paminergic terminals within the striatum 
apparently contain both muscarinic and 
nicotinic receptors, and the activation of 
these receptors facilitates dopamine re- 
lease in vivo and in vitro (18). Hence, the 
choline-induced activation of TOH activ- 
ity could be mediated either by a poly- 
synaptic neuronal loop, which might in- 
volve axons terminating on dopaminer- 
gic cell bodies in the substantia nigra, or 
by axo-axonal synapses entirely within 
the caudate. 

Cholinergic activation by various phar- 
macological agents has also been shown 
to elevate TOH activity in such tissues 
as the adrenal medulla (19, 20), the supe- 
rior cervical ganglia (19, 20), and the 
locus coeruleus (21). In the medulla and 
ganglia this increase can first be detected 
16 to 24 hours after cholinergic activa- 
tion, and, apparently, is mediated by ac- 
celerated synthesis of the enzyme pro- 
tein (20). In the locus coeruleus, the in- 
crease in TOH activity also requires 
about 24 hours to become statistically 
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Table 1. Tyrosine hydroxylase activity (nano- 
moles CO2 formed per hour per milligram of 
protein) in striata of rats receiving ChCl. Rats 
were killed 2 hours after receiving ChCl intra- 
peritoneally. Tyrosine hydroxylase was as- 
sayed by measuring the rate of 14CO2 forma- 
tion from L-[carboxy-14C]tyrosine. The en- 
zyme was incubated for 30 minutes at 37?C in 
a round-bottom flask containing tyrosine (0.1 
mM) and 6,7-dimethyl-5,6,7,8-tetrahydropte- 
rine (0.5 mM) in a final volume of 120 A1l. After 
a 2-minute incubation, the enzymatic reaction 
was initiated by adding 10 Zl of the 
[14C]tyrosine (specific activity, 12 mc/nmole); 
the reaction was terminated by adding 0.5 ml 
of 10 percent trichloroacetic acid to the mix- 
ture. Values are expressed as mean ? 
S.E.M. The number of samples assayed is 
indicated in parentheses. Linear regression 
analysis of enzyme activity against choline 
dose yielded a value of the correlation 
coefficient, r, of .55 (P < .05). 

Dose of ChCl TOH activity 
(mg/kg) (nmoles hour-' mg-1) 

0 1.91 ? 0.11 (14) 
30 2.26 ? 0.18 (6) 
60 2.28 ? 0.09* (9) 

120 2.60 ? 0.20t (5) 

*P < .05 compared with enzyme activity in samples 
from control rats by Student's t-test. tP < .01. 

significant; however, this increased activ- 
ity does not appear to involve a change 
in the rate of enzyme synthesis (21). The 
speed with which choline increases stria- 
tal TOH activity (Table 1) strongly sug- 
gests that the increase is mediated by ac- 
tivation of preexisting enzyme protein. 
This activation is not associated with any 
apparent change in the kinetics of the en- 
zyme: its Michaelis constant, Km, for 
tyrosine is similar in striatal homoge- 
nates from control animals (52 + 2 pM) 
and from rats treated with 120-mg/kg cho- 
line (55 ? 6 AM). 

As far as we know, these observations 
provide the first evidence that the in- 
crease in the brain level of a neurotrans- 
mitter (in this case, ACh) produced by 
administering its precursor (choline) can 
cause more of the transmitter to be re- 

Table 2. Effect of atropine on the choline-in- 
duced increase in striatal TOH activity. Ani- 
mals received ChCl (60 mg/kg) and atropine 
sulfate (40 mg/kg) intraperitoneally 2 hours be- 
fore they were killed. Values are expressed as 
mean ? S.E.M. The number of samples as- 
sayed is indicated in parentheses. Data were 
analyzed by analysis of variance. 

Treatment TOH activity 
(nmole hour-' mg-') 

Control 2.23 ?+ 0.09 (8) 
Choline chloride 2.68 + 0.10* (9) 
Atropine sulfate 2.29 + 0.08 (8) 
Atropine sulfate + 

choline chloride 2.36 ? 0.05 (7) 

*Different from control groups or from atropine- 
treated groups at *P < .05. 

leased. The evidence is indirect and in- 
volves the demonstration that choline ad- 
ministration activates postsynaptic choli- 
nergic receptors (that is, the muscarinic 
receptors that are blocked by atropine), 
which then modify an enzyme (TOH) 
present in the postsynaptic neurons. Be- 
cause variations in dietary choline con- 
tent have also been shown to influence 
striatal ACh levels (2), the possibility ex- 
ists that, by modifying ACh release, diet- 
ary factors can also affect the activities 
of catecholaminergic neurons and of oth- 
er cells receiving cholinergic inputs. 
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