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Potassium depolarization of striatal slices results in an ac- 
celeration of dopamine (DA) synthesis [l, 21 which seems 
to be mediated in part by a kinetic activation of the rate- 
limiting enzyme tyrosine hydroxylase [S]. Thus, an in- 
creased enzyme activity was found when tyrosine hydrox- 
ylase prepared from K+-depolarized striatal slices was 
assayed in vitro in the presence of sub-saturating concen- 
trations of tyrosine and pterin cofactor [3]. This activation 
appears to be mediated by an increase in affinity of the 
enzyme for the pterin cofactor and a decreased affinity 
for the end-product inhibitor DA. An increase in impulse 
flow in the nigro-neostriatal pathway of the rat results also 
in an increase in DA synthesis and causes a kinetic acti- 
vation of striatal tyrosine hydroxylase [4]. We have 
recently shown [2] that ethanol (0.2 to 0.8’%, w/v) specifi- 
cally blocks the increase in DA synthesis observed in stria- 
tal slices after K+-depolarization, while having no effect 
on DA synthesis measured in non-depolarized striatal 
slices. Moreover, ethanol (0.2 to 0.8%, w/v) was able to 
block the kinetic activation of tyrosine hydroxylase pro- 
duced by K+-depolarization, while having no effect on 
tyrosine hydroxylase prepared from non-depolarized slices 
[3]. It was interesting to find out the mechanism(s) under- 
lying these interesting effects of ethanol. 

Recent experimental evidence is consistent with the pos- 
sibility that alterations in endogenous levels of cyclic AMP 
which occur during depolarization [5] might in part be 
responsible for the increase in DA synthesis ,[l, 21 and for 
the kinetic activation of tyrosine hydroxylase produced 
after incubating striatal slices in a K+-enriched medium 
[3]. Thus, DA synthesis in striatal slices is increased by 
the addition of dibutyryl cyclic adenosine monophosphate 
(dB-CAMP) to the incubation media [6]. Moreover, tyro- 
sine hydroxylase in high speed supernatant prepared from 
rat striatum is activated by cyclic AMP [7]. The kinetic 
activation of the enzyme produced by cyclic AMP is simi- 
lar to that which we have reported to occur after K+-depo- 
larization of the striatal slices 131. It is possible then that 
ethanol is inhibiting the K’-induced DA synthesis and 
Kf-induced activation of tyrosine hydroxylase by altering 
cyclic AMP production and/or its action. In search of sup- 
port for this proposal, we have studied in this paper the 
effect of ethanol on the increase in DA biosynthesis in- 
duced by dB-CAMP. Since theophylline is an agent known 
to inhibit phosphodiesterase [S] and to alter tissue levels 
of cyclic AMP 191, we have studied also the synthesis of 
DA by striatal slices in the presence of theophylline and 
in the presence and absence of ethanol. 

Striatal tissue slices (0.2 mm in thickness) were prepared 
with a Sorvall tissue chopper from the striatum of adult, 
Sprague-Dawley rats of both sexes. Tissue slices weighing _ - 
about 3&40 mg were incubated at 37” in beakers contain- 
inr 5 ml of Krebs-Ringer phosphate (KRP). PH 7.4, satu- __. 
rated with 95% O2 + p,; CO*. After a lo-min preincuba- 
tion period, labeled L-tyrosine-[‘%Z] (U) with a sp. act. 
of 5 mCi/m-mole was added to the media, producing a 
final tyrosine concentration of 2.5 x lo-’ M. Thereafter, 
the slices were incubated an additional 30 min, the beakers 
were chilled on ice, and the slices were separated from 

the media by centrifugation at 12,100 9 for 10 min in a 
Sorvall refrigerated centrifuge. The slices were then hom- 
ogenized in 15% trichloroacetic acid (TCA); each incuba- 
tion media was acidified with 0.5 ml of 50% TCA. When 
ethanol was employed, it was added to the medium at 
the beginning of the preincubation period. When used, 
dB-CAMP and theophylline were added 5 min after the 
beginning of the preincubation period. Tissue blanks were 
run by incubating striatal slices as described above but 
in the presence of r-methyl-p-tyrosine (2 x 10m4 M), an in- 
hibitor of tyrosine hydroxylase. Similar blank values were 
obtained by incubating striatal slices which had been in- 
itially precipitated with 15% TCA. A typical sample to 
blank ratio usually had a value between ten and twelve. 

Unlabeled DA, norepinephrine and tyrosine (50 pg each) 
were added to both tissue homogenates and media and 
the precipitated protein was then removed by centrifuga- 
tion at 12,100 c~ for 20 min. Separation and analysis of 
the tissue and the media for labeled DA were carried out 
as described previously [lo] by absorption chroma- 
tography through Alumina columns and ion-exchange 
chromatography through Amberlite CG-120 columns. 
Eluates from the columns containing labeled DA were ana- 
lvzed for 14C in a Nuclear Chicago scintillation counter. 
kesults were calculated as describkd previously rl] and 
are expressed in terms-of nmoles [“%Z]DA/g wet weight/hr 
unless stated differently. Total r“?ZlDA synthesized rep- 
resents the sum of the-[‘4C]DA content in slices plus the 
[14C]DA content in the medium. [‘4C]dopamine present 
in the media was always a small fraction of the [14C]DA 
content in slices (10 + 0.6 per cent). This fraction remained 
the same with the different incubation media used and it 
was shown not to vary under the presence of dB-CAMP 
or theophylline. Under the experimental conditions used, 
the apparent K, for [14C]tyrosine was 2.4 x 10e6 M and 
the synthesis of [14C]DA was linear for up to 45 min 
when using a [“‘Cltyrosine concentration of 2.5 x lo-’ 
M. 

The [“%]tyrosine taken up by the tissue during the in- 
cubation period was also determined [ll]. Tyrosine was 
separated from catechols and other labeled tyrosine meta- 
bolites by passage thro’ugb Alumina columns and columns 
of Dowex 5OW-X8 (H+), 10&200 mesh. Eluates from the 
Dowex-50 columns were evaporated to dryness, re-dis- 
solved in distilled water and the radioactivity was deter- 
mined by liquid scintillation counting. 

Incubation of striatal slices in the presence of dB-CAMP 
resulted in a marked increase in the total conversion of 
[14C]tyrosine to [14C]DA (Table 1). The increased forma- 
tion of newly synthesized [14C]DA was found to be dose- 
dependent. Concentrations of dB-CAMP ranging from 
1 x 10d5 to 5 x 10e4 M, respectively, increased the for- 
mation of newly synthesized [14C]DA from 19 to 84 per 
cent (Table 1). Cyclic AMP (5 x lo-“ M) which is a good 
substrate for phosphodiesterase and which penetrates cell 
membranes less readily than dB-CAMP [12, 131, produced 
no stimulating effect on the rate of [“‘C]DA synthesis and 
rather a small inhibition was found. Similar results to those 
described above have been reported by other authors 
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Table 1. Effect of dB-CAMP, theophylline and ethanol on the synthesis of [‘4C]dopa- 
mine by striatal slices* 

Incubation media 

Total [‘4C]dopamine Per cent 
synthesis change from 

N (nmoles/g wet wt/hr) KRP controls 

KRP (controls) 34 29.3 k 0.8 

KRP k dB-CAMP (1 x lo-” M) 4 34.8 i 1.4t +19 
KRP -t dB-CAMP (5 x 10m5 M) 4 40.3 * 1.7: +38 
KRP + dB-CAMP (5 x 1O-4 M) 15 54.0 + 1.4: +84 

KRP + theophylline (lo-’ M) 4 36.0 i 3.3t +23 
KRP + theophylline (10e4 M) 4 39.5 f 4.8# +35 
KRP + theophylline (10m3 M) 29 47.4 * 1.3t 1-62 

KRP + ethanol (OX,, WV) 8 27.70 f 0.6 -5 
KRP + dB-CAMP (5 x 10m4 M) 

+ ethanol (0.8$,, w/v) 8 33.40 * 1.911 +14 
KRP + theophylline (10-j M) 

+ ethanol (0.8:;,, w/v) 9 29.50 f 1.91, +1 

* Striatal slices were prepared by means of a Sorvall tissue chopper and incubated 
in a media containing saturating concentrations of [‘%Z]tyrosine (2.5 x lo-’ M, sp. 
act. 5.0 mCi/m-mole and 0.625 pCi/Rask) for 30 min at 37”. [‘%]dopamine was 
separated by column chromatography, and its radioactivity determined in a Nuclear 
Chicago scintillation counter. Results represent the mean &S.E.M.; N represents the 
number of different experiments. 

t P c 0.05 when compared to normal KRP control. 
1 P < 0.001 when compared to normal KRP control. 
Q P < 0.005 when compared to normal KRP control. 
11 P < 0.001 when compared to respective dB-CAMP or theophylline controls with- 

out ethanol. 

working with slices and synaptosomal preparations 
obtained from rat striatum 16. 73. These authors have also 
ruled out the possibility that dB-CAMP-induced stimu- 
lation of [14C]DA synthesis is due to the butyrate moiety. 
since butyric acid (5 x 10m4 M) had no significant effect 
on the rate of [‘%]DA formation in striatal slices [6]. 
A significant increase in the formation of newly synthesized 
[“%]DA was also found after incubating striatal slices in 
the presence of theophylline. Concentrations of theophyl- 
line ranging from 1 x 10m5 to I x 10m3 M were found 
to increase the rate of [14C]DA formation by striatal slices 
from 23 to 62 per cent (Table 1). The extent of [‘“C]DA 
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synthesis increase induced by theophylline is similar to that 
produced b$ dB-CAMP (Table 1). 

As previously reported [Z], the addition of ethanol 
(0.8”;. w/v) directly to normal KRP produced no signifi- 
cant effect on the total conversion of [“%]tyrosine to 
[14C]DA by striatal slices (Table 1). However, ethanol 
(0.8’:b, w/v) almost completely blocked the increase in 
[‘%Y]DA formation produced by dB-CAMP (5 x 10m4 M) 
or by theophylline (1 x 10-j M). In fact, the amount of 
[14C]DA synthesized after adding dB-CAMP plus ethanol 
or theophylline plus ethanol to the KRP media was very 
similar to [14C]DA synthesized in normal KRP media 
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Fig. 1. Effect of different doses of ethanol on dibutyryl cyclic AMP- (curve A) and theophylline- (curve 
B) induced formation of newly synthesized L14C]DA by striatal slices. The striatum was dissected 
out and slices were prepared by means of a Sorvall tissue chopper. Incubation conditions and separation 
of [‘%Z]dopamine were as described under Table 1. The numbers in parentheses denote the number 

of individual experiments and the brackets indicate the standard error of the mean. 
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(Table 1). The [Wltyrosine taken up by the tissues at 
the end of the incubation period was not significantly 
altered by the presence of ethanol (0.8%, w/v) in the media. 
The values obtained (mean +_ S. E. M.; n = 6) at the end 
of the incubation period were, respectively, 417.2 k 24.3, 
471.7 k 15.3, 392.4 k 15.2 and 408.2 + 19.2 nmoles/g wet 
wt/hr of [i4C]tyrosine taken up by slices incubated in the 
presence of dB-CAMP alone, dB-CAMP plus ethanol, theo- 
phylline alone and theophylline plus ethanol. 

As shown in Fig. 1, the inhibitory effect exerted by eth- 
anol on dB-CAMP- and theophylline-induced formation of 
[“‘CjDA is dose-dependent. Concentrations of ethanol as 
low as 0.2% (w/v) produce a 50 per cent inhibition on 
the stimulatory effect produced by dB-CAMP and theo- 
phylline (P < 0.005 and P < 0.05 when compared to res- 
pective dB-CAMP or theophylline controls without eth- 
anol). High concentrations of ethanol (0.4 and 0.8%, w/v) 
completely blocked the stimulatory effect induced by 
dB-CAMP or theophylline and restored the rate of 
[i4C]DA formation to that obtained after incubating stria- 
tal slices in normal KRP. Very low concentrations of eth- 
anol (O.l%, w/v) produced a small although not significant 
inhibitory effect on dB-CAMP- or theophylline-induced 
formation of [“%]DA. In contrast to these results, ethanol 
(0.2 to 0.8x, w/v) was found to be without effect on the 
rate of [“‘CIDA formation by striatal slices incubated in 
normal KRP (Fig. 1). 

Figure 2 shows that the inhibitory effect of ethanol on 
dB-CAMP- and theophylline-induced formation of 
[“%]DA is dependent on the time of incubation used. 
The synthesis of [i4C]DA by striatal slices in normal KRP 
or KRP plus ethanol increases in a way proportional to 
the entire period studied. The amount of [i4C]DA synthe- 
sized in the presence of dB-CAMP or theophylline was also 
found to increase linearly over the time period studied. 
However, in the presence of ethanol, the dB-CAMP- or 
theophylline-induced increase in [i4C]DA synthesis levels 
off after 20 min of incubation (Fig. 2). Therefore, the inhibi- 
tory effect of ethanol only becomes readily observable after 
30 min of incubation. 

Dibutyryl cyclic AMP and theophylline were found to 
stimulate the formation of newly synthesized [i4C]DA and 
this stimulatory effect was blocked by the presence of eth- 
anol (0.2 to 0.8%, w/v) in the incubation media. It seems 
unlikely that these effects are mediated through an alter- 
ation of [i4C]tyrosine transport into the striatal slices, 
since neither dB-c&vlP nor theophylline nor ethanol was 
shown to modify the [‘4C]tyrosine taken up by the slices 
at the end of the incubation period. It could be that the 
stimulation of DA biosynthesis by dB-CAMP or theophyl- 
line results as a consequence of these drugs triggering the 
release of a small strategic pool of dopamine, which in 
turn relieves the rate-limiting enzyme tyrosine hydroxylase 
from end-product inhibition. However, as mentioned 
above, dB-CAMP and theophylline were found not to alter 
the amount of [‘%]DA released to the incubation media. 
Moreover, preliminary experiments from our laboratory 
indicate that neither dB-CAMP (5 x 10v4 M) nor theo- 
phylline (1 x 10m3 M) increases spontaneous release of 
newly synthesized C3H]DA from striatal slices which are 
being continuously superfused with KRP. Most likely 
dB-CAMP is stimulating [i4C]DA synthesis in striatal 
slices by mimicking the recently reported cyclic AMP- 
mediated kinetic activation of striatal tyrosine hydroxylase 
[7]. It seems also likely to explain the stimulatory effect 
of theophylline in terms of cyclic AMP-mediated actions 
at the dopaminergic terminal. Theophylline is known to 
inhibit phosphodiesterase [14], and it has been shown, 
through this inhibition, to increase the accumulation of 
cyclic AMP in cortical and cerebellar slices [15. 161 and 
in neuroblastoma cells [17]. Furthermore, the character- 
istics of the inhibitory effect exerted by ethanol upon drug- 
stimulated DA synthesis also suggest that theophylline is 
acting through cyclic AMP in order to increase DA bio- 
synthesis. Ethanol inhibited dB-CAMP- and theophylline- 
stimulated [i4C]DA synthesis after a lag period of about 
20 minutes in either case (Fig. 2) and the concentration 
of ethanol needed to produce 50 per cent inhibition in 
both cases was 0.2:4 (w/v) (Fig. 1). All these results point 
to the fact that theophylline, under our experimental con- 
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Fig. 2. Time course of ethanol effect on dB-CAMP- and theophylline-induced formation of [i4C]DA 
by striatal slices. Incubation conditions were as described under Table 1. At the times indicated, the 
incubation was terminated and [i4C]dopamine was separated by column chromatography. The number 
of individual experiments is indicated at the bottom of each column. The brackets indicate the standard 
error of the mean. A single asterisk (*) indicates P <: 0.001, and a double asterisk (**) P < 0.05 when 

compared to respective controls without ethanol. 
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ditions. most likely is increasing the accumulation of cvclic REFERENCES 
AMP which, in -turn, stimulates DA biosynthesis. -The 
marked stimulatory effect on [“‘CIDA synthesis produced 1. J. E. Harris and R. H. Roth, Molec. Phurmac. 7, 593 ,.__.\ 
by theophylline also suggests that endogenously synthe- 
sized cyclic AMP normally plays an important role in the 
short-term regulation of DA synthesis at the dopaminergic 
terminal. The results also indicate that ethanol might be 
inhibiting dB-CAMP- and theophylline-induced DA. syn- 
thesis by the same mechanism, namely through an alter- 
ation of exogenous and endogenous cyclic AMP actions 
at the dopaminergic nerve terminal. 

One interesting observation is the fact that the inhibitory 
effect of ethanol on drug-stimulated DA synthesis is only 
demonstrable after 20 min, whereas ethanol is known to 
be quite permeable to membranes. It could be that ethanol 
modifies the stability of the enzymes and/or accelerates 
the breakdown of some of the intermediates believed to 
form part of the chain of reactions leading from CAMP 
to kinetic activation of striatal tyrosine hydroxylase 
enzyme [18]. However, so far there is no sound experimen- 
tal evidence to support this. 

Ethanol inhibited dB-CAMP- and theoohvlline-induced 
[“C]DA synthesis even at concentrations as low as 0.27: 
(w:v) or 43.4 mM (Fig. 1). These ethanol concentrations 
are compatible with a mild intoxication in oiuo [19.20]. 
The possibility should be considered then that ethanol 
effects on cyclic AMP-mediated changes in DA biosyn- 
thesis are somehow related to the intoxicating action of 
ethanol and to the acquisition of tolerance and physical 
dependence to this drug. 

In conclusion. our experiments indicate that ethanol in- 
terferes with cyclic AMP actions that lead to an increase 
in DA biosynthesis at the dopaminergic nerve terminal. 
This probably explains why ethanol blocks K+-induced 
activation of tyrosine hydroxylase [3] and K+-induced DA 
synthesis in rat striatal slices [2]. Further work is needed 
in order to clarify the mechanism responsible for this eth- 
anol inhibition of cyclic AMP-mediated action at the 
dopaminergic terminals. 

.~c,linoMlectgrment-This work was supported in part by 
grant 5i76 (to G. B.) from the Catholic University Research 
Fund. 

Department of Neurobiology, 
Imtiftrte of Biological Sciences, 
Catholic L’nitvrsit\ _1 
Sonticrgo. Chile 

KATIA GYSLING 
GONZALO BUSTOS 

2. 

3. 

5. 

6. 

8. 

9 

10. 

Il. 

12. 

13. 

14. 

15. 

16. 

(lY/IJ. 

K. Gysling, G. Bustos, I. Concha and G. Martinez, 
Biochem. Pharmac. 25, 157 (1976). 
G. Bustos, R. H. Roth and V. H. Morgenroth. III. 
Biochem. Pharmac. 25. 2493 (1976). 
L. C.. Murrin, V. H. Morgenioth,. III and R. H. Roth. 
Pharmacologist 16, 128 (1974). 
S. Kakiuchi. T. Rail and H. McIlwain. J. Neurochmi. 
16, 485 (1969). 
B. Anagnoste, C. Shirron, E. Friedman and M. Gold- 
stein, J. Pharmac. exp. Ther. 191, 370 (1974). 
J. E. Harris, V. H. Morgenroth. III, R. H. Roth and 
R. Baldessarini, Nature, Lond. 252, 156 (1974). 
R. W. Butcher and E. W. Sutherland, J. hiol. Chcm. 
237, 1244 (1962). 
T. W. Rall and A. Sattin, Adv. Biochem. Psychophor- 
mat. 3, 113 (1970). 
G. Bustos and R. H. Roth, Br. J. Phurmuc. 46. 101 
(1972). 
G. Bustos, M. J. Kuhar and R. H. Roth. Biochmt. 
Pharmac. 21, 2649 (1972). 
G. A. Robinson, R. W. Butcher and E. W. Sutherland, 
A. Rev. Biochem. 37, 149 (1968). 
L. N. Simon, D. A. Shuman and R. K. Robins. 
Advances in Cyclic Nucleotide Research (Eds. P. Green- 
gard and G. A. Robinson). p. 225. Raven Press, New 
York (1973). 
W. Y. Cheung, Adv. Biochrm. Psyohopharmclc. 3, 51 
( 1970). 
S. Kakiuchi and T. W. Rail, Molec. Pharmtrc. 4, 367 
(1968). 
S. Kakiuchi and T. W. Rail, Molec. Phurmoc. 4, 379 
(I 968). 
A. G. Gilman and M. Nirenberg, Nature, Land. 234, 
356 (1971). 
R. H. Roth, J. R. Walters, L. C. Murrin and V. H. 
Morgenroth, III, in Pre- and Posfsynaptic Receptors 
(Eds. E. Usdin and W. E. Bunney. Jr.). pp. 548. Mar- 
cel Dekker (1975). 
H. E. Himwich, J. Am. med. Ass. 163, 545 (1957). 
J. M. Ritchie, The Pharmacological Basis oj Thercpeu- 
tics (Eds. L. S. Goodman and A. Gilman). p, 137. 
McMilIan, New York (1975). 


