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RANDT, C. T., S SAMUELS AND I. FISH. Aruno acid transport inhibition Brain and behavioral correlates PHARMAC.
BIOCHEM. BEHAV. 4(6) 689-694, 1976. — In vivo inhibition of uptake !'*C-L-valine by brain following subcutaneous
admmistration of either of two y-glutamyl cycle enzyme mhibitors, 2-midazolidone4-carboxylic acid (ICA), or,
L-methonine-S-sulfoximme (MSQO) 1s documented n C57BL/6J mice Dose related decrease in exploratory activity,
impairment of memory for foot shock, and reduced operant responding tor food reinforcement parallels the time course
for interference with uptake of a large neutral amino acid by these two compounds previously shown to inhibit ditfferent
enzymes 1n the y-glutamyl cycle subserving active amino acid transport.

Amino acud transport Behavior Glutamyl cycle

Enzyme mhibition

ACTIVE amino acid exchange between blood and brain is
supported by a number of transport systems [5,18]
Several nvestigators m the early 1950°s discussed the
possibility that the reaction catalyzed by y-glutamyl trans-
peptidase might be involved in amino acid transport
[1, 3, 9, 35]. Orlowsk: and Meister [20] described the
y-glutamyl cycle for intracellular degradation and synthesis
of glutathione which was postulated to act as a y-glutamyl
donor for combination with certain amino acids at brain
and other cell membranes 1n an active transport process. Six
enzymes have been shown to participate in this regenerative
cycle [16, 17, 20] The conversion of 5-oxoproline to
glutamate which is catalyzed by 5-oxoprolinase links
reactions involved in the utilization of glutathione to those
required for its resynthesis [36]. Inhibition of 5-oxo-
prolinase may be accomplished by administration of 2-imi-
dazolidone 4-carboxylic acid (ICA) [37,38]. The well
known convulsant and persistent glutamine synthetase
inhibitor [29,30], L-methionine-S-sulfoximine (MSOQ), has
been demonstrated to mnhibit another step in the cycle by
acting upon the enzyme y-glutamylcysteine synthetase [13,
15, 21, 28] thus impairing formation of glutathione Both
inhibitors have been shown to disrupt the y-glutamyl cycle
of the brain in vivo [22,23].

Three human diseases with inborn errors of metabolism
generally associated with mental retardation have been
related to possible enzyme defects in the y-glutamyl cycle.
Erythrocyte y-glutamy!l cysteine synthetase deficiency has
been 1dentified [11]. Glutathionuria with a deficiency of
v glutamyl transpeptidase has been reported [33]. In
5-oxoprolinuria [7, 8, 10] the enzyme gluthathione syn-
thetase is impaired [40].

Low glutamine levels 1n blood and behavioral alterations,
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both clinically in phenylketonuria and maple syrup urine
disease [6, 14, 24, 25] as well as in early hfe under-
nourished animals [27,31] may be related to defective
competitive amino acid transport between blood and brain.
Direct evidence of alteration of '*(C-L-valine uptake by
wnhibitors of 2 enzymes in the y-glutamyl cycle i1 vivo and
a survey of behavioral alterations in C57BL/6J mice are the
subject of this investigation.

GENERAL METHOD
Animals

Experiments were performed on male C57BL/6J mice
100150 days old which were obtained from The Jackson
Laboratory at 40-50 days of age. They were housed in 17
x 23 X 35 cm wire covered opaque plastic cages in groups
of 8—10 in a temperature controlled (21.0 + 0.6°C) room
with lights on 15 hr and off 9 hr.

AMINO ACID UPTAKE
Animals and Procedure

Male mice weighing 23-33 g, fasted overnight, were
injected subcutaneously (SC) with (U) * * C-L-valine exactly
30 min before decapitation. ICA (Aldrich Chemical Co.)
22.7 mmoles/kg (2.96 g/kg) was injected (SC) 45 min, 90
mun, 3 hr or 24 hr prior to killing. MSO (the L-/R-S isomer,
Schwartz-Mann) at a subconvulsant dose of 277.5
pmoles/kg (50 mg/kg) was wnjected (SC) 2 hr, 4 hr, 24 hr,
48 hr, or 72 hr before killing. Each brain was rapidly
removed, divided 1n the sagittal plane for duplicate analysis,
and frozen with dry ice. Brain halves were weighed, minced,
dissolved in 12 volumes of tissue solubilizer (NCS,
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Amersham/Searle) and heated overnight at 40—50°C. The
samples were cooled and 0.36 volumes of glacial acetic acid
were added followed by 15 ml of toluene based counting
fluid. The vials were chilled and total brain radioactivity
was measured in a Searle Isocap 300 liquid scintillation
counter with external quench correction. All samples were
counted to the 2% level of confidence (10,000 counts) and
rechecked to verify that chemilumescence was not con-

tributing to the final counts.
The 1dentity of the radioactive tracer was verified by a

modification of a thin-layer chromatographic procedure
that has been shown to be particularly effective for resolving
valine from other amwno acids [4] and from acetic acid,
glucose, lactic acid and 2-oxoisovaleric acid. Plasma (60.8
ul) was obtammed from adult male mice killed exactly 30
min after receiving a subcutaneous injection of (U)
14 (C-L-valine (152 nCi/g, 655 p moles/g body weight) and
was vigorously mixed with 4 volumes of 95% ethanol After
centrifugation (710 x g for 10 min), the supernatant was
evaporated to dryness with mitrogen and redissolved in 25
ul 80% (aq ) ethanol This material was totally applied, as a
1 ¢cm band, to a 20 x 20 cm sheet of Schleicher and Schuell
(Keene, NH) microcrystalline cellulose (F1440) for mono-
dimensional thin-layer chromatography (TLC). In adjacent
columns, “cold” valine (35 nmoles) and an amino acid
mixture (Stuart Amino Acids, Atlas Chemical Co.,
Pasadena, CA, 175 pg) with added valine (35 nmoles) were
applied The TLC sheet was furst chromatographed in 80%
(aq.) ethanol to a height just above the origin line and air
dried. This procedure was repeated 1n order to sharpen the
origin and enhance resolution. After thorough drying, the
chromatography was continued in 70% (aq.) n-propanol
[4] to about 1 5 cm from the top (7 hr). The chromato-
gram was air dried overmght and the chromatography in
70% (aq.) n-propanol was repeated After final drying, the
side strips were cut off and developed with ninhydnin {32].
The center strip containing the plasma extract was cut into
10 mm or 5 mm (in the valine region) portions and placed
in vials for liquid scintillation counting with 15ml toluene
containing 0.6% (w/v) 2,5 — diphenyloxazole (PPO).
Radioactivity was measured 1n an Isocap 300 (Searle
Analytical) for 100 min or 10,000 counts (2% rehability).
Quench was corrected for by the channels ratio method

Results

The effects of ICA and MSO over time on the uptake of
(U) '* C-L-valine by the total brain in vivo was
documented (Table 1). The bramns from ICA treated mice
showed an uptake of '4 C-L-valine, 45 mumn after SC
administration of 2.96 g/kg, that was 60.6% of that found
m control amimals (r = 4 51, p<0.001). Significant but less
marked depression of uptake of !4 C-L-valine was recorded
90 min and 3 hr after injection. No difference was found
between the controls and other mice killed 24 hr after
recewving ICA. Four hr after the SC administration of MSO
50 mg/kg, the uptake of !'#C-L-valine in the brain was
74.1% of that found in the controls (z = 5.63, p<0.001).
Recovery to control values was incomplete 48 hr after
admunistration of this dose of MSO, however, the effect on
brain '*C-L-valine injected 30 mun before killing was not
apparent 2 or 72 hr after MSO injection. Chromatographic
evaluation of the soluble radioactivity in the plasma 30 min
after administration of (U) '*C-L-valine revealed that the
label was predominantly in valine with a small portion (less
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TABLE 1

THE EFFECT OF 2-IMIDAZOLIDONE-4-CARBOXYLIC ACID (ICA)
AND METHIONINE SULFOXIMINE (MSO) ON THE UPTAKE OF
L-14C-VALINE BY MOUSE BRAIN /N VIVO

Drug Normalized
Experiment [njection Counts* N 4 pt
ICA Control 100 = 2 59 17
45 min 606 = 330 6 925 0001
9% min 843 = 308 6 3193 001
3 hr 892 + 346 6 2154 005
24 hr 956 + 434 6 0835 NS
MSO Control 100 = 2 35 19
2 hr 949 314 6 1078 NS
4 hr 741 =168 8 6592 0001
24 hr 738 =220 7 6148 0001
48 hr 883 = 435 5 2199 005
T2 107 =202 S 1427 NS

*Mean = S EM dpm/mg fresh weight with mean control values
adyusted to 100
TProbability. two tailed ¢-test

than 15%) found on the chromatogram in the area
characteristic of 2-oxoisovaleric acid and lactic acid About
7% of the soluble radioactivity was found n the chromato-
graphic region occupled by acetate, glucose and the
nonessential amino acids Therefore, 78% of the soluble
radioactive label available for transport from blood to the
brain, was still in L-valine 30 mun after its injection (Fig. 1).

BEHAVIOR
Experiment 1

Exploratory activity was measured n a circular open
field 45 cm 1n dia. with a solid white painted floor divided
into 9 segments by 2 cm wide black lines under a
fluorescent light of 30 lumens intensity. Male adult mice
were placed 1n milkshake cartons, half filled with cotton,
with 4 ventilating holes in the tops, after bemng injected
intraperitoneally (IP) with ICA 2.96 g/kg, 1.48 g/kg, or
saline 0.3 ml, 45 min before testing. Mice given MSO 50
mg/kg, 25 mg/kg or saline 0.3 ml (IP) were placed in similar
cartons 4 hr prior to testing. One week later, after similar
mtervals in the cartons for each group, the test was rerun
without prior ICA, MSO, or saline injections. After bemng
placed in the open field, the frequency with which amimals
intersected 4 mfrared light beams located 1 cm above the
floor, thus activating photocells, was recorded auto-
matically for 3 consecutive 5 min intervals.

Results

Analysis of variance indicated that ICA sigmificantly
reduced activity 45 min after injection, F(2,27) = 80.50,
p<0.001. MSO injected 4 hr before test hikewise decreased
activity, F(2,27) = 28 97, p<0.001. Both enzyme inhibitors
acted in a dose dependent manner (Fig 2, a and ¢) Activity
decreased as a function of time in the open field (ICA,
F(2,27) = 54.94, p<0.001; MSO, F(2.27) = 32.67,
p<0.001). The interaction between drug and time was
sigmificant only for MSO treated mice, F(2,27) = 13.7,
p<0.001. The nature of this interaction is shown in Fig. 2c.
Repeat testing 7 days later without further administration
of the drugs or saline, showed a return to previously
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FIG. 1. Thin-layer chromatographic distribution of the soluble
radioactivity 1n the plasma 30 min after administration of )
'4C-L-valine The origin was at 1.5 cm and the solvent front at 18.5
cm. (A) indicates the area of alanine and glutamate The ap-
proximate region of glucose and acetate 1s indicated by (B) Valine 1s
marked by (C) The chromatographic area characteristic of
2-oxo1sovalerate and lactate 1s ndicated by (D)

established saline injected control levels of activity in the
MSO (50 mg/kg) treated mice suggesting possible lack of
retention of memory for the first exposure, or, alter-
natively, increased activity 7 days after drug administration
(Fig. 2d). The mice given ICA (2.96 g/kg) 7 days prior
showed only the expected shght decrease in activity similar
to saline controls presumably due to adaptation to the test
situation (Fig. 2b).

Experiment 2

Retention of a 1 trial inhibitory avoidance response was
tested in a 2 compartment black Plexiglas apparatus 7 x 14
cm and 10 X 28 cm both 12 cm high, with covers,
separated by a sliding door. Male CS57BL/6J mice single
caged for 24 hr prior to traming were placed in the start
compartment for 15 sec following which the door was
elevated activating a timer. The latency to step through to
the large chamber was measured by lowering the door after
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FIG 2 ICA and MSO effects on open-field activity for 6 groups of
mice, N = 10 each, mean activity counts with SEM for 3 consecutive
S mun intervals. (a) ICA (1.48 glkg) om—mo, ICA (2.96 g/kg)
I——==0 saline &#——e (0.3 ml) given I[P 45 min before test. (b)
ICA and saline mean actvity counts 7 days after ICA (c) MSO (25
mg/kg) cm—mo MSO (50 mg/kg) =0 and saline (0 3 ml)
&——=o given IP 4 hr before test (d) MSO and saline mean activity
counts 7 days after MSO.

entry which simultaneously stopped the clock and 1nitiated
scrambled foot shock (0.16 mA, 2 sec) through the grid
floor. The details of mjection, training, and test are given in
Table 2.

Results

Mean latency to step-through into the large com-
partment was significantly shorter on testing 24 hr later
following ICA (2.96 g/kg) given IP 45 min before training
as compared with saline injected mice (r = 2.29, p<0.05).
No significant difference 1n latency was apparent between
MSO (50 mg/kg) and salime given 4 hr before training on
testing 24 hr later. MSO and ICA given 24 hr before
training with testing 24 hr later showed significantly
decreased latencies to enter only for MSO as compared with
saline (r = 2.19, p<0.05). Decreased activity in the open
field test noted in Experiment 1 was not reflected in 24 hr
test latencies which were, in fact, shorter as compared with
saline controls in the 2 instances described above. The
initial step out latencies for training 45 min after ICA
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TABLE 2

STEP-THROUGH LATENCIES INTO FOOT SHOCK CHAMBER ON TRAINING AND ON TEST. 24 HR LATER TEST
LATENCIES NORMALIZED FOR PARAMETRIC ANALYSIS BY SQUARE ROOT TRANSFORMATION

Mean Test Latency

Time Mean Training 24 Hours
of Injection (IP) Latency + SEM After Traming + SEM

Group N Prior to Training (second) t p (seconds) t 14
Saltne 15 45 min 14 =11 239 + 247
0 3ml
ICA
2 96g/Kg 14 45 min 30+41 4 27< 001 148 = 352 2 29<0 05
Saline 15 24 hi 14 +19 260 = 192
ICA
2 96g/Kg 15 24 hr 9+13 NS 208 =223 NS
Saline 23 4 1521 153 209
0 3ml
MSO
50mg/Kg 22 4 hr 422 NS 94 + 156 NS
Saline 29 24 hr 1319 142 = 198
0 3ml
MSO
S0mg/Kg 29 24 hr 9+ 11 NS 86 x IS5 2 19<0 05

injections were significantly longer (r = 4.27, p<0.001)
than saline injected controls, however, no difference in
latency to step out prior to training shock-was seen in the
MSO treated groups.

Expertment 3

Performance on a fixed interval (FI) 2 min schedule of
food reinforcement was used to assess the effects of ICA
and MSO on operant responding. Three enclosed black
painted wooden chambers 11 x 14 x 15 cm with stainless
steel rod floors were equipped with single levers extending
2 cm from the wall, 2 3 cm above the floor, requiring 2.0 g
to close a microswitch which delivered a 20 mg Noyes
pellet from a feeder into a dispenser located adjacent to the
lever Male CS7BL/6] mice were reduced by food re-
striction to 80% of their initial body weights and given
training to lever press for food until a stable rate was
achieved on the FI 2 min schedule. Constant rates were
established after 30 min sessions given daily for 24 days.
This training was followed by 4 daily sessions before which
saline injections (0.3 ml) were given subcutaneously (SC)
between the scapulae 45 min or 4 hr prior to the 30 min
test period for adaptation to the injection. On the following
day ICA (2 96 g/kg) SC 45 min, or, MSO (50 mg/kg) SC 4
hr before testing was administered to mice in each of the 2
groups.

Results

Fixed interval performance for 2 representative mice,
one given ICA and the other MSO 1s illustrated (Fig. 3a).
Correlated ¢ tests were used for the following intragroup
comparisons (Fig. 3b). The total presses during a 30 min
period on the FI 2 min schedule showed 70% (¢t = 5.0,
p<0.01) mean reduction following ICA and 88% (¢t = 5.45,
p<0.01) decrease of mean bar presses after MSO. Bar
pressing returned to predrug rates 24 hr later mn the ICA
group. There was persistent marked reduction of bar

pressing of the MSO treated mice for at least 24 hr (¢ = 4.8,
p<001) with recovery to predrug levels at 48 hr (Fig. 3 a
and b). Despite access to food in ther home cages
comparable to that previously observed, all animals lost
weight during the 24 hr period following drug adminis-
tration. The ICA group showed mean body weight re-
duction of 4.5% (¢ = 5.69, p<0.01) and, in the MSO treated
mice there was 7.5% mean weight loss (r = 7.77, p<0.001).

GENERAL DISCUSSION

Inhibition of uptake of !'?%C-L-valine by whole brain in
vivo results from parenteral administration of [CA and
MSO. Valine was chosen for the initial phase of this study
because it 1s a large neutral amino acid with a moderately
high rate of entry into the brain [19] and relatively slow
mcorporation into proteins [12]. Uptake of valine by the
brain has been shown to be accompanied by an increase of
tissue glutamine (2]. Administration of valine to mice
treated with ICA has been demonstrated previously to
cause a greater accumulation of 5-oxoproline in the kidney
than did the enzyme inhibitor alone [38]. Our data directly
confirm Meister’s postulated action of 2 ysglutamyl cycle
inhibitors on transport of at least 1 amino acid. These
preliminary observations should be extended to encompass
other amino acids to assess the generality of the findings as
regards active amino acid transport between blood and
brain. More convincing behavioral correlations would make
observations on 2 other large neutral amino acids, tyrosine
and tryptophan which are aminergic neutrotransmitter
precursors, of particular interest.

Gross behavioral descriptions of the subconvulsive
effects of MSO in cat and rat have been reported [26, 34,
39} We observed similar reactions in C57BL/6J mice. MSO
100 mg/kg (IP) was followed by hyperirntability, gen-
eralized seizures, and death within 3 to 6 hr. Doses of 75
mg/kg induced hyperirntability and seizures within 24 hr.
Seizures were only rarely seen after MSO 50 mg/kg however,
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FIG 3. Fmed interval (F1) 2 minute schedule with food rein-
forcement. (a) Cumulative records depicting rate of bar pressing
from 2 mice upper records, No 9, ICA lower, No. 5, MSO (1)
saline mjection, (2) ICA 2.96 g/kg SC, 45 min before and MSO 50
mg/kg SC 4 hr before test, (3) Twenty-four after ICA and MSQ
mjections, and (4) Forty-eight after ICA and MSO 1njections. (b)
mean rates during 30 mun perjods on FI 2 minute schedule, ICA
o--0, N = 6, given SC 45 min before tnial on Day 3, and, MSO
oo, N = 6, given SC 4 hr before trial on Day 3 in same doses
as in (a) Mean rates for 3 subsequent days are shown.

a second dose of MSO 50 mg/kg within 24 hr after the first
routinely produced seizures.

ICA in doses 100 fold higher (4.92 g/kg) produced lack
of righting reflexes within 30 min and progressive im-
mobility to death within 2 to 4 days. No seizures were
apparent following ICA admunistration.

In this report, standard behavioral measurements of
exploratory activity, one trial inhibitory avoidance of foot
shock, and operant responding for food reinforcement
followmng administration of ICA and MSO were doc-
umented. These observations constitute an tnitial survey
providing information regarding dosage, duration of action
and similanity in the characteristics of behavioral responses
with both y-glutamyl cycle inhibitors. This first systematic

investigation of the effects of y-glutamyl cycle inhibitors on
behavior shows a dose dependent decrease in activity.
Significantly shorter latencies on single trial passive avoid-
ance of foot shock m the ICA and MSO treated ammals
tends to support the presumption of lack of retention
unrelated to decrease in activity although the magnitude of
effect 1s small and state dependency has not been ruled out.
Reduction of response rate on the FI 2 min schedule may
reflect decrease 1n activity or a reduction in motivation for
food due to anorexia. Precise explanations await more
extensive studies.

Although ICA and MSO are dissimilar structurally and,
as far as is known, share only their effects on enzymes
which involve the function of the y-glutamyl cycle, the
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congruence of behavioral alterations and time courses
which parallel the effects of these enzyme inhibitors on the

uptake of '4

C-L-valine between blood and bramn 1s

apparent. These observations may reflect a more general

defect

Im amino acid transport with behavioral con-

sequences. Additional investigation will be required before
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