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Abstract-The effects of intracereboventricularly (i.c.v.) administered y-glutamylcysteine (y-GC) and 
glutathione (GSH) monoethyl ester, subcutaneously (s.c.) injected L-2-oxo-4-thiazolidinecarboxylic acid 
(OTC) and intraperitoneally (i.p.) administered cysteine on the concentration of GSH in rat brain were 
investigated. The brain content of GSH, cysteine and y-GC was determined by HPLC with electro- 
chemical detection (gold/mercury electrode) using N-acetylcysteine as internal standard. A dose- 
dependent increase in the GSH concentration (145-170% of controls) was found in the substantia nigra 
(SN) and in the rest of the brain stem after injection of y-GC, whereas no significant alterations in GSH 
were observed in the striatum and in the cerebral cortex. High levels of y-GC could be detected in the 
brain tissue after the administration, and the concentration of cysteine did also increase markedly after 
y-GC injection in all brain regions assessed. I.c.v. administration of I.-buthionine sulfoximine (L-BSO) 
reduced the brain concentration of GSH by .50-70% within 24 hr. Injection of y-GC 24 hr after L-BSO 
resulted in an increase in GSH up to control values within l-3 hr in the SN and the rest of the brain 
stem, whereas only a slight increase in GSH was observed in the striatum and the cerebral cortex. The 
concentration of GSH in the striatum and SN did not change after i.p. injection of cysteine, but a slight 
increase in the GSH concentration in the limbic region was observed. GSH monoethyl ester (i.c.v.) and 
OTC (s.c.) did not produce any significant increase in the GSH concentration in the brain. When the 
GSH concentration had been reduced by administration of L-BSO (i.c.v.; 24 hr) subsequent injection 
of GSH monoethyl ester led to a slight increase in the striatal and limbic GSH levels. These data show 
that, of the drugs studied, y-GC was the most effective in increasing brain GSH. It could thus serve as 
a valuable tool in future studies regarding metabolism and function of GSH in the brain. The observed 
difference in the effects of y-GC in different brain regions indicate that the brain tissue is not 
homogeneous with regard to GSH synthesizing capacity. 

The function and metabolism of the tripeptide 
glutathione (GSHi) have been studied extensively 
in peripheral organs. GSH is known to participate 
in a variety of biochemical reactions, e.g. enzymatic 
elimination of hydrogen peroxide, organic peroxides 
by GSH peroxidase (see e.g. Ref. 1) and 
detoxification of foreign compounds [2]. It also acts 
to maintain the thiol-disulfide status of the cell, 
preventing oxidation of protein sulfhydryl groups 
[3]. However, comparably few investigations on the 
function and metabolism of brain GSH have been 
performed. In view of the fact that inherited disorders 
in GSH metabolism cause neurological defects (see 
e.g. Ref. 4), and with respect to the possible 
involvement of toxic oxygen species in neuronal 
degeneration, e.g. in Parkinsons disease, such studies 
seem warranted. 

In order to perform these kind of experiments, 
specific tools to modify the metabolism of GSH are 
needed. Several drugs known to interfere selectively 
with certain steps in the GSH metabolism exist [5]. 
Their actions have mainly been evaluated in 

* Corresponding author. Tel. (46) 31-853425; FAX (46) 
31-821795. 
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peripheral organs but in recent years several studies 
regarding their effects in the brain have been 
initiated. Thus, a couple of ways to reduce brain 
GSH are now described. In newborn and preweanling 
animals systemic administration of the y-glu- 
tamylcysteine synthetase inhibitor L-buthionine 
sulfoximine (L-BSO) [5,6] does effectively decrease 
brain GSH [7,8]. The drug does not readily cross 
the blood-brain barrier and the effects in preweanling 
animals have been ascribed to the immature barrier 
in these animals [7]. The problem with the poor 
distribution of L-BSO to the brain of adult animals 
after systemic administration could partly be 
overcome by estrification of L-BSO and by 
administering the drug in combination with dimethyl 
sulfoxide [9]. However, probably the most effective 
way to use L-BSO in adult animals is to administer 
the drug intracerebroventricularly (i.c.v.). Using this 
method a very effective and long-lasting reduction 
of the brain concentration GSH was observed [lo]. 
The GSH concentration could be even further 
reduced when L-BSO wascombined with systemically 
administered 2-cyclohexene-l-one [ll]. 

Using the method of i.c.v. administered L-BSO 
we found that when the GSH concentration was 
reduced, the dopaminergic neurons in the brain were 
more vulnerable [12]. An interesting question is of 
course whether an increased concentration of GSH 
could decrease the vulnerability of nerve cells. 
However, no method for producing a reliable 
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increase in the concentration of GSH in the brain 
has been described yet, even though several drugs 
are known to increase GSH in peripheral organs [S]. 
Amongst these is the cysteine precursor ~-2-0x0-4- 
thiazolidinecarboxylic acid (OTC) [5, 131. Some 
authors have found an increase in brain GSH after 
systemic administration of OTC [14, 1.51, others have 
been unable to reproduce these data [16]. GSH 
monoethyl ester is another drug known to produce 
increased GSH levels in peripheral organs [ 171. GSH 
monoethyl ester appears to partly counteract L- 
BSO-induced reduction in the cortical GSH 
concentration in newborn rats [8], but it has not 
been examined whether the drug has the ability to 
produce an actual increase in the brain concentration 
of GSH. The GSH precursor y-glutamylcysteine 
(y-GC) is also known to increase GSH [18] but its 
effect on brain GSH has to our knowledge not been 
evaluated. Thus, in an attempt to find a method to 
increase the concentration GSH in the brain, the 
effects of the following drugs were examined: y-GC, 
GSH monoethyl ester, OTC and cysteine. 

MATERIALS AND METHODS 

Animals. Male Sprague-Dawley rats (Alab, 
Siidertalje, Sweden) weighing 200-260 g were used. 

Drugs used in the animal experiments. The 
following agents were usedin the animal experiments: 
cysteine (Merck, Darmstadt, Germany), OTC 
(Sigma Chemical Co., St Louis, MO, U.S.A.), L- 
BSO (Sigma) GSH monoethyl ester (synthesized in 
these laboratories, see below) and y-GC (synthesized 
in these laboratories, see below). 

Drugs were administered either systemically or 
intracerebroventricularly(i.c.v.). Fori.c.v. injections 
the animals were anaesthetized with chloral hydrate 
(400 mg/kg, ip.) and polyethylene cannulae were 
permanently implanted into each lateral ventricle as 
described previously [19]. The rats were then allowed 
to recover from anaesthesia for 1 day before 
injections were made. The positions of the cannulae 
were checked at autopsy. 

For i.c.v. injections, y-GC, GSH monoethyl ester 
and L-BSO were dissolved in distilled water and the 
pH of the solution was adjusted to 7.0-7.4 with 
NaHCO,. Twenty microlitres of drug solution 
followed by 5 ,uL of 0.9% NaCl was slowly 
administeredthrougheachcannulae.Controlanimals 
received the same volume of 0.9% NaCI. 

Cysteine was added to0.9% NaCl and 6 M HCI was 
added in small portions until the cysteine had totally 
dissolved. Before i.p. injection the pH of the solution 
was adjusted to 5 with NaHCOs. Injection volume 
was 5 mL/kg. OTC was dissolved in 0.9% NaCl and 
injected S.C. (injection volume was 5 mL/kg). 

The rats were killed by decapitation and their 
brains were rapidly taken out and put on an ice- 
chilled petri dish. The corpus striatum, the limbic 
forebrain (containing i.a. the nucleus accumbens 
and the olfactory tubercles) and the remaining 
hemispheral parts (mainly cortex) were dissected 
out as described by Carlsson and Lindqvist (201 and 
were immediately placed on dry ice. The cerebellum 
was removed and the brain stem was then turned 
up-side down and the crura cerebri were removed. 

The two substantia nigra (SN) could then be 
identified and dissected out. The SNs and the 
remaining part of the brain stem (in the following 
referred to as brain stem) were then placed on dry 
ice. 

Immediately after the experiments the brain parts 
were homogenized in 0.1 M perchloric acid containing 
4.3 mMdiethylenetriaminepentaaceticacid(DTPA). 
After centrifugation for 10 min (10,000 g, 0”) the 
samples were filtered and N-acetylcysteine (internal 
standard) was added, and cysteine, GSH and y-GC 
in the supernatant were determined by HPLC with 
electrochemical detection (gold/mercury electrode; 
oxidation potential: +0.15 V) [21-231. The mobile 
phase used was 0.15 M monochloroacetic acid, 
containing4.3 mMDTPAand3.75% (v/v) methanol, 
pH 2.8-2.9. Thecolumn(stainlesssteel0.45 x 15 cm) 
was packed with Nucleosil, RP-l&5 pm (Macherey- 
Nagel, Diiren, Germany). For retention times of the 
compounds see Fig. 1. 

Synthesis of y-CC. The compound was synthesized 
by a procedure described by Strumeyer and Bloch 
[24] with some modifications. Oxidized GSH (4g; 
GSSG; Sigma) was dissolved in 100 mL HrO. Fifty 
milligrams of carboxypeptidase A (Boeringer, Mann- 
heim, Germany), washed twice with distilled water, 
was added to the solution and the pH was set to 8 with 
25% ammonia solution. The solution was incubated 
for 20 hr at 37” under gentle shaking. The solution was 
centrifugated at 10,000 g for 10 min and the super- 
natant was decanted. Twenty-five milligrams of car- 
boxypeptidase A (washed twice) was added to the 
supernatant and the solution was incubated at 37” for 
another 6 hr. Thereafter the solution was again centri- 
fuged and the supernatant was then passed through 
a column (diameter 14 mm, length 160 mm) with an 
anionic exchanger (BioRad AG l-X8,100-200 mesh, 
formate form). Glycine was eluted with water (200- 
300 mL) until ninhydrin negative. Thereafter the y- 
GC disulfide was eluted with 4 M formic acid until the 
eluate was ninhydrin negative. The eluate (cc. 
200 mL) was then lyophilized. y-GC was prepared by 
reducing the disulfide with dithiothreitol (DTT) as 
described by Anderson and Meister [ 181 (see also Ref. 
25): 3.3 g of DTT and 24.5 mg EDTA were dissolved 
in 70 mL HrO. y-GC disultide (3.3 g) was added and 
the pH was adjusted to 8 with NaOH. The mixture 
was placed at 20” for 1 hr. The pH was then adjusted 
to 2 with HCI and DTT was extracted by shaking the 
mixture four times with 200 mL of water-saturated 
ethylacetate. The aqueous phase was then lyophi- 
lized. In the reduction procedure, pH had been 
adjusted twice which means that NaCl had been 
formed/added to the mixture. In order to purify y- 
GC further the product was resuspended in 50 mL of 
ethanol. After shaking the suspension for 5 min the 
undissolved salt was separated by filtration. The 
remaining salt was suspended in 50 mL ethanol and 
the procedure was repeated three times. Ethanol was 
then evaporated by flushing argon gas over the 
solution. The y-GC was dried and stored under 
reduced pressure at 4”. Four grams of oxidized GSH 
yielded 1.8 g of y-GC. The synthesized y-GC gave rise 
to a single peak in the HPLC chromatogram (see Fig. 
1). The product was found to contain less than 1% of 
cysteine and GSH. Injection of the product into an 
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Fig. 1. HPLC chromatograms. For details regarding the HPLC system see Materials and Methods. The 
compounds indicated in the chromatograms are: IS, iV-acetylcysteine; GSH, glutathione; y-GC, y- 
glutamylcysteine. Figures in connection to the peaks indicate retention times in minutes. (a) The single 
peak of y-GC. The sensitivity here is 2.5 times higher than for the other runnings. (b) Standard solution; 
each compound in a concentration of 40 nmol/mL. (c) Extract from SN of a control animal. (d) Extract 

from SN of an animal which has received 2 mg of y-GC i.c.v. 2 hr before death. 

amino acid analyser revealed that the amount of gly- 
tine and glutamate was below 1% of the amount of y- 
GC (Dr Mats Sandberg, Department of Histology, 
University of Goteborg, personal communication). 

Synthesis of GSH monoethylester. The compound 
was synthesized exactly as described by Anderson et 
al. [26]. The product was dried under reduced press- 
ure at 4” over CaQ and KOH for 3 days; 2 g of GSH 
yielded 1.8 g of product. Analysis of the product with 
HPLC (see above) revealed that the product contain 
less than 3% GSH. In the estrification reaction small 
amounts of GSH diethyl ester are also formed. We 
could detect the diethyl ester with TLC as a small 
yellow spot with an R,value of cu. 0.7, as compared 
to ca. 0.4 for the pink spot representing the 
monoethyl ester. Anderson et al. [26] found that the 
content of monoethyl ester in the product varied 
between 90 and 98% and that the GSH content 
varied between 0 and 5%. The amount of diethyl 
ester would then not be expected to exceed a few 
per cent. 

RESULTS 

Figure 1 shows examples of chromatograms from 
HPLC analyses. Figure la illustrates the single peak 
following injection of our synthesized y-GC (10 pg/ 
mL, equivalent to 40nmol/mL assuming that the 
product contains 100% y-GC). The sensitivity here 

was 2.5 times higher than in the other analyses. 
Cysteine and GSH could not be detected in this 
chromatogram. Analyses where higher sensitivity 
was applied (not shown) revealed that that amount 
of cysteine and GSH was less than 1% of the product. 
Figure lb shows the HPLC chromatogram when 
a standard containing cysteine, N-acetylcysteine 
(internal standard), GSH and y-GC had been 
injected. All compounds were injected in con- 
centrations of 40nmol/mL. Figure lc shows a 
chromatogram from an analysis of a SN extract from 
a control rat. The y-GC peak could not be detected 
at this sensitivity. However, with higher sensitivity 
y-GC could be detected in the brains of control rats 
(see Fig. 2). Figure Id shows a chromatogram from 
an analysis of a SN extract of a rat injected with 
y-GC 2 hr before death. As can be seen, the peaks 
of cysteine and GSH have increased and the peak 
of y-GC now appears in the chromatogram. 

Figure 2 shows the effect of i.c.v. injected y-GC 
(8 mg/rat) on the concentrations of y-GC, GSH and 
cysteine in various brain regions at various times. In 
the SN and in the brain stem y-GC produced a rela- 
tively large increase in GSH (Fig. 2a and b). Three 
hours after injection GSH had increased by 70% in 
the SN and by 55% in the brain stem. In contrast, 
no significant increase in GSH was observed in the 
striatum and in the hemispheres after injection of y- 
GC (Fig. 2c and d). Very large amounts of y-GC could 
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Fig. 2. Effects of i.c.v. administration of y-GC (8 mg) at various times on the concentration of GSH 
in (a) rat brain stem; (b) SN; (c) striatum and (d) cerebral hemispheres. Data are means 5 SEM in 
pmol/g wet tissue; (0) y-GC, (a) GSH, (a) cysteine; number of animals = 5-8. The low control values 
of y-GC (pmol/g) are here given with the exact figures: brain stem, 0.077 k 0.037; SN, 0.063 f 0.031; 
striatum. 0.047 2 0.018; hemispheres, 0.023 2 0.01. Statistical significances were calculated by one-way 
analysis of variance followed by Fisher protected least significant difference. *P < 0.05, **P < 0.01, 

***p < 0.001. 

be detected in the brain tissue following adminis- 
tration of 8 mg of y-GC (Fig. 2); control values of y- 
GC were found to be very low (the exact figures are 
given in the legend to Fig. 2). The highest con- 
centrations were found 1 hr after the injection; there- 
after the concentrations decreased rapidly. The level 
of y-GC reached much higher concentrations in the 
striatum and in the hemispheres than in the SN and 
in the brain stem. Also the concentration of cysteine 
increased markedly following administration of y-GC 
(Fig. 2). The highest cysteine values were found 1 hr 
after the administration of y-GC, except in the hemi- 
spheres where the cysteine concentration reached 
maximum 2 hr after the administration. In the stri- 
atum and in the hemispheres the cysteine concen- 
tration decreased more slowly than in the SN and in 
the brain stem. 

Figure 3 illustrates the effects of various doses of 
y-GC on the GSH concentration in the brain stem 
and in the SN 2 hr after administration. A maximal 
increase in GSH of approximately 50% in the SN and 
approximately 45% in the brain stem was observed. 
In the SN, maximal effect of y-GC on the GSH level 
was observed after 4 mg of y-GC, whereas maximal 
GSH values in the brain stem were reached after 2 mg. 

Figure 4 shows the effects of y-GC on the 
concentration of GSH in the SN, the brain stem, the 
striatum and the hemispheres after pretreatment 
with L-BSO. Twenty-four hours after the adminis- 
tration of L-BSO the concentration of GSH had 

decreased to 30-45% of controls in all brain regions. 
Administration of 4 mg y-GC 24 hr after L-BSO 
resulted in control levels of GSH at 1 hr after 
injection in the SN and at 3 hr after injection in the 
brain stem. In the striatum and in the hemispheres 
y-GC administration produced only slight increases 
in the GSH concentration 24 hr after L-BSO: from 
approximately 45% of controls to approximately 
60% of controls 3 hr after the y-GC administration. 
It should be noted that the GSH concentration 
is constantly low between 24 and 48 hr after 
administration of L-BSO alone [lo, 111. 

Table 1 illustrates the effects of GSH monoethyl 
ester, OTC and cysteine on the concentrations of 
GSH and cysteine in various regions of rat brain. 
GSH monoethyl ester (6 mg/rat i.c.v.) had no 
significant effect on the concentration of GSH and 
cysteine in the striatum and SN. In a separate 
experiment the HPLC system was changed in order 
to determine the concentration of GSH monoethyl 
ester in the brain tissue. This could be performed 
by increasing the concentration of methanol in the 
buffer from 4 to 25%. High concentrations of the 
compound were found (1.1 f 0.15 pmol/ ; N = 3) 
in the striatum 2 hr after injection of 8 mg B rat i.c.v.; 
after 4 hr the striatal level had declined to 
0.36 & 0.05 pmol/g (N = 4). 

OTC (0.6 or 1.2 g/kg s.c.) produced a significant 
increase in cysteine in the striatum but not in the 
SN 4 hr after the injection (Table 1). In contrast, 
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Fig. 3. Effects of various doses of i.c.v. injected y-GC on the concentration of GSH in the brain stem 
(0) and the SN (A) 2 hr after administration. Data are means + SEM in per cent of controls; the 
number of animals is indicated in the figure. Control values of GSH in pmol/g were: brain stem, 
1.18 f 0.06 (N = 17); SN, 1.32 2 0.05 (N = 17). Statistical significances were calculated by one-way 
analysis of variance followed by Fisher protected least significant difference. *P < 0.05, **P < 0.01, 

***p < 0.001. 
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Fig. 4. Effects of y-GC on the concentration of GSH in the SN, the brain stem, the striatum and the 
hemispheres after pretreatment with L-BSO. L-BSO (3.2 mg) was injected i.c.v. and after 24 hr the 
rats were injected with y-GC (4 mg). One or three hours after the y-GC injection the animals were 
killed. Data are means 2 SEM in per cent of controls; figures in the bars indicate the number of 
animals. Control values of GSH in pmol/g were: brain stem, 1.22 f 0.06; SN, 1.38 2 0.09; striatum. 
2.06 f 0.15; hemispheres, 2.37 + 0.10. Statistical significances were calculated by one-way analysis of 
variance followed by Fisher protected least significant difference. *P < 0.05. **P < 0.01, ***P < 0.001. 

OTC had no significant effect on the concentration 
of GSH in the striatum or in the SN. 

After i.p. injection of 5OOmg/kg of cysteine, a 
massive increase in its concentration was observed 
in the striatum and in the limbic region but not in 
the SN (Table 1). In the striatum and in the SN a 
slight insignificant increase in the GSH concentration 
was observed. In the limbic region a significant 
increase of approximately 20% was observed 2 and 
4 hr after the injection (Table 1). 

Table 2 shows the effects of GSH monoethyl ester 

on the concentration of GSH in the striatum and in 
the limbic region after pretreatment with L-BSO. 
Twenty-four hours after the administration of L- 
BSO the concentration of GSH had decreased to 
approximately 45% of controls in both brain regions. 
Subse uent administration of GSH monoethyl ester 
(6 mg ? rat; 24 hr after L-BSO) led to a slight increase 
in the GSH concentration (8%). In the limbic region, 
GSH monoethyl ester produced a somewhat larger 
increase in GSH (29%; Table 2). 

No behavioral changes were observed after 
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Table 2. Effects of GSH monoethyl ester on the concentration of GSH in the striatum and in the limbic region after 
pretreatment with L-BSO 

L-BSO, 24 hr, L-BSO, 24 hr, L-BSO, 24 hr, 
plus GSH monoethyl plus GSH monoethyl plus GSH monoethyl 

Brain area L-BSO, 24 hr ester, 0.5 hr ester, 2 hr ester 4 hr 

Striatum 43.2 ? 1.4 44.7 2 0.3 50.6 2 1.3* 51.3 I2.2’ 
N=6 N=3 N=S N=3 

Limbic region 46.5 2 1.9 53.3 * 1.5 72.2 t 1.4t 75.3 2 2.3t 
N=6 N=3 N=5 N=3 

L-BSO (3.2 mg) was injected i.c.v. and after 24 hr the rats were injected with GSH monoethyl ester (6 mg; i.c.v.). 
Thirty minutes, 2 hr and 4 hr after the GSH monoethyl ester injection the animals were killed. Data are means + SEM 
in per cent of controls; the number of animals is indicated in the table. 

Control values of GSH in pmol/g wet tissue were: striatum, 2.26 -+ 0.07; limbic region, 2.09 + 0.13. 
Statistical significances were calculated by one-way analysis of variance followed by Fisher protected least significant 

difference. *P < 0.01, tP < 0.001 

administration of GSH monoethyl ester, OTC or 
cysteine. For the first 30 min after injection of 8 mg 
of y-GC short periods of convulsions were noted, 
but lower doses of the drug did not produce any 
behavioral effects. 

DISCUSSION 

In the present study we observed a marked and 
dose-dependent increase in the concentration of 
GSH in the brain stem and in the SN following i.c.v. 
injection of the GSH precursor y-GC. This is in line 
with previous studies showing a marked increase in 
kidney GSH following systemic administration y-GC 
[18]. The increase in GSH appears to be explained 
by conversion of y-GC to GSH via addition of 
glycine, a reaction catalysed by GSH synthetase [18]. 
The activity of this enzyme appears not to be rate- 
limiting in the GSH synthesis. This is indicated by 
the very low concentration of y-GC in the brain 
(Fig. 2), and it appears most likely that the increase 
in GSH observed in the present experiments is due 
to direct conversion of y-GC to GSH. 

A large increase in the concentration of cysteine 
was found after administration of y-GC, which 
actually exceeded the increase in GSH found in the 
SN and brain stem (Fig. 2a and b). The increase in 
cysteine is probably explained by the fact that y-GC 
is a good substrate for y-glutamyl cyclotransferase 
[27,28]. This enzyme catalyses cleavage of the 
dipeptide leading to formation of cysteine and 5 
oxoproline; the latter is formed by cyclization of the 
y-glutamyl moiety. It is via this pathway that vast 
amounts of S-oxoproline is formed in patients who 
have GSH synthetase deficiency (5oxoprolinuria; 
[29,30]). y-Glutamyl cyclotransferase is widely 
distributed in animal tissue including the brain [31]. 
Even though y-GC is a substrate for both GSH 
synthetase and for y-glutamyl cyclotransferase, the 
synthesis of GSH appears to be favoured under 
normal conditions [27, 32, 331. However, when the 
concentration of y-GC is increased, a relatively large 
percentage of the dipeptide becomes degraded by 
y-glutamyl cyclotransferase. This would probably 
explain the vast increase in cysteine found in the 
present experiments. 

In contrast to what was observed in the SN and 
in the brain stem, the GSH concentration in the 
striatum and in the cortical region did not increase 
significantly following y-GC administration (Fig. 2). 
The concentration of y-GC, on the other hand, was 
found to be much higher in the striatum and the 
cerebral hemispheres than in the SN and in the brain 
stem. It appears that the differences between the y- 
GC values in the striatum or cortical region and the 
y-GC values in the SN or brain stem 1 hr after the 
injection are equivalent to the amounts of GSH 
formed in the SN and in the brain stem. The 
concentration of cysteine reached approximately the 
same value in all four brain areas 1 hr after 
administration. Thus, the sum of the increase in the 
major thiol-containing compounds (cysteine, GSH, 
y-GC) was approximately equal in all brain regions 
assessed. These data would argue against an uneven 
distribution of i.c.v. administered y-GC, or that the 
uptake of the compound is different in the different 
brain regions. The results would rather suggest that 
the striatum and the hemispheres have a poorer GSH- 
synthesizing capacity; perhaps the concentration of 
GSH synthetase is lower in these regions. That y- 
GC is more readily metabolized by y-glutamyl 
cyclotransferase in the striatum and in the 
hemispheres seems unlikely because the cysteine 
concentration did not increase more in these brain 
parts than in the brain stem and SN the first hour 
after the administration. The difference between the 
brain regions in GSH-synthesizing capacity is not 
evident under normal conditions because similar low 
values of y-GC were found in all brain regions (Fig. 
2). The data in Fig. 4, showing the effect of y-GC 
after the GSH concentration had been reduced by 
L-BSO, do also support the notion of a poorer GSH- 
synthesizing capacity in the striatum and in the 
cerebral hemispheres. 

These differences between the brain regions are 
interesting and indicate that the brain is not 
homogeneous regarding GSH metabolism. We have 
previously noted that the GSH concentration is 
lower in the brain stem and in the SN than in the 
striatum, and that the turn-over rate of GSH is more 
rapid in the SN than in the striatum [ 111. A lower 
GSH concentration in the brain stem and in the SN 
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than in the striatum and the hemispheres was also 
observed in the present experiments (Figs. 2 and 4; 
Table 1). 

Other drugs that are known to increase the GSH 
concentration in peripheral tissues were also tested 
on their ability to increase GSH in the brain. 
Cysteine is a precursor of GSH and a rise in its 
concentration might be expected to increase the 
concentration of GSH. However, in line with 
the findings by Anderson and Meister [16], 
administration of cysteine did not result in more 
than a slight increase in GSH in one of the brain 
regions assessed, even though an almost lo-fold 
increase in the cysteine concentration was observed 
in the striatal and limbic regions (Table 1). The 
reason for this is probably that brain y-glutamyl 
synthetase is almost fully saturated with cysteine 
under normal conditions. The activity of this enzyme, 
which catalyses the formation of y-GC from cysteine 
and glutamate, appears to be rate-limiting for the 
GSH synthesis and is feed-back inhibited by GSH 
[34]. Surprisingly, Vina et al. [35] found that the 
GSH concentration in the brain actually decreased 
after cysteine administration; this is not confirmed 
by the present study. 

OTC is another drug known to be able to increase 
the tissue concentration of GSH [5, 131. OTC appears 
to be a substrate for 5oxoprolinase and could be 
converted to cysteine and thereafter to GSH. In the 
present experiments we did not find any significant 
increase in GSH after OTC in the striatum or in the 
SN. The only effect of OTC that was found was an 
increase in the concentration of cysteine in the 
striatum. These data are in line with the data by 
Anderson and Meister [16] but they are in contrast 
to the results of other authors who found a slight 
to moderate increase in brain GSH following 
administration of OTC [14,15]. The reason for this 
discrepancy is unknown. With respect to the observed 
poor effect of administered cysteine on the 
concentration of GSH (see above), it seems logical 
that a precursor of cysteine is also ineffective in this 
regard. 

GSH monoethyl ester, administered intra- 
peritoneally or orally, has been shown to increase 
the GSH content in many peripheral organs [ 17,361. 
The agent appears to be transported into the cell 
and GSH is released through hydrolysis of the ester, 
a reaction catalysed by intracellular esterases [17]. 
GSH monoethyl ester appears to partly counteract 
L-BSO-induced reduction in the cortical GSH 
concentration in newborn rats [S], but it has not 
been examined whether the drug has the ability to 
produce an actual increase in the brain concentration 
of GSH. To avoid problems with peripheral 
hydrolysis and poor passage across the blood-brain 
barrier, GSH monoethyl ester was injected directly 
into the lateral ventricles. Although high levels of 
the compound were detected in striatal tissue 2 hr 
after the injection (see Results) no significant 
increase in the GSH concentration in the striatum 
or SN was observed after the administration (Table 
1). When the GSH concentration had been decreased 
by pretreatment with L-BSO a slight increase in the 
brain concentration of GSH was observed after 
injection of GSH monoethyl ester (Table 2), a 

finding in line with the data by Jain et al. [S]. 
However, the fact that GSH monoethyl ester does 
not increase the GSH concentration from a normal 
value indicates a marked difference between brain 
tissue and peripheral tissue. The reason for this is 
unclear, but perhaps the esterase activity in brain 
tissue is the limiting factor. In any event, the present 
data clearly show that GSH monoethyl ester is not 
at all as effective as y-GC in increasing brain GSH. 
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