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The Effects of L-Dihydroxyphenylalanine 
on Alertness and Mood in a-Methyl-Para
Tyrosine-Treated Healthy Humans 
Further Evidence for the Role of Catecholamines 
in Arousal and Anxiety 
Una D. McCann, M.D., David Thorne, Ph.D., Martica Hall, M.S., Kathy Popp, Ph.D., 
Warren Avery, B.A., Helen Sing, B.S., Maria Thomas, B.A., and Gregory Belenky, M.D. 

Treatment with a-methyl-para-tyrosine (AMPT), a 
catecholamine synthesis inhibitor, has been shown to 
produce pronounced increases in sleepiness and mild 
increases in negative mood and anxiety when 
administered to healthy male adults. The present study 
was conducted to ascertain whether these effects of 
AMPT are secondary to decreases in brain catecholamines 
or whether they represent nonspecific drug effects. 
Forty-one healthy males were randomized to one of four 
treatment groups. (1) Treatment with AMPT alone 
(AMPT!placebo); (2) treatment with AMPT plus L-dopal 
carbidopa (AMPT plus L-dopalcarbidopa); (3) treatment 
with L-dopa/carbidopa alone (placebo plus L-dopal 
carbidopa); or (4) treatment with placebo alone (placebo 
plus placebo). Repeated measures of alertness, mood, and 
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anxiety were obtained over a three-day period of drug 
treatment and following drug discontinuation. As before, 
AMPT treatment led to increased sleepiness. In addition, 
AMPT treatment led to decreased calmness, increased 
tension and anger, and a trend for increased depression. 
Replacement of catecholamine stores with L-dopa reversed 
the effects of AMPT and was associated with a more 
rapid recovery from AMPT's effects. These findings 
indicate that AMPT's effects on alertness and anxiety are 
catecholamine-specific. Further, they provide additional 
evidence that catecholamines are involved in the 
regulation of normal states of arousal, and they are 
consistent with the view that brain catecholaminergic 
dysregulation is involved in pathological anxiety states. 
[Neuropsychopharmacology 13:41-52, 19951 

A large body of clinical and pharmacological data indi
cates that CNS catecholamines are involved in the 
modulation of alertness, mood, and anxiety (Betts 1981; 
Bunney and Davis 1965; Charney et al. 1984; Green
span et al. 1969; Nicholson and Pascoe 1990; Redmond 
1979). For instance, manipulations of CNS catechol
amines that lead to increased catecholaminergic neu
rotransmission, such as ct-amphetamine administra
tion, lead to acute increases in alertness and improved 
mood (Newhouse et al. 1989). Conversely, drugs that 
diminish brain catecholamine neurotransmission (e.g., 
reserpine, methyldopa) can lead to depressed mood 
and diminished arousal. 
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The role of catecholamines in anxiety is more com
plex, but in general, drugs that increase the synaptic 
availability of catecholamines, particularly norepineph
rine (e.g., yohimbine), can lead to increases in anxiety 
(Charney et al. 1984; Nutt et al. 1990), while drugs that 
diminish catecholaminergic neurotransmission (e.g., 
clonidine) have anxiolytic effects (Charney and Henin
ger 1986). The view that catecholamines are involved 
in the regulation of mood and anxiety has been bol
stered by studies in clinical populations of patients with 
mood and anxiety disorders, who have a therapeutic 
response to a number of tricyclic antidepressants (pre
sumably due, in part, to actions on catecholaminergic 
substrates). Further, studies in patients with panic dis
order have demonstrated that these patients are highly 
sensitive to the anxiogenic effects of noradrenergic
specific drugs (Charney and Heninger 1986), support
ing the notion that abnormally high responsivity of 
brain noradrenergic systems is involved in the patho
genesis of panic disorder. 

In a previous study (McCann et al. 1993) we inves
tigated the role of CNS catecholamines in modulating 
alertness, mood, and anxiety in healthy adult males 
using a-methyl-para-tyrosine (AMPT), a tyrosine hy
droxylase inhibitor. AMPT selectively inhibits the syn
thesis of catecholamines by blocking the rate limiting 
step in the catecholamine synthesis pathway (Nagatsu 
et al. 1964; Spector et al. 1965), and at adequate doses, 
it is associated with a 68% to 77% depletion in 
cerebrospinal fluid catecholamines (Brodie et al. 1971). 
Healthy male volunteers treated with AMPT developed 
significant decreases in alertness, as well as mild in
creases in depression and anxiety. Further, volunteers 
treated with AMPT and deprived of sleep for 40 .5 hours 
developed profound increases in sleepiness as well as 
significant increases in depression and anxiety. These 
results provided further evidence for the role of 
catecholamines in alertness and mood but left open thP 
possibility that AMPT's effects might be nonspecific. 

The present study was designed to determine 
whether changes in alertness, mood, and anxiety pre
viously observed in normal AMPT-treated humans 
were secondary to changes in catecholamines or whether 
they might have represented nonspecific effects of the 
drug. In particular, we sought to determine whether 
replacement of catecholamine stores with L-dopa/car
bidopa [ a combination of L-di.hydroxy-phenyl-alanine 
(L-dopa), the endogenous precursor to catecholamines, 
plus L-a-hydrazino-a-methyl-l}-(3,4-di.hydroxybenzene) 
propanoic acid monohydrate ( carbidopa), a peripheral 
decarboxylase inhibitor that increases the concentration 
of L-dopa available for entry into the CNS] would re
verse the effects of AMPT in healthy human subjects. 
To accomplish this aim, subjects were randomized to 
one of four treatment groups: (1) treatment with AMPT 
alone (AMPT plus placebo); (2) treatment with AMPT 
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plus L-dopa/carbidopa; (3) treatment with L-dopa/car
bidopa alone (placebo plus L-dopa/carbidopa); or (4) 
treatment with placebo alone (placebo plus placebo). 
The effects of these treatments on alertness and mood 
were obtained by utilizing a visual analogue scale de
signed to assess global vigor and affect (Monk 1989), 
the Profile of Mood States (POMS, McNai.r et al. 1971) 
and multiple sleep latency tests (MSLTs, Carskaddon 
and Dement 1982). 

METHODS 

Subjects 

Forty-one healthy nonsmoking male volunteers be
tween the ages of 21 and 39 (mean age 24.5) were 
recruited through advertisements on local college cam
puses. After providing informed consent, subjects were 
screened using a self-rated questionnaire for depres
sion and anxiety, a physical examination, a clinical psy
chiatric interview by a psychiatrist, an EKG, and blood 
and urine tests (including a SMAC-20, a CBC with 
differential, thyroid function tests, a hepatitis screen, 
HIV testing, a routine urinalysis, and a screen for drugs 
of abuse). Exclusion criteria included past or present 
major medical or psychiatric illness, a positive urine 
drug screen, a positive HIV or hepatitis test, an abnor
mal EKG, or a score of 6 or more (out of a possible 12) 
on either the anxiety or depression scale of the self-rated 
questionnaire. Inclusion criteria included normal sleep
ing patterns (6-8 hours of sleep between the hours of 
10:00 P.M. and 10:00 A.M.), little to moderate caffeine 
and alcohol use (less than three cups of coffee or caf
feinated soda per day and less than a six-pack of beer 
or the equivalent per week). Following completion of 
screening procedures, subjects were randomly assigned 
to one of the four treatment groups. 

Procedure 

Subjects arrived at the laboratory in groups of three or 
four at 6:00 P.M., two nights prior to the initiation of 
drug treatment (see Figure 1 for study timeli.ne). At that 
time subjects provided a second urine sample for 
screening of drugs of abuse and were equipped with 
ambulatory polysomnographic scalp electrodes using 
the international 10-20 system of electrode placement. 
Electrodes were placed at C3, C4, Al, A2, 01, 02, 
L-EOG, R-EOG, FP2, and submandibularly. In addi
tion, two chest leads were placed for ambulatory EKG 
monitoring. All leads were connected to an eight
channel Oxford Medi.log ambulatory cassette recorder 
for continuous on-line recording. During the first eve
ning in the laboratory subjects completed two training 
blocks on a computerized performance assessment bat
tery (Walter Reed Performance Assessment Battery, 
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WRAIR PAB, Thorne et al. 1985). The particular ver
sion on the WRAIR P AB used contains a number of cog
nitive tests, as well as the Profile of Mood States and 
the Stanford Sleepiness Scale (Hoddes et al. 1973). Well
trained subjects typically take 20 minutes to complete 
the PAB. 

In addition to P AB training and polysomnographic 
monitoring, during the frrst evening in the laboratory, 
an intravenous catheter was placed for serial blood 
draws. A total of three blood draws (10 cc/draw) was 
performed over a 1-hour period prior to removal of the 
intravenous catheter. Blood samples were immediately 
placed on ice and subsequently spun at 3600 rpm for 
10 minutes. Serum samples were placed in a -70°C 
freezer for subsequent neuroendocrine analyses. 

Following the second PAB training session at 11:30 
P.M. subjects wentto sleep (Adaptation Sleep) and were 
awakened at 7:00 A.M. the following morning when 
they completed a third training P AB. They left the lab
oratory until 6:00 P. M. that evening, when polysomno
graphic leads were replaced and three additional PAB 
training blocks were completed prior to sleep at 11:30 
P.M. (Baseline Sleep). As previously, subjects were 
awakened at 7:00 A.M. the following morning, when 
drug treatment was initiated (Treatment Day 1). 

Drug Treatment 

As described, subjects were randomized to one of four 
drug treatment groups: (1) treatment with AMPT alone 
(AMPT plus placebo); (2) treatment with AMPT plus 
L-dopa/carbidopa; (3) treatment with L-dopa/carbidopa 
alone (placebo plus L-dopa/carbidopa); (4) treatment 
with placebo (placebo/placebo). AMPT was admin
istered at a dose of 1 g three times daily (7:30 A.M., 2:30 
P.M., and 11:30 P.M.) for 2 days (Treatment Days 1 and 
2). This dose of AMPT was utilized because it has been 
shown to deplete effectively CSF catecholamines by 
66% to 77% after 24 hours of treatment (Brodie et al. 
1971). L-dopa/carbidopa was administered at a dose of 
100 mg/25 mg three times a day (7:30 A.M., 2:30 P.M., 

and 11:30 P.M.), starting at 11:30 P.M. on Treatment Day 
1 and stopping at 7:30 A.M. on Recovery Day (a total 
of 5 doses). This dose of L-dopa/carbidopa was chosen 
because it is a common dose for patients with Parkin
son's Disease (i.e., patients thought to have at least an 
80% depletion of dopamine in the substantia nigra 
(Forno and Alford 1987; Hornykiewicz 1975; Koller 
1992), and in those patients it often effectively treats 
their symptoms. L-dopa/carbidopa administration was 
not started at the same time as AMPT administration 
because the purpose of the study was to determine 
whether L-dopa/carbidopa reverses the effects of 
AMPT. As might be anticipated by the different mech
anisms of action of the two drugs, the effects of AMPT 
do not become apparent until several doses have been 
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administered (subjects in the previous study began to 
experience sleepiness during the P .M. of Treatment Day 
1), while the effects of L-dopa often appear within 30 
minutes after administration. Hence L-dopa was started 
at 11:30 P.M. on treatment day 1, at the time of the third 
AMPT dose. 

Measures of Alertness and Mood 

Over the 3-day study period (i.e., Treatment Day, 1, 
Treatment Day 2, and Recovery Day) subjects com
pleted a total of 24 POMS ( approximately every 2 hours 
while awake) and 12 visual analogue scales. As an ob
jective measure of physiological sleepiness, subjects 
took 12 sleep latency tests over the 3-day study period. 

Serum Prolactin Measures 

Serum prolactin concentrations were used as an indi
cator of AMPT efficacy. Specifically, since dopamine 
is known to inhibit prolactin secretion, depletion of CNS 
dopamine levels with AMPT should lead to a rise in 
serum prolactin. Conversely, elevated CNS dopamine 
levels (following administration of L-dopa/carbidopa) 
should lead to decreases in serum prolactin levels. Fur
ther, if the dose of L-dopa/carbidopa utilized in this 
study effectively replenishes CNS dopamine concen
trations, combined AMPT plus L-dopa/carbidopa treat
ment should be associated with normal serum prolac
tin concentrations. 

Data Analyses 

Repeated measures analyses of covariance (ANCOV A) 
were used to evaluate the effects of AMPT, L-dopa/car
bidopa, and the coadministration of AMPT plus L-dopa/ 
carbidopa on measures of alertness and mood. Test 
scores prior to drug administration were used as covar
iates for all analyses. When significant main effects of 
drug or time by drug interactions were found, simple 
analyses of variance (ANOV A) were conducted within 
each individual time point. If simple main effects were 
observed at a particular time point on Treatment Days 
or Recovery Day, between-group differences were ex
amined to identify significant relationships pertinent 
to the study's hypotheses. Planned comparisons were 
used on Treatment Day 1 (when the only active drug 
administered prior to 10:30 P.M. was AMPT) to exam
ine the differences between placebo and AMPT on 
measures of alertness and mood. Post hoc Duncan tests 
were used to examine the effects of L-dopa/carbidopa 
administration on alertness and mood (Treatment Day 
2). Specific relationships tested were: potential rever
sal of the effects of AMPT by L-dopa/carbidopa (AMPT + 
placebo versus AMPT plus L-dopa/carbidopa) and the 
effects of L-dopa/carbidopa alone (placebo + placebo 
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Table 1. Main Effects, Interactions, Comparisons, 
and Post Hoc Tests 

Measure 

Alertness 
and fatigue 
VAS alertness 
VAS sleepiness 
VAS weariness 
VAS effort 

MSLT 

Mood 
VAS happiness 
VAS calmness 
POMS tension 
POMS anger 

Drug 
Effect 

df = 3,34 
F = 4.78" 
F = 5.35" 
F = 3.11° 
NS 
df = 3,36 
F = 8.34b 

df = 3,35 
F = 3.osc 
F = 5.24" 
NS 
NS 

a Significant effect, p < .Ol. 
b Significant effect, p < .001. 

Time 
Effect 

df = 13,455 
F = 3.85b 
F = 2.91b 
F = 2.88b 
F = 2.24" 

df = 15,555 
F = 7.72b 

df = 11,396 
F = 3.30b 
NS 
NS 
F = 1.82c 

c Approaching significant effect, p < .05. 

Drug x Time 
Effect 

df = 39,455 
F = 1.65b 
F = 1.96b 
F = 1.94b 
F = 1.64" 

df = 45,555 
F = 1.43c 

df = 33,396 
NS 
F = 1.41° 
F = 1.90" 
F = 1.90" 

vs. placebo + L-dopa/carbidopa) on alertness and 
mood. 

An ANOV A was used to compare the effects of the 
various drug treatments on serum prolactin concentra
tion. The means of three serum prolactin concentrations 
obtained over a 1-hour period prior to drug treatment 
were compared to the means of three serum prolactin 
concentrations obtained over a 1-hour period on the af
ternoon of Treatment Day 2. Post hoc Duncan tests were 
then performed to determine which of the four treat
ment groups differed significantly. All statistical anal
yses were performed utilizing SPSS-X. 

RESULTS 

Results from the overall repeated measures ANCOV A 
for the Visual Analog Scales (VAS) and the MSLT are 
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presented in Table 1. Significant contrasts (planned 
comparisons and Duncan post hoc tests) are presented 
in Table 2 and in the text. VAS and MSLT data met 
criteria for homogeneity of variance, whereas POMS 
data did not. Square-root tranformations were per
formed on the POMS subscales to normalize their dis
tributions. Because of the large number of comparisons 
by ANCOV A, results from these comparisons were 
considered significant at a level of p < .01, and only 
significant or near significant results pertinent to the 
discussion are reported. Results obtained from planned 
comparison or Duncan contrasts were considered 
significant at a level of p < .05. 

Measures of Alertness and Fatigue 

Alertness and sleepiness, as measured by the VAS and 
MSLT, were significantly affected by AMPT adminis
tration and by the coadministration of AMPT and 
L-dopa/carbidopa. Overall, AMPT decreased alertness 
and increased fatigue, weariness, effort, and sleepiness 
(both by self-report and objective measures). 

Alertness. (Measured using the VAS "Alertness" 
scale.) Significant Drug, Time, and Drug x Time 
effects were observed on alertness [F(3,34) = 4.78, p < 
.01, F(13,455) = 3.85, p < .001, F(39,455) = 1.65, p < 
.01, respectively]. As shown in Figure 2, AMPT ad
ministration decreased alertness, and L-dopa/carbidopa 
reversed this effect. Furthermore, the time course for 
decreases in alertness corresponds well with the ex
pected time course of AMPT-induced catecholamine 
decreases in the CNS (Rech 1966). Planned compari
sons revealed that at each time point on Treatment Day 
1 (before L-dopa/carbidopa administration was initi
ated), subjects receiving AMPT reported significant 
decrements in alertness compared to subjects receiv
ing placebo (p's< .05). L-dopa/carbidopa administra
tion slowly reversed the effects of AMPT on alertness, 

Table 2. Planned Comparisons• and Post Hoc Duncan Contrastsh 

Treatment Day 1 Treatment Day 2 Recovery Day 

0800 1200 1600 2000 0800 1200 1600 0800 1200 1600 2000 

Alertness 1 1 1 1 2, 5 2, 5 2, 4, 5 2, 3, 4 2, 3, 4 
Sleepiness 1 1 2, 3, 4, 5 2, 4, 5 2, 4 2, 3, 4 
Weariness 1 1 2, 5 2, 4 2, 4 2, 3, 4 
Effort 1 1 5, 6 2, 5 2, 4, 6 
MSLT 1 1 1 2, 4, 5 2, 4 2, 4, 5, 6 2, 4 2 
Calmness 2, 3 2, 3, 7, 6 2, 3 
Tension 2, 4 2, 3 
Anger 2, 6 

a Planned comparisons (p < .05): 1 = AMPT vs. placebo. 
b Duncan post hoc tests (p < .05): 2 = AMPT + placebo vs. placebo + placebo; 3 = AMPT + placebo vs. AMPT + L-dopa/carbidopa; 

4 = AMPT + placebo vs. placebo + L-dopa/carbidopa; 5 = AMPT + L-dopa/carbidopa vs. placebo + placebo; 6 = AMPT + L-dopa/ 
carbidopa vs. placebo + L-dopa/carbidopa; 7 = placebo + L-dopa/carbidopa vs. placebo + placebo. 
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with measures of alertness beginning to increase by 
noon on Treatment Day 2 in the AMPT plus L-dopa/car
bidopa group (after two doses of L-dopa/carbidopa) and 
was signiftcantly greater than in the AMPT plus placebo 
group at 8:00 A.M. and noon on Recovery Day (p's< 
.05). L-dopa/carbidopa alone did not signiftcantly affect 
alertness. 

Sleepiness and Fatigue. (Measured using the VAS 
"Sleepiness," ''Weariness," and "Effort" Scale and the 
POMS "Fatigue" scale.) Sleepiness was significantly 
affected by drug and time, with a significant drug x 
time interaction [F(3,33) = 5.35, p< .01, F(l3,442 = 2.91, 
p < .01, f(39,442) = 1.96, p < .01, respectively]. 
Specifically, on measures of weariness and effort, time 
and drug x time interactions were found [weariness, 
Time: F(l3,442) = 2.88, p < .01, Drug x Time: 
F(39,442) = 1.94,p< .01; effort, Time: F(13,455) = 2.24, 
p < .01, Drug x Time: F(39,455) = 1.64, p < .01). As 
would be expected, the effects of AMPT and L-dopa/car
bidopa on measures of sleepiness and fatigue were the 
inverse of their effects on alertness. In particular, AMPT 
administration led to increased sleepiness, and L-dopa/ 
carbidopa attenuated this increase. The effects of AMPT 
on sleepiness were first observed on Treatment Day 1 
(prior to initiation of L-dopa/carbidopa replacement), 
when subjects receiving AMPT reported greater sleep
iness at 4:00 and 10:00P.M. (p's< .05). Measures of sleep
iness in the L-dopa/carbidopa replacement group began 
to decrease during Treatment Day 2, while sleepiness 
measures in subjects who took AMPT alone increased 
(see Figure 3). By the end of Treatment Day 2, mea
sures of sleepiness in the L-dopa/ carbidopa replacement 
group were significantly less than those in the AMPT 
alone group. The effect of AMPT on sleepiness mea
sures persisted until 4:00 P.M. on recovery day, when 
measures in the AMPT alone group were no longer 
significantly different from those in other groups (16½ 
hours after the last AMPT dose). Scores on the" effort" 
scale were consistent with those on the sleepiness scale, 
with all subjects who received AMPT reporting that 
greater "effort" was required to accomplish tasks. How
ever, subjects who received L-dopa/carbidopa replace
ment were affected less than those who did not and re
covered more quickly than subjects in the AMPT plus 
placebo group. 

Sleep Latency. (An objective measure of sleepiness, 
using the Multiple Sleep Latency Test.) Changes in 
alertness and fatigue were also found using a physio
logical measure of sleepiness [Drug F(3,34) = 4.78; 
p < .01, Time F(13,455) = 3.85, p < .01, Drug x Time 
F(39,455) = 1.65, p< .01) (Figure4). Specifically, AMPT 
administration led to significant decreases in sleep 
latency (reflecting increased physiological sleepiness). 
On treatment Day 1 (prior to initiation of L-dopa/car
bidopa replacement), subjects receiving AMPT had 
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shorter sleep latencies than those receiving placebo, 
with differences increasing over the course of the day 
(p's< .05). On Treatment Day 2 and through most of 
the recovery period, subjects receiving AMPT alone 
continued to exhibit the shortest sleep latencies (p's< 
.05). Subjects who received L-dopa/carbidopa replace
ment had less consistent decreases in sleep latency, with 
differences between the AMPT plus placebo and the 
AMPT plus L-dopa/carbidopa groups appearing at mea-
surement points shortly after L-dopa/carbidopa ad
ministration (i.e., at 8:00 A.M. and 2:00 P.M. on Treat
ment Day 2), as well as during the early evening on 
Treatment Day 2 (when effects of AMPT in the AMPT 
plus placebo group would be expected to be maximal). 
As with subjective measures of sleepiness, AMPT's 
effects on sleep latency began to dissipate during Recov
ery Day, and by the close of the day, no differences were 
apparent between any of the four treatment groups. 

Measures of Mood 

Mood was not robustly affected by AMPT or by coad
ministration of AMPT and L-dopa/carbidopa. Never
theless, the data indicate AMPT had negative effects 
on mood that were reversed by dopamine replacement. 

Positive Mood. (Measured using the VAS "Happi
ness" and "Calmness" scales.) As illustrated in Fig
ure 5, the most consistent change in positive mood was 
a slow decrease in calmness in subjects who received 
AMPT alone (AMPT plus placebo) with a moderate de
crease in calmness in subjects receiving L-dopa/car
bidopa alone (placebo plus L-dopa/carbidopa), reflected 
by a significant drug effect [F(3,34) = 5.24, p< .01]. Dur
ing Treatment Day 1, no significant differences were 
observed between patients who received AMPT and 
those who received placebo. However, by noon on 
Treatment Day 2, subjects who continued to take AMPT 
alone reported feeling significantly less calm than did 
subjects receiving either placebo alone or AMPT plus 
L-dopa/carbidopa (p's< .05). AMPT's effects on calm
ness persisted through 8:00 A.M. on Recovery Day (p < 
.05). Calmness scores for subjects receiving L-dopa/car
bidopa alone were consistently lower than subjects 
receiving either placebo alone or AMPT plus L-dopa/ 
carbidopa; however, this difference reached statistical 
significance at only one time point on Treatment Day 
2 (4:00 P.M.). Finally, there were marginal effects ob
served on the "Happiness" scale [Drug: F(3,33) = 3.08, 
p < .04; Time: F(13,442) = 3.3, p < .01). As with calm
ness, the AMPT plus placebo group consistently 
reported the greatest change in happiness compared 
to subjects who received placebo alone, although this 
difference was not statistically significant at any partic
ular time point. In contrast to what was observed on 
the "Calmness" scale, L-dopa/carbidopa treatment 
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Figure S Self-rated calmness using a visual analogue scale. Main effects, interactions, contrasts, and post hoc comparisons 
are provided in Table 1 and are described in the text. (Open triangles: placebo + placebo; filled triangles: AMPT + placebo; 
open circles: placebo + L-dopa/carbidopa; filled circles: AMPT + L-dopa/carbidopa.) 

alone did not result in a trend for decreased happiness, 
with subjects in that treatment group most closely ap
proximating those within the placebo plus placebo 
group. 

Negative Mood. (Measured by the VAS Sadness and 
Tension Scales and the POMS Sadness, Tension, and 
Anger Scales.) Significant drug x time effects were ob
served on the POMS Tension and Anger scales. In par
ticular, subjects who received AMPT alone reported 
greater tension and anger than subjects who received 
placebo. Indeed, a subgroup of subjects who received 
AMPT alone consistently reported maximal ratings of 
tension, creating large variances in the group as a whole. 
As was noted with measures of alertness, L-dopa/car
bidopa administration was found to reverse the anxio
genic effect of AMPT but did not lead to significant 
decreases in the anger-inducing effects of AMPT. 

In addition to these significant effects, a non
significant trend was observed in subjects who received 
L-dopa/carbidopa alone. These subjects consistently 
reported higher measures of tension than subjects who 
received placebo alone (the inverse of what was ob
served on the calmness scale previously mentioned). 
Also, subjects who received AMPT alone or in combi
nation with L-dopa/carbidopa tended to report in
creased sadness compared to the other two groups. 

Physical Symptoms 

In general, all drug treatments were well tolerated by 
study participants. In particular, there were no differ
ences reported between subjects who received placebo 
and those who received active drug on measures of nau
sea or gastrointestinal discomfort (including diarrhea), 
the two most commonly reported side effects of L-dopa 
and AMPT respective! y. Indeed, the only "side effect" 
that led two subjects to withdraw from the study prema
turely was the development of panic attacks. Both of 
these subjects were later determined to have received 
AMPT. No data from these two subjects were included 
in the present analyses. 

Serum Prolactin Measures 

While there were no differences between treatment 
groups prior to drug treatment, all four groups differed 
by the afternoon of Treatment Day 2 [F(l,3) = 40.01, 
p < .00001; see Table 3]. As before, AMPT treatment 
alone led to a significant rise in serum prolactin. Sub
jects who received L-dopa/carbidopa replacement had 
significantly lower prolactin levels than those who re
ceived AMPT plus placebo, but they still had higher 
prolactin levels than those who received placebo alone 
and those who received L-dopa/carbidopa alone. 
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Table 3. Prolactin Concentrations in AMPT- and L-Dopa-Treated Subjects 

Pretreatment Day 2 of Treatment 

AMPT/placebo 
AMPT /L-dopa/carbidopa 
Placebo/L-dopa/carbidopa 
Placebo/placebo 

20.17 (8.02) 
15.4 (4.72) 
16.0 (5.07) 
19.94 (5.78) 

58.04 (14.07)" 
43.81 (9.19)" 
16.04 (5.18)" 
25.62 (8.02)" 

" Signifi.cantly different from all other treatment groups; p < .001. Values are group means (stan
dard deviations. 

DISCUSSION 

The primary finding of this study is that the effects of 
AMPT on alertness and anxiety are reversed by treat
ment with L-dopa/carbidopa. This finding strongly sug
gests that the effects of AMPT are catecholamine 
specific, not due to nonspecific effects of AMPT. Fur
ther, the present data support the view that brain 
catecholamines are involved in the regulation of arousal 
and anxiety states. 

In addition to the primary finding of the study, 
results from the present study indicate that in normal 
humans, decreases in CNS catecholamines can lead to 
increases in measures of anxiety. As alluded to in the 
Introduction, anxiety is typically thought to be as
sociated with increases in catecholaminergic neuro
transmission, and a large body of preclinical and clini
cal data support this notion (Charney and Heninger 
1986; Redmond 1979; Nutt et al. 1990). However, in 
some instances, anxiety states have been observed dur
ing states of decreased arousal at times when catechol
amine neurotransmission is diminished. For example. 
a growing body of literature indicates that a subpopu
lation of patients with panic disorder experience panic 
attacks during sleep (Hauri et al. 1989; Mellman and 
Uhde 1989, 1990; Uhde 1994). Polysomnographic tech
niques have been utilized to determine the electro
physiological characteristics of "sleep panic attacks," 
and in general they have shown that sleep panic oc
curs during or near the Stage 2-3 sleep transition ( dur
ing a period of diminishing arousal and decreasing nor
adrenergic neuron activity). The observation that 
diminished catecholaminergic concentrations may be 
associated with anxiety is also consistent with the 
observation that some normal individuals have panic 
attacks when being treated with AMPT (McCann et al. 
1991). The nature of AMPT-induced panic is not clear, 
however, and could possibly be secondary to post
synaptic receptor upregulation that may occur in the 
setting of diminished catecholamine neurotransmission. 

As before (McCann et al. 1993), results from the 
present study indicate that in healthy individuals, 
AMPT does not induce significant increases in depres
sion. This is in contrast to what has been observed in 
unmedicated patients with affective illness (Bunney et 
al. 1971) who responded to AMPT with significant in-

creases in depression or decreases in manic symptoms. 
This observation, along with the observation that an
tidepressant medications do not improve mood in 
healthy individuals, suggests that catecholaminergic 
systems in depressed populations may be fundamen
tally different from those in healthy populations. 

One aspect of the present data in particular deserves 
comment. As clearly shown in Figures 2-5, although 
L-dopa/carbidopa was found to reverse the effects of 
AMPT, they were not totally eradicated. While this 
could be taken to mean that some of AMPT's effects 
were noncatecholaminergic in nature, this is probably 
not the case. Instead, it is more likely that the dose of 
L-dopa/carbidopa utilized (100 mg L-dopa/25 mg car
bidopa), as well as its short elimination half-life (1.5 
hours), explain the subtotal nature of its effects. This 
low dose was utilized because it is known to exert be
havioral effects in patients with early Parkinson's dis
ease, yet in most patients it is not associated with 
significant nausea (the most problematic and common 
adverse effect of L-dopa treatment). Indeed, when the 
submaximal dose utilized is considered, the data may 
be even more convincing. Specifically, on measures 
of both alertness and calmness (Figures 2-4), follow
ing medication discontinuation, subjects who received 
AMPT alone have parallel recovery to those who re
ceived L-dopa/carbidopa replacement, and the time 
course of recovery parallels the time course of post
AMPT catecholamine repletion documented in brains 
of AMPT-treated animals (Rech et al. 1966). Phar
macokinetic differences between the two drugs utilized 
may also account for the jagged appearance of the sleep 
latency plots during treatment day 2 (Figure 5). Spe
cifically, shortly after L-dopa administration, when peak 
pharmacological effects would be expected, subjects 
who received L-dopa have increases in sleep latency. 
These increases are not sustained, however, and with 
time (and diminished expected pharmacological effects), 
sleep latencies become similar to those of subjects in 
the AMPT plus placebo group. Finally, the notion that 
catecholamine stores were not totally replenished by 
the dose of L-dopa/carbidopa used is supported by 
neuroendocrine data, which indicates that although 
L-dopa/carbidopa administration led to significant 
decreases of prolactin in AMPT-treated subjects (reflect
ing increased CNS dopamine), they did not fall the lev-
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els seen at baseline (or in placebo treated subjects). 
It is recognized that ideally, full dose-response de

terminations would have been performed for both 
drugs studied. However, the number of subjects, the 
expense, and the time required for such studies in hu
mans precluded this possibility. Future studies are 
needed to determine whether larger doses of L-dopa/ 
carbidopa would be tolerated acutely, and if so, whether 
they more completely reverse the effects of AMPT. 
Given the finding that L-dopa/carbidopa itself may be 
anxiogenic, higher doses may be poorly tolerated ei
ther because of anxiety or nausea. Another potential 
limitation of the present findings is that behavioral rat
ing data were based on subjects' self-reports. While it 
would have been preferable to also utilize data from 
observer-based ratings, the large number of personnel 
involved in each 6-day study run led to large interrater 
differences and to the decision to exclude these data 
from analyses. Interestingly, on measures of sleepiness, 
subjective self-ratings were found to be a better tool for 
distinguishing between extreme levels of sleepiness 
than objective measures (i.e., the MSLT), a finding also 
observed in our previous study (McCann et al. 1992). 

When considering alternative explanations for the 
present experimental findings, it is important to note 
that manipulations of CNS catecholamine systems are 
also likely to influence other neurotransmitter systems 
(e.g., serotonin, GABA) as well as neuropeptides (e.g., 
CCK). The possibility that changes in alertness, mood, 
and anxiety demonstrated following AMPT (and/or 
L-dopa/carbidopa) are, in fact, indirect or downstream 
effects of catecholamine changes, remains. 

In sum, the present results suggest that AMPT
induced decreases in alertness and calmness in normal 
humans are due to its effects on brain catecholamine 
systems. These findings further implicate catechol
amines in normal arousal states, and support the no
tion that dysregulation of brain catecholamine systems 
may underlie some anxiety disorders. 

REFERENCES 

Betts TA (1981): Adrenoceptor drugs and sleep. In Wheatley 
D (ed), Psychopharmacology of Sleep, New York, Ra
ven, pp 199-212 

Brodie HKH, Murphy DL, Goodwin FK, Bunney WE (1971): 
Catecholamines and mania: The effect of alpha-methyl
para-tyrosine on manic behavior and catecholamine me
tabolism. Clin Pharmacol Exp Ther 12:218-224 

Bunney WE Jr, Davis JM (1965): Norepinephrine in depres
sive reactions. Arch Gen Psychiatry 13:483-494 

Bunney WE, Brodie HK, Murphy DL, Goodwin FK (1971): 
Studies of alpha-methyl-para-tyrosine, L-dopa, and 
L-typtophan in depression and mania. Am J Psychiatry 
127:872-881 

Carskadon MA, Dement WC (1982): The multiple sleep 
latency test: What does it measure? Sleep 5:567-572 

Effects of L-Dopa in AMPT-Treated Humans 51 

Charney DS, Heninger GR, Brier A (1984): Noradrenergic 
function in panic anxiety: Effects of yohimbine in healthy 
subjects and patients with agoraphobia and panic disor
der. Arch Gen Psychiatry 41:751-763 

Charney DS, Heninger GR (1986): Abnormal regulation of 
noradrenergic function in panic disorders: Effects of cloni
dine in healthy subjects and patients with agoraphobia 
and panic disorder. Arch Gen Psychiatry 43:1042-1054 

Forno LS, Alford EC (1987): Pathology of Parkinson's Dis
ease. In Koller WC (ed), Handbook of Parkinson's Dis
ease, New York, Marcel-Dekker, pp 209-236 

Greenspan K, Schildkraut JJ, Gordon EK, Levy B, Durell J 
(1%9): Catecholamine metabolism in affective disorders. 
II. Norepinephrine, normetanephrine, epinephrine, 
metanephrine, and VMA excretion in hypomanic pa
tients. Arch Gen Psychiatry 21(6):710-716 

Hauri PJ, Friedman M, Ravaris CL (1989): Sleep in patients 
with spontaneous panic attacks. Sleep 12:323-337 

Hoddes E, Zarcone V, Smythe H, Phillips R, Dement W (1973): 
Quantification of sleepiness: A new approach. Psy
chopharmacology 10:431-436 

Hornykiewicz, 0 (1975): Parkinson's disease and its chemo
therapy. Biochem Pharmacol 24:1061-1065 

Koller, WC (1992): When does Parkinson's disease begin? 
Neurology 42(Suppl 4):27-31 

McCann UD, Penetar DM, Belenky G (1991): Panic attacks 
in healthy volunteers treated with a catecholamine syn
thesis inhibitor. Biol Psychiatry 30:413-416 

McCann UD, Penetar DL, Shaham Y, Thorne D, Gillin JC, 
Sing H, Thomas H, Belenky G (1992): Sleep Deprivation 
and Impaired Cognition: The Role of Catecholamines. 
Biol Psychiatry 31(11):1082-1097 

McCann UD, Penetar DM, Shaham Y, Thorne DR, Sing HC, 
Thomas ML, Gillin JC, Belenky G (1993): Effects of Cate
cholamine Depletion on Alertness and Mood in Rested 
and Normal Volunteers. Neuropsychopharmacology 
8:345-356 

McNair DM, Lorr M, Droppleman LF (1971): Profile of Mood 
States. San Diego, Educational and Industrial Testing 
Service 

Mellman TA, Uhde TW (1989): Electroencephalographic sleep 
in panic disorder: A focus on sleep-related panic attacks. 
Arch Gen Psychiatry 46:178-184 

Mellman TA, Uhde TW (1990): Patients with frequent sleep 
panic: Clinical fmdings and response to medication treat
ment. J Clin Psychiatry 51(12):513-515 

Monk TH (1989): A visual analogue scale technique to mea
sure global vigor and affect. Psychiatry Res 27:89-99 

Nagatsu T, Levitt M, Udenfriend S (1964): Tyrosine hydroxy
lase, the initial step in norepinephrine biosynthesis. J Biol 
Chem 239:2910-2917 

Newhouse PA, BelenkyG, Thomas ML, Thorne D, SingHC, 
Fertig J (1989): The effects of d-amphetamine on arousal, 
cognition, and mood after prolonged total sleep depri
vation. Neuropsychopharmacology 2:153-164 

Nicholson AN, Pascoe PA (1990): Dopaminergic transmission 
and the sleep-wakefulness continuum in man. Neu
ropharmacology 4:411-417 

Nutt DJ, Glue P, Lawson C (1990): The neurochemistry of 
anxiety: An update. Prog Neuropsychopharmacol Biol 
Psychiatry 14:737-752 



52 U.D. McCann et al. 

Rech RH, Borys HK, Moore KE (1966): Alterations in behavior 
and brain catecholamine levels in rats treated with alpha
methyl-para-tyrosine. J Pharrnacol Exp Ther 153:412-419 

Redmond DE Jr (1979): New and old evidence for the involve
ment of a brain norepinephrine system in anxiety. In Fann 
WE (ed), The Phenomenology and Treatment of Anxi
ety, Jamaica, NY, Spectrum, pp 153-203 

Spector S, Sjoerdsma A, Udenfriend S (1965): Blockade of 
endogenous norepinephrine synthesis by alpha-methyl-

NEUROPSYCHOPHARMACOLOGY 1995-VOL. 13, NO. 1 

para-tyrosine, an inhibitor of tyrosine hydroxylase. J 
Pharmacol Exp Ther 147:86-95 

Thome D, Censer S, Sing H, Hegge F (1985): The Walter Reed 
performance assessment battery. Neurobehav Toxicol 
Teratol 7:415-418 

Uhde TW (1993): The anxiety disorders. In Kryger MH, Roth 
T, Dement WC (eds), Principles and Practice of Sleep 
Medicine, ed 2. Pennsylvania, Saunders, pp 871-898 


	The Effects of L-Dihydroxyphenylalanine on Alertness and Mood in a-Methyl-ParaTyrosine-Treated Healthy Humans
	Further Evidence for the Role of Catecholamines in Arousal and Anxiety
	METHODS
	Subjects
	Procedure
	Drug Treatment
	Measures of Alertness and Mood
	Serum Prolactin Measures
	Data Analyses

	RESULTS
	Measures of Alertness and Fatigue
	Measures of Mood
	Physical Symptoms
	Serum Prolactin Measures

	DISCUSSION
	REFERENCES


