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The pharmacokinetics of short and long intravenous infusions of levodopa with and without concurrent oral adminis- 
tration of carbidopa was studied in 9 parkinsonian patients. Carbidopa reduced by 50% both the infusion rate required 
to produce a clinical response and the time required for plasma clearance of levodopa. Using this value for clearance, it 
is estimated that carbidopa doubles the bioavailability of orally administered levodopa. Carbidopa did not alter the 
therapeutically effective plasma concentration of levodopa, suggesting that carbidopa does not modify the so-called 
enzymatic blood-brain barrier. The decline of the plasma levodopa concentration was biphasic; carbidopa modestly 
increased half-lives of both phases. The apparent volume of distribution was not significantly altered. Carbidopa did 
not change the duration of the clinical response after the discontinuation of short infusions. From these observations 
we infer that the therapeutic effects of carbidopa can be attributed to doubling the bioavailability of orally adminis- 
tered levodopa and halving its plasma clearance. 
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Aromatic amino acid decarboxylase (AAAD) is a 
ubiquitous enzyme with particularly high concentra- 
tions in the intestinal mucosa, liver, brain [ 5 ) ,  and 
brain capillaries [ll ,  12). Carbidopa is a decarboxylase 
inhibitor that does not enter the brain unless adminis- 
tered in very large doses [l, 2); it is commonly ad- 
ministered with levodopa and reduces by 60 to 80% 
the levodopa dose required for a clinical response 
{7 ,  8, 13, 16, 18, 191. Exactly how this dose reduction 
is accomplished is uncertain. Proposed mechanisms in- 
clude inhibition of gastrointestinal AAAD to increase 
bioavailability, inhibition of systemic AAAD to de- 
crease the plasma clearance, and inhibition of the brain 
capillary decarboxylase (conceived of as an enzymatic 
blood-brain barrier) to promote entry of levodopa into 
brain tissue. Assessment of the contribution of each of 
these factors after oral administration of levodopa is 
complicated by the rapid rise and fall of plasma 
levodopa levels as well as by the concurrent absorption 
and elimination of the drug. 

We have investigated plasma levodopa concentra- 
tions and therapeutic effects of constant intravenous 
infusions of levodopa with and without concurrent car- 
bidopa administration in order to define more accu- 

rately the effects of carbidopa on the pharmacokinetic 
behavior of levodopa and to reexamine the mecha- 
nisms of carbidopa's therapeutic actions. 

Patients and Methods 
Nine patients with idiopathic parkinsonism and a fluctuating 
response to levodopa (Table 1) participated in the infusion 
protocols after giving informed consent. The protocol was 
approved by the Oregon Health Sciences University Human 
Research Committee, and a Notice of Claimed Investiga- 
tional Exemption for a New Drug was obtained for intrave- 
nous levodopa from the Food and Drug Administration. For 
the studies the patients were hospitalized in the Clinical Re- 
search Center. Levodopa (Sinemet) and bromocriptine were 
discontinued at 1O:OO PM the night before the infusion stud- 
ies; anticholinergics and amantadine were continued as 
routinely administered. Infusions of levodopa (1 mgml in 
dextrose and water) were begun at 900 AM, at which time all 
patients exhibited moderate to marked parkinsonism. All 
patients received infusions on two occasions, once with the 
concurrent administration of carbidopa (25 rng orally starting 
at 7:OO or 8:OO AM and repeated every 2 hours thereafter to 
the completion of the blood sampling) and once without 
carbidopa. Four patients had infusions of 20 hours or longer 
(Table 2); 7 had 2-hour infusions (2 patients had both long 
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Table 1. Clinical Features of Subjects 

Patient Age (yr), Weight Parkinson’s Parkinson’s Other 
No. Sex (kg) 

1 60, M 99 10 + + +  levodopa 1000 chlorthalidone 

Duration of Medications for 

Disease (yr) Fluctuation” Disease (mg) Medications 

carbidopa 100 
trihexyphenidyl 6 

carbidopa 100 
bromocriptine 50 

carbidopa 13 5 atropine 
bromocriptine 40 

carbidopa 125 

carbidopa 80 
amantadine 200 

carbidopa 300 

carbidopa 120 

carbidopa 100 piroxicam 

2 53, F 65 16 + + +  levodopa 1000 chlordiazepoxide 

3 54, M 85 15 + + +  levodopa 13 50 diphenoxy late 

4 63, M 110 15 + + +  levodopa 12 50 . . .  

5 50, F 55 5 + +  levodopa 800 . . .  

6 71, M 103 8 + + +  levodopa 1200 . . .  

7 68, M 99 7 + + +  levodopa 1200 . . .  

8 44, F 55 4 + + +  levodopa 400 amitriptyline 

hydroxychloroquine 
9 67, M 80 8 + +  levodopa 850 . . .  

carbidopa 2 13 
amantadine 200 

“0 = none;+ = mild, no functional significance; + + = moderate;+ + + = marked difference in functional ability when “on” and “off.” 

Table 2. Pharmacokinetic Parameters for Long Infusions of Levodopa 
~ ~ ~ 

Patient No. 

Variables 1 2 3 4 Mean t SD Probability 

Infusion duration (hr) 
Without carbidopa 
With carbidopa 

Infusion rate (mg/kg/hr) 
Without carbidopa 
With carbidopa 

Without carbidopa 
With carbidopa 

Clearance (Ifkdhr) 
Without carbidopa 
With carbidopa 

Without carbidopa 
With carbidopa 

Sready-state plasma concentration (nmolesiml) 

Apparent volume of distribution (Ukg) 

33 
30 

1.01 
0.50 

10 
7 

0.51 
0.36 

0.82 
1.90 

26 
33 

1.23 
0.62 

10 
13 

0.62 
0.24 

0.88 
1.14 

26 
35 

2.18 
1.29 

20 
22 

0.55 
0.30 

0.87 
0.70 

20 
31 

1.82 
0.91 

22 
20 

0.42 
0.23 

0.96 
0.61 

. . .  . . .  

. . .  . . .  

1.56 * 0.53 C0.05 
0.83 t 0.35 

15.5 5 6.0 NS 
15.5 2 7.0 

0.52 & 0.08 <0.05 
0.28 f 0.06 

0.88 t 0.06 NS 
1.09 5 0.59 

NS = not significant. 
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and short infusions). One or more months separated long 
infusions in each patient. Short infusions were done on con- 
secutive days. 

Infusion rates for the long infusions were titrated by clini- 
cal response without knowledge of the plasma levodopa con- 
centration 1171. For short infusions with concurrent car- 
bidopa administration, the rate was set to deliver the average 
hourly dose of levodopa given orally as Sinemet. The rate 
was approximately doubled when carbidopa was omitted 
during the infusions. During the infusion and for 3 hours 
afterwards, parkinsonism was evaluated every 30 to 60 min- 
utes by a scale using timed tapping and walking tasks and 
dyskinesia and tremor scores [ 171. Blood for levodopa deter- 
minations was collected at the same times, as well as 5, 10, 
15, and 20 minutes after discontinuing the short infusions. 
Plasma was immediately separated and frozen at - 70°C until 
assayed by high-performance liquid chromatography [. 171. 

Distribution and elimination constants and half-lives were 
calculated for all patients from the decay of plasma levodopa 
concentration after discontinuing the infusions, using a 
curve-fitting program for a two-compartment pharmaco- 
kinetic model [l51. Clearance (Cl) at steady state during 
the long infusions was calculated by the relationship 

Cl = infusion ratdsteady-state plasma levodopa concentration 

The apparent volume of distribution (aVd) for the long 
infusions was calculated by the relationship 

aVd = (CI x elimination half-life)/0.693 

For the short infusions, a noncompartmental analysis [ 101 
was used to calculate clearance by the relationship 

intravenous dose 
(area under the curve) 

Cl = 

where the area under the plasma concentration curve (AUC) 
was calculated by the trapezoid rule and extrapolated to 
infinity by adding the term 

final drug concentration 
elimination constant 

The volume of distribution was calculated by the relationship 

infused dose (T) - infused dose (AUMC) 
(AUC)’ 2 (AUC) aVd = 

where T is the duration of the infusion and AUMC is the 
area under the first moment curve. AUMC was calculated by 
the trapezoid rule for the concentration time versus time 
curve and extrapolated to infinity by the term 

(final drug concentration) (final observation time) 
(elimination constant) 

(final drug concentration) + 
(elimination 

A “compartmental” analysis of the results from the 2-hour 
infusions yielded similar values for clearance and volume of 
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Fig I. Clinical responses and plasma levodopa concentrations 
during initial 6 hours of long infusions with and without car- 
bidopa in Patient 3.  Therapeutic plasma concentrations, deter- 
mined by titration of clinical response, were similar during both 
in fusions. 

distribution, and the statistical conclusions were the same as 
those from the noncompartmental analysis. 

The significance of the difference between the phar- 
macokinetic parameters with and without concurrent car- 
bidopa administration was estimated by the two-tailed paired 
t test. 

Results 
Plasma levodopa concentrations and levodopa infusion 
rates during the initial 6 hours of prolonged infusions 
with and without concurrent carbidopa administration 
are illustrated for a representative patient in Figure 1. 
This patient had an equivalent clinical response to  both 
infusions, becoming mobile and mildly dyskinetic 
within 1 to 2 hours of starting the infusion and con- 
tinuing to have a sustained response throughout the 
day. As seen in this figure and in Table 2, concurrent 
administration of carbidopa reduced the infusion rate 
determined by titration by 50% but did not alter the 
steady-state plasma levodopa concentration required 
for an adequate therapeutic response. T h e  rate of 
plasma clearance of levodopa was also halved by car- 
bidopa (see Table 2). 

T h e  short infusions in Patients 3 through 9 pre- 
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during long and short infusions were similar in all pa- 
tients. They were inconsistently altered by carbidopa 
(see Tables 2 and 3). 
I- Semilogarithmic plots of the decline of plasma 

levodopa concentration after discontinuation of short 
or long infusions (Fig 3 )  showed a biphasic decline. 
This finding s u ~ e s t s  that a mo-compartment mode‘ 
with a “distribution” Phase followed by an ‘‘elimina- 
tion” phase is an appropriate description of the phar- 
macokinetic behavior of levodopa. The distribution 

0900 1100 1300 0900 1100 1300 - 
Day 1 Day 2 

Fig 2.  Clinical responses and plasma lwodopa concentrations 
during 2-hour infusions without and with carbidopa in Patienr 
6. Higher plasma lwodopa concentrations were produced without 
carbidopa, which resulted in a more prompt and more sustained 
clinical response. 

cluded titration, and hourly infusion rates were se- 
lected to approximate average hourly oral doses of 
Sinemet and doubled when administered without car- 
bidopa (Fig 2, Table 3 ) .  Although plasma levodopa 
concentrations were slightly, but nonsignificantly, 
lower after 2 hours of infusion with concurrent oral 
carbidopa (see Table 3) ,  the clinical response was qual- 
itatively the same (see Fig 2). Higher plasma concen- 
trations of levodopa tended to produce a clinical re- 
sponse more quickly and the clinical effects persisted 
longer after the infusion was discontinued (see Fig 2, 
Table 3) .  The clearance of levodopa was halved by 
carbidopa (see Table 3). The estimated clearances with 
and without carbidopa were very similar to those cal- 
culated during prolonged infusions. 

The apparent volumes of distribution of levodopa 

JL 
-0’ o y , o - e  

dd 4 o---C---O 

Table 3. Phamcokinetic and Phamzacodynamic Parameters of 2-Hour Infusions of Lmodopa 

Patient No. 

Variables 3 

Infusion rate (mg/kg/hr) 
Without carbidopa 2.12 
With carbidopa 1.29 

Plasma concentration at 2 
hours (nmoles/ml) 

Without carbidopa 17.5 
With carbidopa 20.0 

Clearance (Ukg/hr) 
With carbidopa 0.51 
Without carbidopa 0.26 

Apparent volume of 
distribution (Ukg) 

Without carbidopa 0.53 
With carbidopa 0.43 

after starting infusion (min) 
Latency to clinical response 

Without carbidopa 30 
With carbidopa 30 

Duration of clinical response 
after discontinuing infusion 
(min) 

Without carbidopa 120 
With carbidopa 180 

4 5 6 7 8 9 Mean t SD Probability 

1.82 
0.9 1 

13.4 
10.3 

0.58 
0.34 

0.72 
0.57 

60 
60 

150 
90 

1.45 
0.73 

# 

* 

- 
- 

- 
- 

60 
60 

60 
30 

1.46 1.52 
0.73 0.76 

14.9 13.4 
10.0 11.2 

0.42 0.54 
0.30 0.32 

0.92 0.55 
0.78 0.51 

60 60 
90 60 

90 120 
60 120 

1.45 
0.73 

8.7 
6.2 

0.85 
0.39 

0.52 
0.76 

30 
60 

90 
90 

1.75 
0.88 

15.7 
9.0 

0.40 
0.19 

0.79 
1.75 

30 
30 

90 
60 

1.65 +. 0.26 <0.05 
0.86 t 0.20 

13.9 * 3 N S  
11.1 & 5 

0.55 +. 0.16 <0.05 
0.30 * 0.07 

0.67 2 0.16 NS 
0.80 2 0.49 

47 5 16 NS 
56 * 2 1  

103 * 29 NS 
90 t 49 

~ 

* = Final levodopa plasma concentration lost due to laboratory error, NS = not significant, - = not calculated 

540 Annals of Neurology Vol 18 N o  5 November 1985 



Patient + 3 

Pati ent + 4  

I# 180 
0 30 60 90 120 

Time (minuted 

Fig 3. Semilogarithmic plots of the disappearance of levodopa 
from the phsma after discontinuing both short and long infu- 
sions. The effect of carbidopa during short infusions differed 
among patients. In patients such as Patient 4 (bottom), car- 
bidopa bad little tfbct on p lasm Clearance. In others, such as 
Patient 3 (top), carbidopa increased both the distribution and 
elimination half-lives. The disappearance of levodopa from 
plasma after prolonged infusions was similar to  that afer short 
infusions in Patient 3 ,  but was slowed relative to short infusions 
in Patient 4. In Patient 4, only one line was drawn through the 
data from the two 2-hour infusions. (Solid circles represent 2- 
hour infusions with carbidopa, open circles 2-hour infusions 
without carbidopa. Solid squares wpresent long infusions with 
carbidopa, open squares, long infusions without carbidopa.) 

half-lives of levodopa were similar after short and long 
infusions (Table 4).  Carbidopa increased the distribu- 
tion half-life, the effect being more apparent after pro- 
longed infusions (see Fig 3, Table 4). Carbidopa also 
increased the mean elimination half-lives after both 
short and long infusions (see Table 4). 

Discussion 
Bioavailability 
The concurrent oral administration of carbidopa with 
zntraz,enous levodopa halved the infusion rate required 
to produce a therapeutic response (see Tables 2 and 3). 
The steady-state plasma concentration of levodopa 

achieved during the infusions was similar, indicating 
that carbidopa halved the plasma clearance of levodopa 
(see Tables 2 and 3). 

The concurrent oral administration of levodopa and 
carbidopa reduced the dose of levodopa required for 
equivalent plasma levodopa concentrations and thera- 
peutic response by 60 to 85% {7 ,  8, 13, 16, 18, 191. 
The amount of drug absorbed intact, measured as the 
area under the plasma concentration curve (AUC), is 
related to the dose administered (D),  the bioavailabil- 
ity or fraction absorbed ( F ) ,  and the plasma clearance 
(Cl) by the equation 

AUC = F x DICI 

If the administration of carbidopa reduces the oral 
dose required for a therapeutic response by an average 
of 75% without reducing the plasma levodopa concen- 
trations or AUC {8, 161 and reduces the plasma clear- 
ance by 50% (our results, Tables 2 and 3) ,  the effect of 
carbidopa on the fraction absorbed (F)  can be cal- 
culated using the following estimates 

Fo x D - Fc x Dl4 - 
ClI2 AUC = cl 

then 

--- Fc - D x - -  CM2 - 
Fo Dl4 CI 

where o indicates no carbidopa and c indicates car- 
bidopa. Thus, carbidopa doubles the bioavailability of 
orally administered levodopa. This estimate is approxi- 
mate and may vary with the size of the dose adminis- 
tered because levodopa absorption and decarboxyla- 
tion are not linear. Proportionally more of the large 
doses of Ievodopa are absorbed as the intestinal 
AAAD becomes saturated 114, 211. Animal studies 
suggest that intestinal AAAD, and not hepatic 
AAAD, is important in first-pass metabolism of 
levodopa because the administration of levodopa into 
the portal vein produces similar plasma concentration 
curves as when administered into a peripheral vein 
[ 3 ,  22). Therefore, carbidopa’s effect on bioavailability 
may largely represent inhibition of intestinal AAAD. 

Plasma Clearance of Lpuodopu 
In our studies, levodopa rapidly disappeared from the 
plasma by a biphasic process (Fig 3). The initial phase 
or “distribution” phase is assumed to represent mainly 
the redistribution of the drug from the plasma into 
other tissues. The first phase of plasma levodopa disap- 
pearance reduced the concentration of levodopa by 
approximately 50% within 5 to 30 minutes. Other in- 
vestigators have observed a similar large and rapid dis- 
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Table 4. Intravenous Plasma Half-Lives of h o d o p a  

Distribution Half-Life (hr) Elimination Half-Life (hr) 

Protocol 
Without With Without With 
Carbidopa Carbidopa Carbidopa Carbidopa 

Long infusions 
Patient 1 

2 
3 
4 

Mean t SD 
Probability 

Short infusions 
Patient 3 

4 
5 
6 
7 

8 
9 

Mean 2 SD 
Probability 
Grand mean 
Probability 

0.10 
0.06 
0.06 
0.23 
0.11 k 0.08 

0.05 
0.04 
0.08 
0.10 
0.07 
0.06 
0.11 
0.07 k 0.03 

0.09 

0.43 
0.40 
0.18 
0.29 
0.33 * 0.11 

NS 

0.08 
0.06 
0.07 
0.12 
0.09 
0.16 
0.18 
0.11 2 0.05 

<0.05 
0.19 

<0.025 

1.11 
0.98 
1.09 
1.59 
1.19 2 0.27 

1.28 
1.38 
1.21 
2.14 
0.92 
0.82 
1.88 
1.38 c 0.48 

1.31 

3.67 
3.28 
1.61 
1.84 
2.60 f 1.03 

NS 

1.40 
1.55 
1.01 
2.09 
1.52 
1.76 
4.74 
2.01 * 1.25 

NS 
2.22 

c0.25 

tribution effect after the intravenous injection of 
levodopa boluses in dogs {4, 20), rodents 161, and hu- 
mans {20). The distribution phase was still apparent 
after prolonged infusions, although less prominent in 
some patients. Another therapeutically useful amino 
acid, methyldopa (Aldomet), also disappears from the 
plasma by a biphasic process [231. 

The presence of this prominent distribution phase 
of the plasma clearance of levodopa means that there 
can be large and very rapid changes of plasma levodopa 
concentrations. Rapid oscillations of plasma levodopa 
are dampened during oral administration of the drug 
when absorption, distribution, and elimination are OC- 

curring simultaneously. However, they can occur, par- 
ticularly if the drug is administered after fasting (see 
1171). The clinical significance of the distribution phase 
in the treatment of parkinsonism is conjectural, but for 
some drugs, such as thiopental, the redistribution and 
not the metabolism or excretion terminates the thera- 
peutic effects. 

Although carbidopa produced a statistically signifi- 
cant increase in the half-life of the distribution phase, 
this represented a prolongation of the half-life by only 
several minutes and was in all likelihood clinically un- 
important. 

The second phase of the disappearance of levodopa 
from plasma-the elimination phase-primarily repre- 
sents metabolism of levodopa. Carbidopa increased 
the mean elimination-phase half-life from 1.3 to 2.2 

hours. Previous estimates of carbidopa’s effect on the 
plasma half-life of orally administered levodopa have 
yielded conflicting results {7 ,  8, 16, 191, possibly be- 
cause of the difficulty of evaluating half-lives of an 
orally administered drug with a short half-life. 

The fact that carbidopa increases the elimination- 
phase half-life appears to conflict with our observation 
that the deterioration of the clinical response after the 
2-hour infusions appeared to be related to peak plasma 
levodopa concentration rather than to the presence or 
absence of carbidopa and with the general clinical ob- 
servation that carbidopa does not decrease the fre- 
quency with which levodopa must be administered 
[S, 171. Two possible explanations for this apparent 
contradiction are that (1) the first or distribution phase 
of levodopa clearance determines the duration of clini- 
cal response, or (2) plasma concentrations of levodopa 
do not mirror brain concentrations. 

Blood-Bvain Enzymatic Barrier 
Cerebral capillary endothelial cells of mammals, in- 
cluding humans, are unique in possessing abundant 
decarboxylase activity [ll]. This enzymatic activity 
metabolizes much of the levodopa that is transported 
across the luminal membrane into the endothelial cell, 
reducing the amount of levodopa that will subse- 
quently be transported across the abluminal membrane 
into the brain parenchyma {9, 241. It has been postu- 
lated that inhibition of the brain capillary endothelial 
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decarboxylase by peripheral decarboxylase inhibitors 
such as carbidopa lowers this enzymatic barrier Cl2l. 
The prediction leading from this hypothesis is that 
lower plasma concentrations of levodopa would be 
sufficient for a therapeutic response in the presence of 
carbidopa. However, in this study doses of carbidopa 
exceeding those commonly employed in treating par- 
kinsonism did not reduce the apparent therapeutically 
optimal plasma levodopa concentrations during long 
infusions (see Table 2). Duration of clinical effect dur- 
ing short infusions was related to peak plasma 
levodopa concentration and not to the presence or 
absence of carbidopa. Thus, as generally used in the 
treatment of parkinsonism, carbidopa does not appear 
to alter materially a blood-brain enzymatic barrier to 
levodopa. 

Supported in part by the Medical Research Foundation of Oregon, 
the United Parkinsonian Foundation, National Institute of 
Neurological and Communicative Disorders and Stroke Grant 
lROl  NS21062-01, and Clinical Research Center Grant RR00334. 

Presented in part at the 108th Annual Meeting of the American 
Neurological Association, New Orleans, LA, Oct 4, 1983, and at the 
Bermuda Symposium on Parkinson’s Disease, Bermuda, Oct 1-3, 
1984. 

The authors thank the nurses of the Clinical Research Center for 
empathetic care of the patients and skillful execution of the pro- 
tocols; Dawn Merrick and Ajmal Il ia for careful levodopa assays; 
Drs Jack Fellman, Milo Gilbaldi, and John P. Hammerstad for advice 
and criticism during the study; Roche Laboratories for levodopa 
powder; Merck Sharp and Dohme Laboratories for carbidopa; and 
Peggy Misley for preparation of the manuscript. 

References 
1. 

2. 

3. 

4. 

5 .  

6. 

Bmholini GJ, Pletscher A: Effects of various decarboxylase in- 
hibitors on the cerebral metabolism of dihydroxyphenylalanine. 
J Pharm Pharamacol21:323-324, 1969 
Clark WG, Oldendorf WH, Dewhurst W G  Blood-brain barrier 
to carbidopa (MK-486) and Ro 4-4602, peripheral dopa decar- 
boxylase inhibitors. J Pharm Pharmacol 25:416-418, 1973 
Coder S, Holazo A, Boxenbaum HG, Kaplan SA: Influence of 
route of administration on physiological availability of levodopa 
in dogs. J Pharm Sci 65:822-827, 1976 
Coutinho CB, Spiegel HE, Kaplan SA, et al: Kinetics of absorp- 
tion and excretion of levodopa in dogs. J Pharm Sci 60:1014- 
1019, 1971 
Davis VE, Awapara J: A method for the determination of some 
amino acid decarboxylases. J Biol Chem 235:124-127, 1960 
D o h  JH, Connor JD, Lock DR, et al: Levodopa phar- 

7. 

8. 

9. 

10. 

11. 

12 

13 

14 

15. 

16 

17 

18 

19 

20 

21 

22. 

23. 

24. 

macokinetics: alterations after benserazide, a decarboxylase in- 
hibitor. Drug Metab Dispos 6:164-168, 1978 
Dunner DL, Brodie M, Goodwin FK: Plasma dopa response 
to levodopa administration in man: effects of a peripheral decar- 
boxylase inhibitor. Clin Pharmacol Ther 12:212-217, 1971 
Fahn S: “On-off” phenomenon with levodopa therapy in  parkin- 
sonism. Neurology (Minneap) 24:43 1-44 1, 1974 
Garnett ES, Firnau G,  Nahmias C, et al: Blood-brain barrier 
transport and cerebral utilization of dopa in living monkeys. Am 
J Physiol238:R318-R327, 1980 
Gibaldi M: Biopharmaceutics and Clinical Pharmacokinetics, ed 
3. Philadelphia, Lea & Febiger, 1984, pp 17-28 
Hardebo JE, Emson PC, Falck B, et al: Enzymes related to 
monoamine transmitter metabolism in brain microvessels. J 
Neurochem 35:1388-1393, 1980 
Hardebo JE, Owman C: Barrier mechanism for neurotransmit- 
ter monoamines and their precursors at the blood-brain inter- 
face. Ann Neurol 8:l-11, 1980 
Mars H: Modification of levodopa effect by systemic decarboxy- 
lase inhibition. Arch Neurol 2891-95, 1973 
Mearrick IT, Wade DN, Birkett DJ, Morris J: Metoclopramide, 
gastric emptying and L-dopa absorption. Aust N Z  J Med 
4:144-148, 1974 
Messori A, Donati-Cori G,  Tendi E: Iterative least-squares 
titring programs in pharrnacokinetics for a programmable hand- 
held calculator. Am J Hosp Pharm 40:1673-1684, 1983 
Morris JGL, Parsons RL, Trounce JR, Groves MJ: Plasma dopa 
concentrations after different preparations of levodopa in nor- 
mal subjects. Br J Clin Pharm 3:983-990, 1376 
Nutt JG, Woodward WR, Hammerstad JP, et al: The “on-off” 
phenomenon in Parkinson’s disease: relation to levodopa ab- 
sorption and transport. N Engl J Med 3 10:483-488, 1984 
Preziosi Tj, Bianchine JR, Hsu TH, Messiha FS: L methyldopa 
hydrazine (MK 486) and L-Dopa: a double-blind study in par- 
kinsonism. Trans Am Neurol Assoc 97:321-322, 1972 
Rinne UK, Sonninen V, Siirtola T: Plasma concentration of 
levodopa in patients with Parkinson’s disease. Response to 
levodopa alone or combined with a decarboxylase inhibitor and 
clinical correlations. Eur Neurol 10:301-309, 1973 
Sasahara K, Nitanai T, Habara T, et al: Dosage form design for 
improvement of bioavailability of levodopa 11: bioavailability of 
marketed levodopa preparations in dogs and parkinsonian pa- 
tients. J Pharm Sci 69261-265, 1980 
Sasahara K, Nitanai T, Habara T, et al: Dosage form design for 
improvement of bioavailability of levodopa 111: influence of 
dose on pharmacokinetic behavior of levodopa in dogs and par- 
kinsonian patients. J Pharm Sci 69:1374-1378, 1980 
Sasahara K, Nitanai T, Habara T, et al: Dosage form design for 
improvement of bioavailability of levodopa IV: possible causes 
of low bioavailability of oral levodopa in dogs. J Pharm Sci 

Stenbaek 0, Myhre E, Rugstad HE, et al: Pharrnacokinetics of 
methyldopa in healthy man. Eur J Clin Pharmacol 12:117-123, 
1977 
Wade LA, Katzman R Rat brain regional uptake and decarbox- 
ylation of L-DOPA following carotid injection. Am J Physiol 

70:730-733, 1981 

228:352-359, 1975 

Nutt et al: Levodopa Pharmacokinetics 543 


