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L-DOPA and Psychosis: Evidence for L-DOPA-Induced 
Increases in Prefrontal Cortex Dopamine and in Serum 
Corticosterone 

Robert J. Carey, Marinete Pinheiro-Carrera, Huiliang Dai, Carlos Tomaz, 
and Joseph P. Huston 

L-DOPA can often induce psychotic" reactions during treatment for Parkinson's disease. This 
study was undertaken to assess, in an animal model of Parkinson's disease, the impact of 
L-DOPA treatment on two potential biological risk factors for psychosis, namely, an increase in 
prefrontal cortex dopamine and an increase in the stress-related hormone corticosterone. 
Hemiparkinsonian rats with unilateral 6-hydrox)'dopamine (6-OHDA) lesions which resulted 
in severe unilateral denervation of dopamine neurons were treated with either saline or 25 
mg/kg L-DOPA methyl ester (with 2 mg/kg carbidopa). Serum L-DOPA concentrations were 
found to be positively and highly correlated with serum corticosterone, with medial prefrontal 
cortex dopamine and with the dopamine metabolite homovanillic acid. Serum L-DOPA, how- 
ever, was found not to be correlated with serum or brain concentrations of serotonin, 5-hydrox- 
yindoleacetic acid, or norepinephrine. These .findings support the possibili~' that chronic 
L-DOPA treatment can expose parkinsonian patients to two significant risk factors for psycho- 
sis." l) increased levels of prefrontal cortex dopamine, and 2) increased levels of serum 
corticosterone. 
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Introduction 
L-DOPA (L-3-4dihydroxyphenylalanine) is a widely used 
and often effective treatment for Parkinson' s disease (Blair 
1989; Calne et al 1984); however, serious iatrogenic effects 
can develop with chronic L-DOPA therapy (Fahn 1989: 
Pfeiffer 1982). In particular, L-DOPA-induced dyskinesia 
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and psychosis represent disabling effects of L-DOPA treat- 
ment. While there have been numerous experimental efforts 
using animal models to identify the biological mechanisms 
underlying these untoward clinical effects---e.g., altered 
receptors, neuropathology, and metabolic changes (Dunnett 
and Bjorklund 1983; Engber et al 1989; Gropetti et al 1986; 
Melamed and Hefti 1984; Olney et al 1990)--as yet no 
definitive answers have been obtained. L-DOPA-induced 
psychosis is undoubtedly the most dysfunctional complica- 
tion of chronic L-DOPA treatment and, perhaps, the least 
understood. While it is long known that the biological com- 
ponents of psychosis are complex (Ban 1976; Feldon and 
Weiner 1992), there does exist a substantial body of evi- 
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dence to indicate that disturbances in frontal cortex particu- 
larly with regard to dopamine can contribute substantially to 
the occurrence of psychotic episodes (Goldstein and Deutch 
1992; Heritch 1990: Rao et al 1993). Stress is also generally 
considered to be a risk factor for psychosis (Feldon and 
Weiner 1992; Sato 1992). The impact of L-DOPA treatment 
upon these potential biological risk factors, however, has 
not been investigated in animal models of parkinsonism. 
Accordingly, the present study examined the effects of I :  
DOPA treatment in an animal model of hemiparkinsonism 
in which prefrontal cortex dopamine and serum corticoster- 
one concentrations were assessed. Measurement of serum 
L-DOPA levels revealed that there was a strong correspon- 
dence between L-DOPA levels in serum and dopamine con- 
centrations in the medial prefrontal cortex and serum corti- 
costerone levels. These findings suggest that a chronic 
L-DOPA activation of these two suspected risk factors lot 
psychosis may contribute to the development of psychotic 
reactions resulting from chronic L-DOPA therapy for Par- 
kinson's disease. 

M e t h o d s  

Subjects 

Adult naive male Sprague-Dawley rats ITaconic Farms. 
Germantown, NY), ranging from 400-500 g, were housed 
in individual clear plastic cages (55 x 30 × 20 cm) with 
continuous access to food and water upon receipt from the 
supplier. The cages were placed in a climate-controlled I22 
- 1 °C) and light-controlled room ( 12hr light/dark cycles). 
All treatment and testing were carried out during the light 
cycle. The animal care and experimental treatment proto- 
cols employed were approved by both the VA Medical 
Center and the SUNY Health Science Center at Syracuse. 

Drugs 

To prepare L-DOPA for injection. I:DOPA methyl ester 
(Sigma) was dissolved in deionized sterile H20 and admin- 
istered by intraperitoneal lIP) injection. Carbidopa (Sigma) 
was dissolved in deionized sterile H:O and also adminis- 
tered IP. The L-DOPA treatments were administered in 
combination with carbidopa treatments in a 10:1 ratio to 
attenuate peripheral metabolism of t.-DOPA. 

Surgeo,, Histology, and Bio¢'hemi~'al Assav.s 

Stereotaxic procedures were carried out as described in a 
previous report (Carey 1991 ) follow.ing completion of an 
initial 10-day treatment phase of handling (7 days) and 
saline injection (3 days). Animals w.ere deeply anesthetized 
with an injection of (0.1 ml/100 g body weight) of a keta- 
mine HC1 (100 mg/ml) and acetopromazine (10 mg/ml) 
solution. The 6-hydroxydopamine (6-OHDA) injections 

were aimed stereotaxically immediately dorsal to the A9 
and A I0 areas of the midbrain tegmentum. Each animal 
received 6 Fxg of 6-OHDA, dissolved in a vehicle solution of 
sterile 0.15 M NaC1 containing 0.2 mg/ml of ascorbic acid. 
To attenuate norepinephrine neurotoxicity, the animals 
were pretreated with desipramine HC1 (25 mg/kg) 30 min 
prior to the 6-OHDA injection. Forty-one out of the 55 
animals injected unilaterally with 6-OHDA sustained uni- 
lateral dopamine loses such that the dopamine concentra- 
tion was < 10% of the intact striatum. The subsequent data 
analysis is focused upon this subset of animals with severe 
unilateral DA denervation in which the serum L-DOPA 
measurements were available (n = 34). This degree of dopa- 
mine deficiency in the denervated striatum is associated 
with permanent behavioral asymmetries and dopamine re- 
ceptor supersensitivity (Schwarting et al 1991). 

Immediately following completion of the last day of be- 
havioral testing in each experimental group, animals were 
placed in a plastic restraining cone (Braintree Products, Inc) 
and sacrificed by decapitation. The brain was rapidly re- 
moved and dissected on a chilled glass plate. Under magni- 
fication, medial prefrontal cortex samples (2 x 2 mm sec- 
tions of the medial frontal pole) were dissected as well as 
neostriatum samples dorsal to the nucleus accumbens. Sep- 
arate paraffin sections of the ventral tegmentum were pre- 
pared for histological evaluation of the injection sites. Fol- 
lowing dissection, the samples of brain tissue were 
immediately weighed, placed in tubes containing 0.5 ml of 
0.1 M perchloric acid and 4.5 p~l of 10 ixg/ml dihydroxyben- 
zylamine (DHBA) as an internal standard, and then homog- 
enized and centrifuged. The resulting supernatant was fil- 
tered through 0.2 Ixm pore filters, and the extracts were 
stored at -70°C until analysis by high-performance liquid 
chromatography with electrochemical detection (HPLC- 
EC), which was completed within 48-72 h. The tissue sam- 
ples were assayed for dopamine (DA; 3-hydroxytyramine) 
and the dopamine metabolites DOPAC (3,4-dihydroxy- 
phenyl-acetic acid) and HVA (homovanillic acid), and se- 
rotonin (5-HT; 5-hydroxytryptamine), and the serotonin 
metabolite 5-HIAA (5-hydroxyindole-acetic acid), and also 
for norepinephrine (NE; arterenol bitartrate). Tissue sam- 
ples were also analyzed for L-DOPA (L-3-4-dihydroxy- 
phenylalanine) and the L-DOPA metabolite 3-OMD (3-0- 
methyl DOPA) using HPLC-EC. 

Trunk blood at sacrifice was also collected (n = 34; 7 
tested with saline, 27 tested with L-DOPA). Half of each 
sample was diluted 1:1 with 0.4 M perchloric acid in 0.5% 
NaF for a catecholamine/indoleamine assay; this sample 
and the remaining portion of the blood were centrifuged for 
15 minutes at 14,000 rpm in order to obtain the plasma 
component. For the neurotransmitter assay, the supernatant 
was then filtered through 0.2 Fxm pore filters and injected 
into the HPLC-EC for catecholamine and indoleamine mea- 
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surements. For the catecholamine and indoleamine analyses in 
brain tissue as well as plasma, a biophase C 18 reverse-phase 
column (4.6 × 250 ram, 5 ~xm) was used (Bioanalytical Sys- 
tems, West Lafayette, IN). The buffer was 0.15 M monocho- 
loroacetic acid, pH 3.1, 2 mM ethylenediamine-tetraacetic 
acid (EDTA) 0.86 mM SOS (sodium octyl sulfate). This was 
added to 35 ml acetonitrile (3.5%) to make I L. This solution 
was then filtered and degassed, and 18 ml (1.8%) tetrahydro- 
furan (THF) was added. The mobile phase flow rate was 1.2 
ml/minute and a BAS 4B EC detector was set at 0.8 V. 

To prepare plasma samples for corticosterone, a solid- 
phase extraction method was used. The extraction column 
was a CI8  3 ml (500 mg) column. Under vacuum, the 
column was conditioned with 2 × 3 methanol followed by 2 
x 3 ml HPLC grade H~O. Before the column could dry, 
0.5-2.0 ml of plasma (depending upon availability of sam- 
pies) was passed through the column and immediately fol- 
lowed with a 2 ml HPLC grade H:O/acetonitrile wash 
(80:20). Next, the column was air-dried for 3 minutes. Fi- 
nally, the sample was eluted with 2 × 0.5 ml methanol for 
corticosterone. The samples were injected into a BAS phase 
II C18 reverse-phase column (4.6 × 250 ram, 5 I, tm) with 
mobile phase of 60% MeOH, 40% H_,O run at a flow rate of 
1.0 ml/min. A BAS variable wavelength ultraviolet (UV) 
detector was used with the setting at 254 nm. 

Behavioral Test Procedures 

Postoperatively, the animals received appropriate suppor- 
tive care, and body weight was monitored daily. Following 
the acute postoperative phase, the animals had an unevent- 
ful recovery, and most animals exhibited the typical ipsila- 
teral response bias characteristic for severe unilateral dener- 
vation of  dopamine neuron target cells. The animals were 
handled daily and accustomed to IP saline injections. At 4 
weeks postoperative, all animals were injected with saline 
and then, 30 rain later, tested for 10 min in the video- 
chamber. The next day, one set of  animals (n = 8) again 
received a saline injection and were tested 30 min later in the 
videochamber. The remaining animals (n = 47) were given 
an injection of  L-DOPA (25 mg/kg L-DOPA methyl ester 
plus 2 mg/kg carbidopa) and tested 30 rain later in the 
videochamber for 10 rain. Prior to surgery, all animals had 
been tested twice without drug treatment in the test com- 
partment to provide nonlesion levels of  locomotion as well 
as ipsilateral and contralateral rotation levels. 

Statistical Analysis 

Pearson's  correlational analysis was applied to determine 
the relationship between serum L-DOPA concentration and 
serum/brain neurochemical concentrations. Whenever the 
correlation reaches the statistically significant level (p < 
.05), a linear regression equation was calculated and 
presented as Y = aX + b. 

Results 

Figure 1 shows the relationships between serum L-DOPA 
concentrations and serum 5-HT, 5-HIAA, NE, corticoster- 
one, HVA, and 3-OMD. As expected, there was a high corre- 
lation between L-DOPA and its metabolite 3-OMD. Addi- 
tionally, there were substantial and statistically significant 
correlations between serum L-DOPA and serum corticoster- 
one and between L-DOPA and the DA metabolite HVA. No 
other serum correlations were statistically significant. 

Figure 2 shows the impact of L-DOPA upon medial pre- 
frontal cortex DA and HVA. There was a high correlation 
between serum L-DOPA and brain DA and HVA concentra- 
tions in the medial prefrontal cortex in both the intact and 
6-OHDA hemispheres. In contrast, 5-HT and the serotonin 
metabolite, 5-HIAA, in medial prefrontal cortex in both 
hemispheres were not correlated with serum L-DOPA 
(r from .113-.222, p > .05). Similarly, the correlations 
between serum L-DOPA and cortical NE were not statisti- 
cally significant, r = .  12 and r = - .  16, p > .05, for the intact 
and 6-OHDA hemispheres, respectively. 

The relationship between serum L-DOPA and brain DA 
in the striatum, as shown in Figure 3, was somewhat differ- 
ent. As in the cortex, there was a statistically significant 
relationship between serum L-DOPA and DA in the intact 
striatum; but, unlike the cortex, there was no statistically 
significant relationship between serum L-DOPA and DA in 
the 6-OHDA hemisphere. In terms of the metabolite HVA, 
however, serum L-DOPA and striatal HVA were highly 
correlated for both the intact and 6-OHDA hemispheres. 
Neither 5-HT nor 5-HIAA in the striatum was significantly 
correlated with serum L-DOPA (r from .031-.292, p > .05). 
Importantly, correlations between cortical and striatal L- 
DOPA concentrations and serum L-DOPA were similar and 
substantial, r = .65-.75, p < .001). 

The behavioral effects of the L-DOPA treatment are an 
additional relevant dimension of the present study, which is 
important for the interpretation of the neurochemical find- 
ings. The dose level used in the present study was a thresh- 
old dose for drug-naive animals. Only about 20% of the 
animals which exhibited > 90% dopamine DA loss in the 
6-OHDA hemisphere compared to the intact hemisphere 
exhibited contralateral rotation behavior (criterion t> 20 
rotations/10 rain), and this effect was not related to the 
severity of  the striatal DA deficit, r = .06, p > .05. This 
result suggests that the correlations between L-DOPA with 
DA and HVA were not closely linked to the L-DOPA-in-  
duced behavior, i.e., to the occurrence of contralateral rota- 
tion behavior. An additional supportive finding for this 
conclusion is that the t , -DOPA-cor tex  DA correlation for 
animals which did not exhibit rotation was r = .79, p < .001 
for the intact hemisphere and r = .76, p < .001 for the 
6-OHDA hemisphere. Furthermore, the relationship be- 
tween serum L-DOPA and serum corticosterone was essen- 
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tially the same, r = .51,p < .0 I. Thus, the impact of L-DOPA 
on brain dopamine neurochemistry or serum corticosterone 
is not secondary to L-DOPA-induced rotation behavior. 

Discussion 
The linkage between dopamine and behavior has been con- 
ceptualized as involving two major dopaminergic systems. 
One is the nigrostriatal dopamine system, which is inti- 
mately related to motoric function and is the system most 
prominently implicated in Parkinson's disease (Carlsson 
1993). The other system is the mesocortical-mesolimbic do- 
pamine system, which has been implicated in more subtle 
behavioral processes related to reward/aversion (Koob 1992) 
and to adaptive behavior (Swerdlow et a11986). It is this latter 
system which provides the underpinning for the dopaminer- 
gic involvement in dysfunctional processes such as drug ad- 
diction and psychosis. Indeed, it is the mesocortical-rnesolim- 

bic dopamine system which has been the target site for 
antidopaminergic treatments for psychosis and is thought to 
be the brain site at which the newer antipsychotic drug treat- 
ments, such as clozapine, exert their therapeutic effects. 

[n addition to the observed antipsychotic effects of dopa- 
minergic antagonist drugs and, as expected from the dopa- 
mine hypothesis of schizophrenia, dopamine agonists can 
precipitate psychosis (Brady et al 1991; Hurlbut 1991; 
Nakayama 1993; Satel and Edell 1991). Relative to this 
direct dopaminergic link to abnormal behavior, stress has 
long been recognized as a factor which can lead to psychotic 
reactions in individuals vulnerable and predisposed to psy- 
chosis. Significantly, preclinical studies have shown that 
experimenter-induced stress and stress-related hormones 
such as corticosterone can impact substantially upon dopa- 
mine neurochemistry in the mesocortical dopamine system 
(B orow ski and Kuhn 1991 ; Heinsbroek et al 1991; Kalivas 
and Duffy 1989; Keneyuki et al 1991; Moldow and Fisch- 
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man 1987; Sarnayai et al 1992: Thiery et al 1976). The 
findings of the present study suggest that the efficacy of 
L-DOPA to induce large increases in medial prefrontal cor- 
tex dopamine and to increase levels of the stress-related 
hormone corticosterone provide a mechanism by which 
L-DOPA may precipitate a psychotic episode. 

There have been a number of reports of the effects of 
L-DOPA treatment upon striatal dopaminergic metabolism 
in intact and dopamine deficient animals (Jenner et al 1986, 
Karoum et al 1988). In studies using ex vivo analyses, 
L-DOPA has been found to increase dopamine levels in the 
striatum, in both the intact and the dopamine-denervated 
striatum, particularly with doses higher than those em- 
ployed in the present study, e.g., 50 mg/kg (Karoum et al 
1988). More recent studies using in vivo microdialysis as- 
sessments have also shown that increases in extracellular 
dopamine can be induced by I.-I)OPA at doses lower than 

those used in the present study, e.g., 5 mg/kg (Sarre et al 
1991 ). Assessments using in vivo microdialysis represent 
summations of extracellular dopamine over a substantial 
time interval (e.g., 10 rain). In contrast, ex vivo assessments 
of cellular dopamine concentration represent a momentary 
summation of extracellular and intracellular concentrations 
of the transmitter and metabolites. As a consequence, intra- 
cellular transmitter levels contribute substantially to the 
tissue concentrations observed. In the ex vivo technique, 
dopamine generated from L-DOPA includes dopamine 
from both neuronal and extraneuronal dopamine decarbox- 
ylase (DDC). In the dopamine-denervated striatum, dopa- 
mine generated from L-DOPA may be derived largely from 
extraneuronal DDC and this dopamine subsequently be- 
comes subject to metabolism by catecholomethyltransferase 
(COMT) and monoamine oxidase (MAO). Given the sparse 
remaining dopamine terminal networks in the striatum, 
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reuptake is a less probable source for DA inactivation. Fur- 
thermore, the high metabolic level of the remaining nerve 
terminals renders them a less likely storage site for dopa- 
mine. These aspects of the dopamine-denervated striatum 
may account for the lack of an increase in tissue dopamine in 
the DA-denervated striatum in response to L-DOPA treat- 
ment. In contrast, dopamine metabolism as indexed by 
HVA concentration is not impacted by DA storage termi- 
nals, so that high correlations of HVA concentrations with 
serum L-DOPA concentrations were found in all tissue sam- 
ples. While ex vivo techniques are not useful to assay short- 
lived extracellular dopamine, this method can readily detect 
the byproduct of extracellular dopamine, namely, the dopa- 
mine metabolite HVA. The finding in the present s tudy--  
that L-DOPA substantially increased HVA in the dener- 
vated striatum--is therefore in agreement with in vivo 
dialysis measurements of L-DOPA-induced increases of 
dopamine in the extracellular fluid. In vivo microdialysis 
studies of L-DOPA treatment do not permit an assessment of 
the L-DOPA treatment upon tissue-bound dopamine. The ex 
vivo measurements therefore provide an important comple- 
mentary measurement of tissue-bound dopamine. Of criti- 
cal relevance is the observation that L-DOPA induces sub- 
stantial increases in tissue levels of frontal cortex dopamine. 
This aspect of L-DOPA-generated dopamine is of impor- 
tance in that dopamine accumulation in the neuron termi- 
nals can produce feedback inhibition upon tyrosine hydrox- 
ylase, the rate-limiting step in the tormation of dopamine 
which is bypassed by L-DOPA. Thus, with chronic treat- 
ment, dopamine generated from L-DOPA may lead to long- 
term changes in the metabolic activity of dopamine termi- 
nals in brain areas such as the frontal cortex and thereby 
contribute to untoward treatment effects. 

Since the therapeutic effects of L-DOPA are inextricably 
connected to its therapeutic efficacy (namely, to the genera- 
tion of dopamine in the dopamine-deficient striatum), such 
effects cannot be circumvented by manipulations of 
LDOPA alone. A further complicating matter is the issue of 
susceptibility or vulnerability. Even with an acceptance of 
the dopamine hypothesis of psychosis, dopamine has to be 
considered but one of several contributing systems to the 
occurrence of psychotic episodes and psychosis (Snyder 
1976). Accordingly, by itself, a rise in dopamine levels does 
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