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ABSTRACT

Glufosinate-ammonium (GLA), the active compound of a worldwide-used herbicide, acts by inhibiting
the plant glutamine synthetase (GS) leading to a lethal accumulation of ammonia. GS plays a pivotal role
in the mammalian brain where it allows neurotransmitter glutamate recycling within astroglia. Clinical
studies report that an acute GLA ingestion induces convulsions and memory impairment in humans.
Toxicological studies performed at doses used for herbicidal activity showed that GLA is probably
harmless at short or medium range periods. However, effects of low doses of GLA on chronically exposed
subjects are not known. In our study, C57BL/6] mice were treated during 10 weeks three times a week
with 2.5, 5 and 10 mg/kg of GLA. Effects of this chronic treatment were assessed at behavioral, structural
and metabolic levels by using tests of spatial memory, locomotor activity and anxiety, hippocampal
magnetic resonance imaging (MRI) texture analysis, and hippocampal GS activity assay, respectively.
Chronic GLA treatments have effects neither on anxiety nor on locomotor activity of mice but at 5 and
10 mg/kg induce (1) mild memory impairments, (2) a modification of hippocampal texture and (3) a
significant increase in hippocampal GS activity. It is suggested that these modifications may be causally
linked one to another. Since glutamate is the main neurotransmitter in hippocampus where it plays a
crucial role in spatial memory, hippocampal MRI texture and spatial memaory alterations might be the
consequences of hippocampal glutamate homeostasis modification revealed by increased GS activity in
hippocampus. The present study provides the first data that show cerebral alterations after chronic
exposure to GLA.

1. Introduction

Exposure to pesticides is a standing occupational hazard for
farm workers making them a high-risk group in terms of public
health. Epidemiological studies suggest that neuropsychological
deficits follow long-term exposure to pesticides (Baldi et al.,
2001), especially organophosphates (Farahat et al., 2003; Fiedler
et al,, 1997; Roldan-Tapia et al., 2006). It has been shown that
workers who perform long-term farm work display cognitive
and neurobehavioral impairments (Kamel et al, 2003). The
disturbances induced by long-term exposure to organopho-
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sphorous compounds and more particularly to organopho-
sphates mainly affect speed of processing, wvisuo-motor
performances, wvisuo-perceptual abilities, anxiety, wverbal
abstraction, attention, and memory (Farahat et al, 2003;
Roldan-Tapia et al.,, 2006). Different behavioral endpoints are
used as indicators of neurotoxicity by the U.S. Food and Drug
Administration: problems of motor coordination, sensory
deficits, learning and memory dysfunctions, and altered states
(Sobotka et al., 1996).

Phosphinothricin is an amino acid that is structurally related to
glutamate and belongs to the organophosphorous family. Its
ammonium salt, glufosinate-ammonium (GLA) is the active
compound of worldwide-used broad-spectrum herbicides (such
as Basta®™). The relatively small amounts of GLA currently used in
agriculture can be expected to increase in the near future, since



genetically modified organisms (like soybean, cotton, maize, sugar
beet and canola) resistant to this herbicide are being introduced on
a commercial scale (D'Halluin et al, 1992). Indeed, such a
resistance allows farmers to use GLA-containing herbicides in
order toimprove their crop yield by eliminating undesirable weeds
with doses tolerated by GLA-resistant crops. Moreover, appearance
of weeds naturally resistant to the glyphosate (Behrens et al.,
2007), the currently most used herbicide in the world { Roundup®),
would confer to GLA-containing compounds the role of substitute
herbicide (Service, 2007).

GLA acts as a competitive and irreversible inhibitor of
glutamine synthetase {GS, EC 6.3.1.2) in plants. This enzyme
allows the plant to fix nitrogen from the soil as ammonium ions.
GLA treatment leads toreduced glutamine amounts and increased
ammonia levels in the plant's tissues ( Lea et al., 1984). This causes
photosynthesis to stop and as a result, the plant dies within a few
days. GSis also presentin almost every tissue inall animal species
investigated so far (Meister, 1974). In the vertebrate nervous
system, G5 is present throughout the brain where it plays a central
role in the metabolic regulation of glutamate, the majorexcitatory
brain neurotransmitter (Bak et al., 2006). GS is exclusively
localized in glial cells where it enables transformation of
glutamate into glutamine by fixation of ammonia. We have
previously shown that GLA also inhibits mammalian GS in vitro
(Lapoubleetal,, 2002). Precedentstudies have already established
GLA toxicity on mouse embryos development in 48 h cultures
with significant embryolethality and major morphological head
defects (Watanabe and Iwase, 1996) and more specifically
apoptosis in the neuroepithelium (Watanabe, 1997). Further-
more, direct exposure of rat cerebellum to acute doses of GLA by
use of a microdialysis system causes alteration of glutamate
neurotransmission (Nakaki et al,, 2000). We have also shown that
acute administration of a single high dose (75 mg/kg i.p.) of GLA
induced in mice tonic and generalised seizures that we
characterized by means of behavioral and electroencephalo-
graphic study (Lapouble et al, 2002).

Suicide attempts carried out by ingestion of high quantities
of GLA-containing herbicide have been described in Japan. All
the patients developed various neurological symptoms such as
seizures and loss of memory (Hori et al., 2003; Ohtake et al.,
2001; Tanaka et al., 1998; Watanabe and Sano, 1998). Acute
effects of GLA exposure are well known through reports of these
suicide attempts, whereas the effects of long-term exposure at
low dose of GLA remain largely unknown and no specific
epidemiological study has been carried out so far to study the
effects of chronic exposure to this pesticide on the central
nervous system. For this investigation we have therefore
developed an experimental animal model of chronic GLA
treatment in mice. The present study examines the effects of
chronic GLA treatment at low and medium doses on spatial
memory, anxiety, and motor activity by means of specific
behavioral tasks. Because the hippocampus seems to be a brain
structure sensitive to GLA, as reported in a magnetic resonance
imaging (MRI) study of a recent case of human acute poisoning
(Park et al., 2006), and because it plays a crucial role in spatial
memory and anxiety in animals (Bannerman et al,, 2004), MRI
texture and glial GS activity were analyzed in the hippocampus
in our model. MR], a non-ionizing and non-invasive technology
coupled to texture analysis {TA) is a powerful tool for our study
because of its remarkable sensitivity and its high-resolution
potency for identifying morphological and cellular alterations.
MRI-based TA methods have already been described for cerebral
studies in human suffering from brain diseases (Herlidou-Meme
et al., 2003; Sankar et al., 2007; Yu et al, 2001) and in small
animals (Yu et al, 2004).

2. Materials and methods
2.1. Animals and treatments

Male C57BL/6] mice (20-25 g) were obtained from the Centre
de Distribution, Typage et Archivage animal {CDTA, UPS-44, CNRS,
Orléans, France) at 8 weeks of age. The animals were housed for 2
weeks prior treatments under a 12-h light/dark cycle (light on at
7:30 a.m.) at constant temperature of 23 + 1 °C with free access to
food and water, except during the radial-maze test [see below). They
were divided into four experimental groups of at least 13 animals
each. GLA-treated groups were injected three times a week with a
single dose of GLA dissolved in water containing 0.9% NaCl as vehicle
(2.5,5 or 10 mg/ke i.p.) during 12 weeks. Mice were weighed weekly
before the first treatment of the week. The injection volume was 5 pLf
g for all doses. Control animals received a comparable i.p. injection of
vehicle. The experimental protocols were approved by the Regional
Animal Care and Use Committee (CREEA Centre-Limousin, France, file
number UNI45-001/10.15.2005).

2.2. Chemicals

GLA was obtained from Riedel-de Haén (Sigma-Aldrich; Isle
d'Abeau, France) or was purified from commercially available
herbicides: the solution (10 mL) containing 120 g/L of GLA was
passed through a column of Dowex 50WX8 resin (H" form, 50 mL).
The column was washed with 300mL of water to elute the
additives. A 1-M ammonia solution {100 mL} was then used to
elute GLA. The ninhydrine positive fractions were combined,
concentrated to dryness under reduced pressure and finally dried
under vacuum (0.1 mmHg) for 48 h. GLA (1.25 g) was isolated as a
white solid. Comparison with an analytical sample {Riedel-de
Haén) by nuclear magnetic resonance spectroscopy confirmed the
structure and the purity (>98%) of GLA.

2.3, Behavioral study

All along the 2 weeks that last the behavioral study, the mice
were housed individually, in the same controlled environment
and in the very room where the tests were to be performed. The
light was adjusted at 28 £ 2 lux at each test stage. During the first
week the mice were subjected to the radial-maze test. The second
week of tests began with the elevated plus maze followed by the
open-field test. In order to avoid potential acute effects, GLA
treatments were carried out after a behavioral session. This allowed
at least a delay of 15-18 h between GLA administration and the
following session. All behavioral recordings were carried out with
the experimenter blind to the treatment the mice had received. We
used 28, 16, 13, and 22 animals, respectively for the vehicle, 2.5, 5,
and 10 mg/kg treatments.

2.3.1. Rodial-maze test

Spatial learning was tested in a radial-maze similar to the one
described by Crusio and Schwegler (2005). The central part
measured 25 cm in diameter. The eight arms {25-cm long, 6-cm
high and 6-cm wide) were enclosed and made of transparent
Plexiglas with a dark grey floor. Arm entrances could be blocked by
lowering clear Plexiglas guillotine doors. At the end of each arm,
some food pellets were deposited behind a perforated iron wall to
prevent the mice from smelling the presence or absence of a food
reward. Just in front of this perforated wall, a small food pellet
(approximately 10 mg) was deposited behind a small black rod
that prevented the animal from seeing the reward. The maze was
always oriented in space in the same way. It was placed directly on
the floor of the spatially richly structured mouse room in order to



avoid possible elevation-induced anxiety. In addition, five extra-
maze cues were provided close (2-15 cm) to the arms in a fixed
configuration.

On the first day, each mouse was subjected to a habituation
session in which it was allowed to explore the maze freely for
20 min. Arm doors remained open, and no food was accessible in
the maze. Mice were partially deprived of food, but not water
during the 5 days of the test, They reached about 85% of their
initial body weight within 24 h and were maintained at this
level throughout the rest of the experiment. The habituation
trial was followed 24 h later by one trial per day during 5 days,
during which all 8 arms contained a food reward. Animals were
confined between arm-visits for 5 s on the central platform by
lowering the guillotine doors. This procedure has been shown to
avoid the use of kinesthetic strategies (Schwegler et al,, 1990).
An error was noted il animals failed to eat the food reward or
revisited an arm in which the food reward had been previously
eaten. In addition, the number of different arms visited among
the first eight arms sampled was recorded as new entries. The
number of arms entered per minute was taken as an index of
locomotor activity. Trials ended when animals had found and
eaten all eight rewards. Subsequently, they were weighed,
returned to their home cages, and administered an appropriate
amount of food to maintain them at 85% of free-feeding body
weight. The maze was wiped, but not rinsed between different
subjects. The test took place 10 weeks after the beginning of
chronic GLA treatment.

2.3.2. Elevated plus maze (EPM) test

The EPM consisted of a black Plexiglas4 armed platform with all
arms arranged in the shape of a plus and raised 46.5 cm above the
floor. All arms were 5.5 cm in width and 31 cm in length and joined
in the center toa 30.25-cm?® central platform, Two arms facing each
other were protected {enclosed). The two remaining arms facing
each other and arranged perpendicular to the protected arms
remained open. Protected arms were surrounded by 16 cm high
transparent Plexiglas walls, which were open at the top, while
open arms were bounded by a 0.6-cm high edge providing
additional grip for the animals.

At the start of each test, mice were placed in the center
square facing the same open arm and were allowed to move
freely. The mice were evaluated in a single 5-min session. After
each test, the maze was cleaned in order to remove any residue
or odors. A mouse was considered to have entered an arm when
all four paws were on the arm. The standard measure of anxiety
was the ratio of the time spent in the open arms of the maze
divided by the total time spent in any arm of the maze. Smaller
ratios indicate less open arm exploration or higher levels of
anxiety (Lister, 1987).

2.3.3. Open-field test

The open-field was used to evaluate the exploratory activity of
the animal. The open-field area was made of Plexiglas { grey walls
and white floor, 50 cm = 50 cm = 29 cm) divided into nine squares
(16.6 cm x 16.6 cm) with blue adhesive tape. Each animal was
placed singly in the middle of the field and its behavior recorded in
a single 5-min session. Following each open-field test, fecal boli
were removed and the box was cleaned with a humid sponge.
The observed parameter was total crossings which corresponded
to the number of lines crossed with the four paws {locomotor
activity).

Subsequently to the behavioral study, five animals from each
group under treatment were picked randomly and submitted to
MRI exams. Treatments were performed at least 15 h prior to MRI
exams to avoid potential acute GLA effects.

2.4, MRI study

2.4.1. MR images acquisition

MR experiments were obtained with a 9.4-T horizontal magnet
(9421 USR Bruker Biospec, Wissembourg, France ), equipped with
a 950-mT/m gradient set, The mouse head was placed with a
stereotaxic system made of a tooth bar and two ear bars within a
linear homogeneous shielded coil (inner diameter 35 mm). The
body temperature was maintained constant during the experi-
ments with a heating water bed. The animals were put under
gaseous anaesthesia during MRI exams (50% N2O: 0.7 L/min; 50%
0: 0.7 L/min; Isoflurane 1.5%, TEM, France). The breathing rate
was measured during the acquisitions to monitor the anaesthetic
output. A first series of sagittal images was performed with an
eight echoes-RARE sequence (FOV=15cm = 1.5cm, matrix
size =256 = 256, slice thickness=1mm, TE=46ms, TR=55)
leading to an in plane spatial resolution of 59 p.m x 59 wm. Then,
15 axial images were acquired with the same sequence but with a
slice thickness of 0.5 mm. The total duration of the MR acquisitions
was 50 min. The central slice of the 15 axial images package always
corresponded to bregma —0.94 mm so that the slices were located
at the same positions for all mice,
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TA covers several methods enabling quantification and statistical
analysis ol the grey level values on an image region of interest {ROI)
(Haralick, 1979). A complete mathematical description of the TA
parameters has already been published (Herlidou-Meme et al.,
2003; Herlidou etal,, 1999,2004). Post-acquired images | see above)
were transferred to an external computer for computational
analysis. A ROl was manually delineated in the hippocampus as
big as possible in both hemispheres on five axial slices for each dose
(vehicle, GLA 2.5, 5, and 10 mg/kg). These ROI were analyzed with
four different TA methods [histogram, calculations of the co-
occurrence, run-length, and gradient matrices) using a custom-
made software. Each ROl was then characterized with its own
texture profile (formed with the different texture parameters
calculated before). Correspondence factorial analyses [CFA) were
performed to discriminate between all the profiles (vehicle, GLA2.5,
5, and 10 mg/kg) using Xlstat software (Xlstat7.51995-2004,
Addinsoft). This data analysis method also allows keeping the most
discriminating texture parameters.

After completion of the MRI exams, all mice were gathered and
randomly split into two groups. One group was used for
histological study, whereas the other was submitted to GS activity
assays.

2.5, Histological study

Animals were deeply anaesthetized with isoflurane and perfused
through the left ventricule with a cold saline solution containing
50 1U{/mL of heparin followed by a fixative solution containing 4%
paraformaldehyde in 0.1 M phosphate buffer ( pH 7.4). Fixed brains
were removed and kept in the same cold fixative solution during
16 h at 4 “Cand then cryoprotected with 30% (w(v)sucrose in0.1 M
phosphate buffer {pH 7.4) during 24 h at 4 °C. Brains were frozenin
isopentane at —50 °C during 1 min. Coronal 20-pm thick brain
sections were cut on a cryomicrotome {Leica CM30505) —1.94 mm
from Bregma according to the mouse brain atlas edited by Paxinos
and Franklin (2001). The sections were mounted on gelatin-coated
slides and stained with cresyl violet. Only vehicle and 10 mg/kg
brains were examined by conventional microscopy at 100
magnification. The observer, blind to the treatment, evaluated the
severity of the neuronal damage on the hippocampal sections of
each brain. The damage was defined on the basis of the following



morphological characteristics: pycnotic nuclei, shrunken perikarya,
microvacuolation, absence of cellular bodies, and presence of
cellular debris in CA1, CA2, CA3, CA4 pyramidal cell layers and
dentate gyrus granule cells layer of the hippocampus.

2.6, GS activity assay

Photometric determination of GS activity is based on the
formation of a =y-glutamylhydroxamate ferric chloride complex
and was performed according to Wellner and Meister (1966) with
slight modifications. Samples of hippocampus were removed on ice
from each animal brain. Tissues were {rozen using liquid nitrogen
and then kept at —20 “C until use. Samples were sonicated in a 150/
5-mM KCl/cysteine solution. Homogenates were incubated for
10 min at 37 °C, centrifuged 30000 x g for 1 h 30 at 4 °C and
supernatants were used to dose GS activity. The reactive mixture
consisted of 100 mM imidazole pH 7.2, 50 mM sodium i-glutamate,
10 mM B-mercaptoethanol, 20 mM sodium ATP, 40 mM MgCl; and
100 mM hydroxylamine pH 7.2. The reaction was initiated by the
addition of 75 L ofthe reactive mixture to 50 p.L of the supernatant
of each sample. The reaction was quenched after 1 hat 37 °C with
150 L of 0.37 M FeCl;{0.67 M HClj0.2 M trichloroacetic acid. This
mixture was then incubated for 30 min at 4 °C before absorbance
was read at 530 nm. All absorbances were within the linear range of
the y-glutamylhydroxamate standard curve. Protein concentration
was determined with a dye-binding assay (DC Protein Assay,
BioRad) using bovine serum albumin as a standard. For each animal,
determinations were performed in triplicate. GS activity was
expressed in mM of y-glutamylhydroxamate formed per hour per
milligram of proteins at 37 “C.

2.7. Statistical analysis

Death during treatments was analyzed by x?-test to determine
if it was to be imputed to GLA treatment. For the body weight time
course a repeated-measures analyses of variance (ANOVA) over the
first 10 weeks of treatment was used. The results of the GS assay
and the behavioral tests except for the radial-maze test were
evaluated by one-way ANOVA lollowed by Scheffé post hoc tests,
with treatment as between-subjects factor. For the radial-maze
test a repeated-measures ANOVA with days as additional within-
subjects factor was used, whereas treatment comparisons for
individual days were done by means of one-way ANOVAs. As some
animals did not always take the food reward the first time they
entered an arm of the radial-maze on days 1 and 2, only the data
from days 3-5 were used for statistical evaluation (Schwegleret al.,
1990). Student's t-tests were used to test whether numbers of new
entries deviated from 5.3, the expected value for a random choice
of an arm (Olton and Schlosberg, 1978). All values are expressed as
means + standard error of the mean {S.EM.).

3. Results
3.1. Chemicals

No differences were observed in the GS assay and the
behavioral study between the treatments at the dose of 5 mg/kg
performed with either commercial or purified GLA {data not
shown). In what follows, the results obtained with commercial and
purified GLA were pooled for this dose.
3.2. Behavioral study

A repeated-measures ANOVA over the first 10-week treatment
testified that the increases in body weight did not differ between
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Fig. 1. Time course of mouse body weight during the 10-weelk treatment, Forclarity,
some dots were x-axis shifted in order mot to stack S.EM. lines. Results are
expressed as means + S.EM. (n =28, 16, 13,22, respectively for the vehicle, GLA2 5,5,

and 10 mg/kg groups ). (—fii=) Vehicle; (-4 GLA 2.5 mg/kg; (= & =) GLA 5 mglkg;
(=@=) GLA 10 mg/kg.

the four treated groups (F375= 117, p=0.3250, Fig. 1). A12% death
rate was observed in the 10 mg/kg GLA-treated group, whereas no
death was to be reported in the other groups. Nevertheless, a y*-
analysis showed that this rate was not significant.

3.2.1. Radial-maze test

Both the vehicle-treated and the GLA-treated mice showed a
gradual increase in the number of new entries (Fig. 2A) and a
decrease inthe number of errors [ Fig. 2B) with advancing training.
Mean new entries were significantly higher than 5.3 in the vehicle
and 2.5mg/kg GLA-treated animals (p<0.01 and p < 0.001,
respectively, on the fifth day of training), but not in the 5 and
10 mg kg GLA groups (both p = 0.05 on the fifth day), indicating a
random selection of arms for5 and 10 mg/kg GLA-treated mice but
not for vehicle and 2.5 mg/kg GLA-treated mice. A repeated-
measures ANOVA over the last three days of training indicated a
tendency towards significance for the total number of errors made
(F375=2.45, p=0.070) as well as a borderline significant effect for
the numbers of new entries {F375 = 2.68, p=0.053), whereas the
activity index (Fig. 2C) did not differ between treatment groups
(F375=0.79, p > 0.50). However, on none of the last three days of
training did the numbers of new entries (F375 = 1.917, p=0.1344;
Fszs=11, p=03547; F75=1578, p=0202), total errors
(Fs75=1.913, p=0.1351; F375=2.008, p=0.1079; F;.s=1.054,
p=03741), and the activity index [F3,5=0393, p=0.7586;
F375=0593, p=06218; Fis5=1.254, p=02966) (Fig 2A-C,
respectively) differ significantly between the vehicle-treated and
the GLA-treated mice,

3.2.2. Elevated plus maze test
There were no statistically significant differences between GLA-

treated animals and controls for percentage open arm time (Fig. 3;
F375 = 1.635, p=0.1885).

3.2.3. Open-field test

As shown in Fig. 4, GLA did not change the exploratory
locomotor activity of C57BL/6] mice in the open-field test at any
dose (F3 75 = 2.030, p=0.1169).
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The various CFAs made it possible to eliminate the redundant
texture parameters and to keep only the most relevant ones for
discrimination between the different ROls with p < 0.05 used as
threshold for statistical significance. Fifty-one texture parameters
were available after computing the various TA methods, but only
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Fig. 2. Results obtained in the radial-maze test. (A) Number of new entries during
the first eight choices. A horizontal dash line shows the theoretical value of 5.3
expected if animals choose arms randomly. (B) Number of total errors. (C) The
activity index { number of arms entered per minute ), For clanty, some dots were x-
axis shifted in order not to stack S.EM. lines. Results are expressed as
means = SEM. (n=28, 16, 13, 22, respectively for the vehicle, GLA 2.5, 5, and
10 mg/kg groups ). **p < 0.01; **p < 0.001 vs. 5.3, (—fi=) Vehicle; {..{3.-) GLA 2.5 mg/
kg; (= & =) GLA 5 mg/kg: (—@-) GLA 10mg/kg.

four of them were kept: run-length distribution (from run-length
matrix}, contrast, sum average and sum variance (from the co-
occurrence matrix), The results of the CFA performed to
discriminate between the different texture profiles corresponding
to the different doses are shown in Fig. 5. All texture profiles can
be classified in two parts with no misclassification: part A for
vehicle and 2.5 mg/kg GLA-treated mice and part B for 5 and
10 mg/kg GLA-treated mice. The in-plane representation is given
with the two first factorial axes, which contain 96% of the whole
data set (70% on factorial axis 1 and 26% on factorial axis 2).
Factorial axes 1 and 2 are weighted by contrast {40.5% for axis 1
and 3.3% for axis 2, respectively), sumaverage (6.4 and 67.9%), sum
variance (19.2 and 0.1%) and run-length distribution (33.9 and
23.7%).
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Fig. 3. Effect of GLA in the elevated plus-maze test in C57BL/E] male mice on
percentage of time spent in open arms with respect to total time spent in the arms.
Results are expressed as means +S5EM. (n=28, 16, 13, 22, respectively for the
vehicle, GLA 2.5, 5, and 10 mg/kg groups).
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Fig. 4. Effect of GLA on locomotor activity measured as total line crossings during
Smin in the open-field test in CS7BL/G] mice. Results are expressed as
means+ S.EM. (n=28, 16, 13, 22, respectively for the vehicle, GLA 2.5, 5, and

10 mg/kg groups ).
3.4. Histological study

Observation of the CA1, CA2, CA3 and CA4 pyramidal cells
layers and dentate gyrus granular cells layer following cresyl violet
coloration did not reveal any neuronal death in the hippocampus
after chronic exposure to GLA at a dose of 10 mg/kg. Indeed,
the observer did not notice any differences between the
sections from vehicle and from mice submitted to 10mg kg of
GLA (Fig. 6).

3.5 GS activity assay

In vehicle-treated mice, the mean value of in vitro hippocampal
GS activity was 0.277 £ 0.02 mM vy-glutamylhydroxamate formed/
h/mg protein. GS activity increase in the 2.5 mg/kg GLA-treated group
was not significant compared to the GS activity in vehicle-treated
mice. In 5 and 10 mg/kg GLA-treated mice, the mean value increased
significantly by 169 and 146%, respectively (F; 37 = 4.738, p = 0.0068,
both p < 0.05 with Scheffé post hoc test (Fig. 7))

4. Discussion

The major finding of the present study is that GLA, an
irreversible inhibitor of GS in plants used as an herbicide, induced
metabolic and texture modifications in the hippocampus as well as
mild learning impairments in C57BL/6] mice after 10 weeks of
treatment with 3 weekly i.p. injections of 5 and 10 mg/kg.
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Ubiquitous in the brain, GS is located mainly in astrocytes
where it plays a pivotal role in glutamate homeostasis but also in
ammonia detoxification via an amidation reaction of glutamate.
Because of the known inhibition of cerebral GS in vitro by GLA
(Lapouble etal,, 2002), its effects on hippocampal G5 activity were
investigated here. Surprisingly, chronic GLA treatments do not
inhibit hippocampal GS but, on the contrary, drastically increase
GS activity in the 5 and 10 mg/kg GLA dose groups. Our results
seemed to be in contradiction with a previous study performed on
Wistar rats, where animals were fed a diet containing 0, 40, 200,
1000 and 5000 ppm GLA for 28 days. Whole brain GS activity only
decreased in the 5000 ppm GLA treatment (corresponding to a
530 mg/kg/day treatment) by 42% and also showed a significant
diminution of brain glutamine (Hack et al., 1994 ). The difference
with our results could be explained by procedural differences in
length (two times shorter), intensity (100-fold higher), or nature
(oral vs. i.p.) of the GLA treatments and/or species (rat vs. mice)
differences in sensitivity. Indeed, rats could react differently to

-
|

o o o
[ ]

=]
oo~

044
0,3 4 i

=
)

mM y-glutamyl-hydroxamate/n/mg
proteins
o
- o

(=]

fehicle GLAZS5mghkg GLASmgkg GLA 10 mghkg

Fig. 7. Hippocampal glutamine synthetase activity expressed as mM vy-glutamyl-
hydroxamate formed per hour per milligram proteins at 37 °C. Results are
expressed as means + SEM. (n= 16,7, 6, and 12, respectively for the vehicle, GLA2 5,
5, and 10 mg'kg groups..*p < 0.05 vs. control.

xenobiotics exposure compared to other species and mice in
particular,

GLA could enhance GS activity in mice brain in several, non-
exclusive, ways, by increasing the (i) specific activity of the
enzyme; (ii) de novo synthesis of the protein; (iii) number of G5
expressing cells. GLA is able to bind (Robinson et al., 1985) and to
activate, directly or indirectly (Lapouble et al., 2002; Matsumura
et al., 2001; Nakaki et al., 2000), glutamate-N-methyl-p-aspartate
(NMDA) receptors. It is known that activation of these receptors
plays a crucial role in the modulation of GS activity (Davenport
Jones et al., 1998; Kosenko et al., 1994 ). The ammonium part of the
drug could produce hyperammonemia that might directly
stimulate GS activity (for review see Suarez et al. (2002)). An
excess of ammonia may also lead to an altered glutamate binding
to NMDA receptors (Peterson et al., 1990). Whatever the origin, the
striking heightenerin hippocampal GS activity after GLA treatment
might affect the glutamate neurotransmitter system and could
perturb the physiological integrity of this brain area, strongly
involved in the memory.

The data obtained with the radial-maze test show that GLA 5
and 10 mg/kg lead to a deficit in spatial learning as the number of
new entries of mice subjected to these treatments did not
significantly exceed the value of 5.3 that is expected if animals
choose arms randomly, on any of the 5 days of testing. However,
the absence of significant differences with the control group
indicates that this deficit is moderate, Memory impairment in the
radial-maze task was also shown in adult rats that were prenatally
exposed to chlorpyrifos, one of the most widely used organopho-

Fig. 6. Representative micrographs of hippocampal sections stained with cresyl violet of a vehicle-treated mice (A) and a 10 mg/kg GLA-treated mice (B). Scale bar = 500 pm.



sphate insecticides (Icenogle et al., 2004; Levin et al, 2002). The
impairment of spatial orientation in the radial-maze of the 5 and
10 mg/kg treated animals might be due to hippocampal perturba-
tions. The hippocampus plays a critical role in memory for the
place and the acquisition of the radial arm maze (a non-aversive
food-motivated spatial orientation test) depends on an intact
hippocampal system (Martin and Clark, 2007). The nature of the
neuronal consequences of human poisoning with high doses of
GLA supports this hypothesis; accidental ingestion of GLA induces
anterograde ammnesia with concurrent bilateral hippocampal
lesions observed by MRI (Park et al, 2006). Furthermore, the
hippocampus contains the highest density of NMDA receptors in
the brain (Monaghan and Cotman, 1985}, where they play a major
role in spatial learning and memory {for review, see Nakazawa
et al. (2004)). It is therefore conceivable that chronic exposure to
GLA could affect hippocampal memory processes through impair-
ments of NMDA receptor activation andfor disturbance of the
glutamate-glutamine cycle via GS activation in the hippocampus.
Nevertheless, memory appears to be relatively insensitive to
perturbation of GS activity since it has been demonstrated thatan
80% GS inhibition by chronic treatment with methionine
sulfoximine, a selective GS inhibitor, does not influence hippo-
campus-dependent spatial learming and memory in C57BL/6] mice
(Blin et al., 2002). Thus, it seems more probable that chronically
GLA-treated mice develop hippocampal memory impairments
through disrupted activation of NMDA receptors.

GLA treatment does not seem to induce an increase of
locomotor activity in the open-field. However, Li et al. (1999)
have shown that, after hippocampal lesions, deficits of hippo-
campus-dependent spatial memory are accompanied by locomo-
tor impairments. Hippocampal lesions are known to induce
memory deficits or an increase of locomotor activity which both
appear to be closely correlated with the extent of neuron loss in the
hippocampal CA3 subfield {Andersen et al, 1997; Gilbert and
Kesner, 2006). Here we show that evaluation of the damage in the
pyramidal cell layer of Ammon's hom after 10 mg/kg GLA
treatment did not induce any neuronal death in the hippocampus
(Fig. 6). The lack of effect on locomotion in our study could also be
linked to the fact that our data show only moderate spatial
memory deficits and a lack of neuronal damage compared to their
results (Li et al., 1999).

GLA treatment does not seem to induce an effect on anxiety as
shown by our EPM results. Anxiety is known to be regulated by
hippocampus (Bannerman et al, 2004; Li et al,, 1999) but recent
study suggest that, within the hippocampus, anxiety and memory
are regionally dissociated [Bertoglio et al., 2006) and, more
precisely, ventral hippocampus seems to be involved in the
regulation of defensive behaviors related to anxiety whereas the
dorsal hippocampus has a preferential role in spatial leaming
(Bannerman et al,, 2004). A more region-specific MRI texture study
needs to be carried out in order to discriminate GLA treatment
effects on dorsal and ventral hippocampus.

The results obtained with the MRI TA of the hippocampus show
that two distinct texture profiles exist, (i) vehicle and 2.5 mg/kg
GLA and (ii) 5 and 10 mg/kg GLA, suggesting that a dose between
2.5 and 5 mg/kg could be considered as a limit to detect these small
changes with TA. Such a result confirms that the hippocampus is a
target of chronically administered GLA in mice. Structural
modifications in the hippocampus revealed by TA following GLA
treatment might result from metabolic changes in neurons or
astrocytes or in both of them. The increased glial G5 activity we
showed may lead to an accumulation of glutamine in astrocytes.
Such potential accumulation would produce osmotic stress which
might induce astrocytes swelling (De Keyser et al., 2008). MRI TA
based on proton resonance mainly assesses the water distribution

in the tissue. With this technique, even a subtle change in the
amount of water in different parts of the tissue could be
established.

Our study strongly suggests that MRI TA, a non-invasive
technology, is able to detect minute structural changes that are not
visible with classical histological techniques. Still these tiny
structural modifications could reflect moderate alterations of
the physiology of glial cell which may lead to slight memory
impairments. TA-associated MRI technique is a powerful tool that
could be used to assess and to follow any human chronic poisoning
which affects cerebral function.

The present data show structural modifications in the
hippocampus, as revealed by MRl TA, and modification of
glutamate metabolism, as suggested by increased GS activity,
which may both lead to mild memory impairments after a chronic
treatment with three weekly injections of 5 and 10 mg/kg GLA for
10 weeks.

In conclusion, the present study provides the first data that
indicate cerebral modifications consecutively to a chronic expo-
sure to GLA, the active ingredient of some commercial herbicides,
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