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Abstract-The &-adrenoceptor agonist, clenbuterol (initially5 mg/kg), was found to significantly reduce 
plasma tyrosine and raise brain tryptophan levels (P < 0.01). By comparison, decreases in plasma 
tryptophan and increases in brain tyrosine were small and often nonsignificant. Amino acid levels 
measured in different brain regions revealed that the elevations were similar among the cerebellum, 
striatum, and cortex. These effects were partially blocked by propanolol but not by atenolol. The ED~ 
was estimated from dose-response curves to be about O.O5mg/kg for both the decrease in plasma 
tyrosine and the increase in brain tryptophan. The effects of low doses of clenbuterol were prevented 
completely by propranolol. Peripheral organs displayed strikingly different patterns of change in amino 
acid concentrations. Only the spleen had any accumulation of tryptophan, but that was much less than 
in brain. In contrast, tyrosine and tryptophan were decreased in heart and unaltered in liver; tyrosine 
was decreased in lung. The elevation in brain tryptophan levels was attenuated by the &antagonist, 
ICI 118,551, but not by the &antagonist, betaxolol; but the reduction in plasma tyrosine was unaffected 
by either drug. The serotonin antagonist, methysergide, failed to block the effects of clenbuterol. We 
conclude that changes in amino acid concentrations produced by clenbuterol are mediated by a- 
adrenoceptor stimulation. Although the increases in brain tyrosine and tryptophan were similar to 
increases in the plasma ratios of these amino acids to the sum of the other large neutral amino acids 
competing for transport into the brain, the disparity between the effects of ICI 118,551 in brain and 
plasma suggests that clenbuterol may also have a direct action in brain to regulate levels of aromatic 
amino acids. Since clenbuterol has been purported to have an antidepressant effect and since other 
antidepressants also increase brain tryptophan, this may be a common feature of antidepressant drug 
action. 

Recent work in our laboratory demonstrated that the 
antidepressant imipramine and the &adrenoceptor 
agonist salbutamol have the common effects of 
reducing plasma tyrosine and elevating brain tryp- 
tophan concentrations [ 11. The effects of imipramine 
are prevented or attenuated by propranolol, sug- 
gesting they are mediated, at least in part, by stimu- 
lating /3-adrenoceptors. Since salbutamol has been 
reported to have antidepressant properties [2,3], 
activating @-receptors may be an important feature 
of the antidepressant action of drugs. This idea is 
consistent with the fact that chronic treatment with 
virtually all antidepressants reduces the respon- 
siveness of /?-adrenergic receptors in rat brain, as 
measured by norepinephrine- and isoproterenol- 
induced accumulation of cyclic AMP [4], and reduces 
the density of &adrenergic receptor binding sites [5]. 

The central actions of salbutamol may be hindered 
by the fact that the drug penetrates rather poorly into 
the brain, reaching a concentration of approximately 
5% of that in the plasma [6]. Even these low amounts 
of drug may represent blood trapped in the brain 
rather than true brain levels, as suggested by the 
failure of salbutamol to reduce the binding of iodo- 
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pindolol to /I-adrenergic receptors in the brain [7]. 
However, these difficulties may be circumvented 
with clenbuterol, a &-adrenoceptor agonist that is 
more lipophilic than salbutamol and is believed to 
readily enter the brain, as evident by its dose-depen- 
dent inhibition of iodopindolol binding in brain [7]. 
Like salbutamol, clenbuterol has been claimed to 
display an antidepressant action [8]. 

Why salbutamol and clenbuterol might have anti- 
depressant effects is somewhat puzzling, since they 
are selective for &receptors, whereas classical anti- 
depressants are generally thought to exert an action 
on /3r- but not j32-receptors [9]. For example, chronic 
treatment with clenbuterol was found to pre- 
ferentially reduce the density of @-receptors in the 
cerebellum [lo], a brain region which contains pre- 
dominately &receptors [9], but this treatment had 
either small [ 10,l l] or no [ 121 effects on Preceptors 
in the cortex, which principally contains &-receptors 
[9]. Recently, however, Finnegan et al. [ 131 reported 
that long-term treatment with clenbuterol decreases 
fiadrenoceptor density in the frontal cortex by up to 
60%, similar to the change found after long-term 
treatment with desmethylimipramine. Thus, whether 
or not clenbuterol has an influence on the density of 
&-receptors remains to be resolved. On the other 
hand, O’Donnell and Frazer [12] showed that clen- 
buterol causes an uncoupling of @adrenoceptors 
from the N-protein in the rat cerebral cortex. This 
suggests that the drug may share with classical anti- 
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depressants the ability to reduce the response to 
stimulating /3r-adrenoceptors, albeit by a different 
mechanism. Behavioral studies also suggest a com- 
mon action of clenbuterol and the antidepressant 
desmethylimipramine by similarly reducing immo- 
bility in a forced swim test [13], an animal model 
widely used to screen for antidepressant activity. 

In the present report, we compared the effects of 
clenbuterol on plasma and brain concentrations of 
the aromatic amino acids, tyrosine and tryptophan, 
with the effects we previously observed for imi- 
pramine and salbutamol [l]. In addition, we inves- 
tigated the abilities of various pantagonists to 
prevent these effects of clenbuterol. 

MATERIALS AND METHODS 

Animals and experimental procedures. Male 
Sprague-Dawley rats (200-250 g) were housed indi- 
vidually with a 12-hr light-dark cycle (lights on 6: 00 
a.m. to 6: 00 p.m.) and with free access to food and 
water for 1 week before each experiment. All drugs 
were freshly prepared and administered intra- 
peritoneally in a volume of 5 ml/kg, according to the 
schedules indicated in the Results. The animals were 
decapitated 90 min after the second injection. Trunk 
blood was collected into a plastic beaker containing 
200 USP units of heparin and placed on ice. Brains 
were rapidly removed, blotted and immediately 
frozen on dry ice. They were stored at -50”. The 
blood samples were centrifuged at 500 g for 15 min, 
and the plasmas were stored at 4” until they were 
assayed on the next day. 

Biochemical assays. Brain and plasma levels of 
tyrosine and tryptophan were assayed by high-per- 
formance liquid chromatography, as previously 
described for tyrosine [ 141 and modified for the sim- 
ultaneous determination of tryptophan [I]. Plasma 
levels of phenylalanine were determined spectro- 
photofluorometrically [ 151. Leucine, isoleucine and 
valine were isolated on Dowex 50 cation-exchange 
columns and were analyzed as the t-butyldimethyl- 
silyl derivatives by gas chromatography-mass 
spectrometry, using the procedures of Schwenk et al. 
[16] as modified for chemical ionization (Edwards 
and Sorisio, manuscript in preparation). 

Drugs. The following drugs were used: pro- 
pranolol HCl and atenolol (Sigma Chemical Co., 
St Louis, MO), clenbuterol HCl (Boehringer 
Ingelheim, St Joseph, MO), methysergide maleate 
(Sandoz, East Hanover, NJ), ICI 118,551 (Imperial 
Chemical Industries, Macclesfield, U.K.) and betax- 
0101 HCl (L.E.R. Synthelabo, Paris, France). 

Statistics. Data were analyzed by analysis of vari- 
ance (ANOVA) followed by a Newman-Keuls multi- 
ple comparison test, unless otherwise indicated. 

RESULTS 

Effects of 5 mg/kg of clenbuterol on tyrosine and 
tryptophan concentrations in plasma and specific 
brain regions. In the first experiment, weight- 
matched groups of rats were injected i.p. with saline, 
15 mg/kg propranolol (a lipophilic, nonselective /?- 
antagonist which readily enters the brain) or 15 mg/ 
kg atenolol (a weakly lipophilic, &-selective antag- 

onist which does not penetrate easily into the brain). 
Twenty minutes later each rat received a second 
injection, either saline or 5 mg/kg clenbuterol. The 
rats were killed 90 min later, the brains were 
removed rapidly, and the cerebella, striata and cere- 
bral cortices were dissected. 

As shown in Fig. 1, clenbuterol increased tyrosine 
concentrations in all three brain regions. but the 
increase was statistically significant only in the cortex 
(to 119% of control). Propranolol appeared to pre- 
vent any changes in tyrosine levels in these brain 
regions: tyrosine following clenbuterol was 100, 112 
and 98% of control in the cerebellum, striatum and 
cerebral cortex respectively. Atenolol, on the other 
hand, did not block the rise in tyrosine but appeared 
to actually enhance these increases. 

Clenbuterol elevated tryptophan concentrations 
by similar amounts in each brain region: to 177% in 
the cerebellum, to 165% in the striatum and to 
170% in the cortex respectively (each P < 0.01). 
Propranolol attenuated these increases, to 138, 130 
and 125% respectively. Atenolol not only failed to 
prevent the increases in tryptophan but, as for tyro- 
sine, may have enhanced them. In each region, the 
tryptophan levels were higher after treatment with 
atenolol + clenbuterol than with saline + clen- 
buterol. 

The plasma concentration of tyrosine was 
decreased by clenbuterol to 64% of control 
(P < 0.05). This decrease was partially prevented by 
pretreatment with propranolol. Clenbuterol lowered 
plasma tyrosine nonsignificantly to 80% compared 
to animals treated with propranolol alone. However, 
because propranolol by itself caused a small but 
nonsignificant decrease in plasma tyrosine, levels in 
the group that received both clenbuterol and pro- 
pranolol were statistically lower than the saline- 
saline group. On the other hand, the decrease in 
atenolol-pretreated rats was to 73%) which was simi- 
lar to that observed in the saline-pretreated animals, 
although it did not quite reach statistical significance. 
However, as in the case of the propranolol-clen- 
buterol group, plasma tyrosine was statistically 
reduced as compared to the saline-saline group. 
Plasma tryptophan levels were reduced slightly but 
nonsignificantly by clenbuterol, whether or not the 
animals were pretreated with a p-antagonist. These 
levels were lowered to 82, 78 and 85% of the cor- 
responding control in saline, propranolol and aten- 
0101 pretreated groups, respectively. 

Dose-response for the effects of clenbuterol and 
antagonism by propranolol. To better characterize 
the effects of clenbuterol, a dose-response study 
was carried out. Since propranolol did not block 
completely the effects of 5 mg/kg of clenbuterol, it 
was of interest to tind out whether the effects of a 
lower dose of clenbuterol would be antagonized 
more effectively by a P-blocker or whether the effects 
of clenbuterol are due only partly to P-receptor acti- 
vation. Moreover, a comparison of the dose- 
response curves for various biochemical changes 
might indicate whether they were caused by common 
or distinct mechanisms. 

Since all rats were killed between 2:00 p.m. and 
3:30 p.m. to minimize circadian changes, it was 
necessary to combine data from four separate experi- 
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Fig. 1. Effects of clenbuterol on tyrosine and tryptophan in specific brain regions and in plasma. Rats 
were injected with saline or propranolol(l5 mg/kg), or atenolol(l5 mg/kg), and 20 min later with either 
saline or clenbuterol(5 mg/kg). The rats were killed 90 min after the second injection. Values are means 
lr SE (N = 5). Key: (*) P < 0.05; and (**) P < 0.01, vs saline-saline control group, Newman-Keuls 
multiple comparison tests; (t) P < 0.05 and (tt) P < 0.01, vs the corresponding control group receiving 

saline in place of propranolol or atenolol, Newman-Keuls multiple comparison tests. 
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Fig. 2. Dose-response relationships for the effects of clenbuterol on plasma and brain concentrations 
of tyrosine and tryptophan with (-O-) and without (-B) propranolol pretreatment. Rats were injected 
i.p. with either saline or propranolol (15 mg/kg) and 20 min later with saline or a dose of clenbuterol 
over the range of 0.05 to 5 mg/kg. The animals were killed 90 min after the second injection. The data 
were combined from four experiments, expressed as the percent of control for each. The control values 
(mean 2 SE) for the saline-saline group in the separate experiments were as follows: plasma tyrosine, 
17.47 f 1.21, 16.46 -+ 0.98, 14.26 2 0.42, 10.84 f 0.60pg/ml; plasma tryptophan, 15.32 f 1.45, 
14.62?0.80,16.01 +0.96,17.12+- 1.06~g/ml;braintyrosine,15.30~0.57,13.18~0.48,11.62~0.50, 
10.70? 0.77pg/g; and brain tryptophan, 4.97 f 0.34, 3.00 2 0.24, 2.98 f 0.33, 4.00 ‘- 0.22pg/g. The 
data were analyzed by a one-way ANOVA [plasma tyrosine, F = 13.831, P < 0.001; plasma tryptophan, 
F = 3.830, P < 0.001; brain tryosine, not significant (NS); and brain tryptophan, F = 8.196, P < O.OOl] 
followed by a Newman-Keuls multiple comparison test. Key: (*) P < 0.05, and (‘*) P < 0.01, compared 
to the corresponding control group receiving saline in place of clenbuterol; (7) P < 0.05, ($) P < 0.01, 

compared to the corresponding control group receiving saline in place of propranolol. 

ments. As shown in Fig. 2, significant declines in 
plasma tyrosine levels were observed with all doses of 
clenbuterol(O.O5-5 mg/kg). Propranolol completely 
antagonized the effects of low doses of clenbuterol 
but failed to overcome the effects of the high doses. 

As in Fig. 1, high doses of clenbuterol non- 
significantly reduced plasma tryptophan levels. Since 
the decreases were not statistically significant, it is 
impossible to say whether propranolol prevented 
them. Brain tryptophan levels were elevated sig- 
nificantly by all except the lowest dose of clenbuterol. 
Propranolol appeared to completely block the effects 
of the low doses, and the saline- and propranolol- 
pretreated groups were statistically different for the 
0.2 mg/kg dose. Brain tyrosine concentrations were 
increased slightly by all doses of clenbuterol, but 
these changes were not statistically significant by 
one-way ANOVA. 

Effects of clenbuterol on tyrosine and tryptophan 
levels in peripheral organs. The increases in amino 

acid concentrations in the brain with a concomitant 
decrease in plasma could be due to an increase in 
their transport across the blood-brain barrier. 
Alternatively, there might be a general cellular 
uptake of amino acid resulting in an increase in levels 
in other tissues as well. To distinguish between these 
two possibilities, tyrosine and tryptophan con- 
centrations were assayed in heart, lung, spleen and 
liver of the same animals as shown in Fig. 2 for 
brain and plasma. The results show that, of the four 
peripheral organs, only the spleen had any accumu- 
lation of these amino acids following clenbuterol 
treatment (Fig. 3). In contrast, both amino acids 
were reduced in heart, as they were in plasma. Tyro- 
sine was reduced in lung, but neither amino acid was 
changed in liver. Surprisingly, the effect on tyrosine 
in lung was evident only at the 1 mg/kg dose and not 
at the higher doses. 

Effects of the selective PI- and &antagonists, betax- 
0101 and ICI 118,551. Another experiment was car- 
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Fig. 3. Dose-response relationships for the effects of clenbuterol on tyrosine and tryptophan con- 
centrations in heart, lung, spleen and liver. The data were combined for the four experiments included 
in Fig. 2 (three experiments for liver) and are expressed as the percent of control. The control values 
(mean 2 SE) for the saline-saline group in the separate experiments were as follows: heart tyrosine, 
23.77 k 1.73, 20.79 2 0.88, 21.19 k 0.53, 15.38 -+ 0.81 pg/g; lung tyrosine, 38.61 2 3.06, 31.93 t 2.12, 
31.02 f 1.98, 20.98 + l.O2pg/g; spleen tyrosine, 53.53 f 5.20, 58.63 f 2.94, 53.47 2 3.22, 
31.22 2 1.93 pg/g; and liver tyrosine, 47.20 -t- 1.93, 34.41 * 2.75 and 46.14 k 6.45 rig/g;; heart trypto- 
phan, 8.70 -t 0.73, 7.36 k 0.55, 8.07 2 0.57, 7.37 f 0.47.ug/g; lung tryptophan, 10.15 f 0.80, 
10.64 -+ 0.94, 10.31 2 0.62, 9.13 ? 0.36pg/g; spleen tryptophan, 10.87 f 0.82, 15.61 k 1.05, 
10.82 k 0.56, 8.89 +- 1.01 pg/g; and liver tryptophan, 10.07 2 0.92, 6.34 f 0.38 and 17.53 f 3.9 pgg/g. 
The data were analyzed by a one-way ANOVA (tyrosine: heart, F = 26.848, P < 0.001; lung, F = 4.524, 
P < 0.001; spleen and liver, NS; tryptophan: heart, F = 5.117, P < 0.001; lung, NS; spleen, F = 3.407, 
P < 0.01; liver, NS) followed by a Newman-Keuls multiple comparison test. Key: (*) P C 0.01, compared 

to the corresponding control group receiving saline in place of clenbuterol. 

ried out using antagonists selective for /3r- or &- 
receptors, betaxolol (2mg/kg) and ICI 118,551 
(1 mg/kg), respectively, in place of propranolol. The 
results (Fig. 4) show that ICI 118,551 but not betax- 
0101 attenuated the elevation in brain tryptophan 
caused by 0.5 mg/kg of clenbuterol. A similar pattern 
may have occurred for brain tyrosine, but the 13% 
increase did not reach statistical significance. In con- 
trast, the effect of clenbuterol on plasma tyrosine 
levels was not blocked by either antagonist. Thus, 
clenbuterol reduced plasma tyrosine levels to 70% 
of control in the saline-pretreated group (P < O.Ol), 
to 67% in the ICI 118,551-pretreated group 
(P < 0.01) and to 76% in the betaxolol-pretreated 
group (P < 0.01). This dose of clenbuterol did not 
significantly lower plasma tryptophan levels. 

Effects of clenbuterol after pretreatment with 
methysergide. Since clenbuterol is known to stimu- 

late serotonergic in addition to @-receptor function 
[17,18] and propranolol has an antiserotonin action 
[19,20], it is possible that some of the effects of 
clenbuterol that we have observed were mediated by 
an action on serotonin receptors rather than on p 
receptors. This possibility was tested by an.exper- 
iment in which rats were pretreated with 2 mg/kg 
methysergide, a serotonin antagonist [21], 30 min 
prior to clenbuterol. Three additional groups (N = 
5-7/group) of rats received saline in place of methy- 
sergide (clenbuterol only), saline in place of clen- 
buterol (methysergide only) or saline in place of both 
drugs (saline-saline). All animals were killed 90 min 
after the second injection. 

The administration of clenbuterol alone reduced 
plasma tyrosine and tryptophan levels to 64 and 
72%, respectively, and elevated brain tyrosine to 
117% and brain tryptophan to 192%. In methy- 
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Fig. 4. Effects of the selective antagonists, ICI 118,551 and betaxolol, on the action of 0.5 mg/kg 
clenbuterol. Rats were pretreated with 1 mg/kg of the &-antagonist ICI 118,551, 2 mg/kg of the p,- 
antagonist betaxolol or saline ‘20 min before saline (H) or 0.5 mg/kg clenbuterol (ffl). All animals were 
killed 90 min after the second injection. The data were analyzed by one-way ANOVA (plasma tyrosine, 
F = 14.90, P < 0.001; plasma tryptophan, F = 3.964, P < 0.01; brain tyrosine, NS; and brain tryptophan, 
F = 32.76, P < 0.001) followed by Newman-Keuls multiple comparison test. Key: (*) P < 0.05, and 

(*‘) P < 0.01, compared to the corresponding saline-pretreated control group. 

sergide-pretreated rats, clenbuterol lowered plasma 
tyrosine to 62%) lowered plasma tryptophan to 63%, 
increased brain tyrosine to 124% and increased brain 
tryptophan to 199%. When these groups were stat- 
istically compared by two-way ANOYA, clenbuterol 
was found to produce significant increases in brain 
tyrosine (F = 18.61; P < 0.001) and tryptophan (F = 
53.24; P < 0.001) and decreases in plasma tyrosine 
(F = 34.36; P < 0.001) and tryptophan (F = 28.03; 
P < 0.001). Methysergide had no effect on tyrosihe 
levels and caused only a small, but statistically 
significant 13% reduction in tryptophan levels in 
plasma (F = 7.06; P < 0.025) and a 19% increase in 
brain (F = 5.12; P < 0.05). There was no significant 
interaction between clenbuterql and methysergide. 

Effects of clenbuterol on other large neutral amino 
acids. The transport of each large neutral amino acid 
into the brain has been shown to correlate with the 
serum concentration ratio of that amino acid to the 
sum of the other large neutral amino acids [22]. 
Therefore, we examined the influence of clenbuterol 
on the plasma concentrations of large neutral amino 
acids other than tyrosine and tryptophan. The results 
indicate that 0.2 mg/kg of clenbuterol decreased 

plasma phenylalanine to about the same extent as 
tyrosine but reduced the three branched-chain amino 
acids, leucine, isoleucine and valine, to an even 
greater extent, to approximately 50% (Table 1). 
Consistent with the above results (Figs l-3), plasma 
tryptophan was lowered slightly but nonsignificantly 
by this dose of clenbuterol. The ratio of tryptophan 
to the sum of the competing aromatic and branched- 
chain amino acids (expressed in molar concentra- 
tions) was 0.125 in the control group and 0.210 
in the clenbuterol-treated group. Thus, clenbuterol 
increased this ratio by 68%, which completely 
accounts for the 42% rise in the brain tryptophan 
observed in the same experiment. The corresponding 
ratios of tyrosine to the sum of the competing amino 
acids were 0.086 and 0.107 in the control and drug- 
treated groups respectively. Based on these results, 
a 24% rise in brain tyrosine would be predicted, 
which is in reasonable agreement with the 14% actu- 
ally observed. 

DISCUSSION 

This study demonstrates that clenbuterol alters the 
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Table 1. Effects of clenbuterol (0.2 mg/kg) on the plasma concentrations of various large neutral 
amino acids 

Amino acid 

Tyrosine 

Tryptophan 

Phenylalanine 

Leucine 

Isoleucine 

Valine 

Tryptophan 

ZTyr+Phe+Leu+Ile+Val 

Tyrosine 

ZTrp+Phe+Leu+Ile+Val 

Plasma amino acid concentration 
ng/ml nmol/ml 

Saline Clenbuterol Saline Clenbuterol 

10.84 ” 0.60 7.71 f 0.43* 59.9 42.6 
(71%) 

17.12 f 1.06 15.60 ” 1.51 83.9 76.5 
(91%) 

15.24 f 0.96 9.45 * 0.79t 92.4 57.3 
t (62%) 

26.45 + 2.28 14.45 + 1.59* 201.9 110.3 
(55%) 

17.22 + 1.44 8.11 2 1.03t 131.5 61.9 
(47%) 

21.80 f 1.84 10.72 f 1.13t 186.3 91.6 
(49%) 

0.125 0.210 

0.086 0.107 

Values are means f SE (N = 4-5). 
*, t Significantly different from saline: * P < 0.01, and t P < 0.005 (Student’s two-tailed t-test). 

concentrations of tyrosine and tryptophan in brain 
and plasma. The decreases in plasma tyrosine and the 
increases in brain tryptophan concentrations were 
consistent with the results we previously found for 
salbutamol [l], but the effects of clenbuterol were 
larger even at one-half the dose. In addition, clen- 
buterol appeared to reduce plasma tryptophan to 
about 70-90% of control and increase brain tyrosine 
by about 20%; but these changes did not always 
reach statistical significance. 

The EDGE for both the decrease in plasma tyrosine 
and the increase in brain tryptophan was estimated 
to be approximately 0.05 mg/kg. This dose is very 
similar to the EDGE reported for clenbuterol to control 
differential operant responding in rats (EDGE = 

0.03 mg/kg) [23], but is far lower than the doses 
that have generally been employed for examining 
biochemical effects of the drug. For example, down- 
regulation of cortical Padrenoceptors was reported 
when clenbuterol was administered 5 mg/kg twice 
daily for 14 days [ll] or 5-35 mg/kg once daily for 
7 days [13]. 

There are several possible mechanisms by which 
clenbuterol may decrease plasma and increase brain 
tyrosine and tryptophan levels. First, the drug may 
generally stimulate intracellular amino acid uptake. 
This, however, appears unlikely, since clenbuterol 
decreased or did not change tyrosine and tryptophan 
levels in three of the four organs studied (i.e. liver, 
heart and lung) and increased them only slightly in 
the spleen (Fig. 2). 

Tyrosine and tryptophan could increase in brain 
secondarily to increases in transport across the 
blood-brain barrier. Such a possibility would 
explain: (1) why salbutamol [l] and isoproterenol 
[24] affect brain amino acid levels even though 
neither readily crosses the blood-brain barrier; (2) 
why nadolol, a &blocker that does not easily pen- 

etrate into the brain [25], prevents the effects of 
clenbuterol in brain (D. J. Edwards and D. A. 
Sorisio, unpublished observation); and (3) why clen- 
buterol produces similar effects on the amino acid 
levels in the cerebellum, a region rich in a-receptors, 
as in the striatum and cerebral cortex, areas con- 
taining predominately &receptors. 

Since tyrosine and tryptophan compete with other 
large neutral amino acids for their transport across 
the blood-brain barrier [22], brain tyrosine and tryp- 
tophan uptake would increase if their ratios to the 
other large neutral amino acids were increased in 
plasma. Studies of diet-induced changes in brain 
levels of large neutral amino acids indicate that the 
changes in each correlate very well with the plasma 
ratio of that amino acid to the sum of the others [22]. 
The data in Table 1 are consistent with a similar 
mechanism for the effects of clenbuterol, since the 
increases in brain tyrosine and tryptophan levels 
were similar to the increases in their plasma ratios. 
On the other hand, evidence that clenbuterol can 
alter brain amino acid concentrations independent 
of any changes in plasma levels is provided by the 
finding that ICI 118,551 attenutated the clenbuterol- 
induced elevation of brain tryptophan and perhaps 
of tyrosine (although the increase in tyrosine was 
nonsignificant) without having any influence on 
clenbuterol-induced changes in plasma levels (Fig. 
4). Similar results were also noted for nadolol (D. J. 
Edwards and D. A. Sorisio, unpublished obser- 
vation). 

Eriksson and Carlsson [26] recently reported that 
isoproterenol decreases the plasma levels of each of 
the large neutral amino acids to a similar extent, 
whereas the brain level of each (except for leucine 
and isoleucine) is increased. Based on these findings, 
they concluded that “the total concentration of large 
neutral amino acids can obviously not be explained 
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by the competition between these amino acids for 
the carrier-mediated transport into the brain.” They 
proposed that the influence of isoproterenol might 
be mediated by Preceptors directly affecting the 
brain transport system. We cannot rule out the possi- 
bility that clenbuterol acts by such a mechanism, but 
we did not measure brain levels of phenylalanine and 
the branched-chain amino acids. 

The low EDGE for clenbuterol combined with the 
ability of the a-selective antagonist, ICI 118,551, 
but not the pl-selective antagonists, atenolol (Fig. 
1) and betaxolol (Fig. 4), to block the effects of 
clenbuterol suggest that the changes in brain tyrosine 
and tryptophan levels are mediated by Pz-adreno- 
ceptors. Moreover, although clenbuterol has affinity 
for both pl- and &receptors in brain [27], the drug 
acts functionally as an antagonist at P1-receptors [28]. 
Therefore, &adrenoceptors do not appear to have 
a role in clenbuterol altering brain amino acid con- 
centrations. ICI 118,551 did not block the effects on 
plasma levels, but we cannot exclude the possibility 
that this also involves /$-receptors. Perhaps recep- 
tors regulating peripheral amino acid levels are more 
sensitive to clenbuterol or are exposed to a higher 
drug concentration, so that a higher dose of the 
antagonist would be needed. 

It is possible that disparities among the effects of 
different antagonists may be related to their ability 
to act as serotonin antagonists [19,20]. Since sal- 
butamol [ 171 and clenbuterol [ 181 stimulate serotonin 
receptors, effects mediated by this mechanism would 
be expected to be blocked by propranolol, which is 
a potent serotonin antagonist, but not by atenolol, 
which is not [19,20]. That methysergide, a serotonin 
antagonist [21], was unable to prevent the effects of 
clenbuterol on both brain and plasma amino acid 
levels would argue against this possibility. However, 
since methysergide does not have equal potency for 
all serotonin receptor subtypes, further studies are 
needed with other serotonin antagonists. 

The increase in brain tryptophan may be par- 
ticularly relevant to the antidepressant property of 
clenbuterol [8], since imipramine and other typical 
and atypical antidepressants have been reported pre- 
viously to do the same [l, 291. Presumably, an 
increase in brain tryptophan would enhance brain 
serotonin synthesis as a common mechanism for 
antidepressant effects. This could explain why sal- 
butamol may have an antidepressant action, despite 
penetrating poorly into the brain, since the drug 
could act in the periphery to increase brain tryp- 
tophan uptake. 

Even if clenbuterol and classical antidepressants 
act in common to increase brain tryptophan levels, 
they may do so by different mechanism. The present 
studies suggest that the biochemical changes pro- 
duced by clenbuterol are mediated by the stimulation 
of &adrenoceptors. However, imipramine is 
believed to selectively affect &-adrenoceptors [9]. 
Interestingly, clenbuterol has been reported to 
reduce spontaneous motor activity in mice through 
either &- or &-receptors [30]. Further studies are 
needed to determine whether both receptor subtypes 
are involved in the antidepressant action of drugs. 
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