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Abstract

Background: Many studies have linked depression to an increase in the excitatory-
inhibitory ratio in the forebrain. Presynaptic alterations in a shared pathway of the
glutamate/GABA cycle may account for this imbalance. Recent evidence suggests that
decreased vesicular glutamate transporter 1 (VGLUT1) levels in the forebrain affects the
glutamate/GABA cycle and induces helpless behaviour. Here we studied decreased
VGLUT1 as a potencial factor enhancing a depressive-like phenotype in an animal model.
Methods: Glutamate and GABA synthesis as well as oxidative metabolism were studied
in heterozygous mice for the vesicular glutamate transporter 1 (VGLUT1+/-) and WT.
Subsequently, the regulation of neurotransmitter levels, proteins involved in the
glutamate/GABA cycle and behaviour by both genotype and chronic mild stress (CMS)
was studied. Finally, the effect of chronic imipramine on VGLUT1 control and CMS mice
was also studied.

Results: VGLUT1+/- mice showed increased neuronal synthesis of glutamate, decreased
cortical and hippocampal GABA, VGLUT1 and EAAT1, as well as helplessness and
anhedonia. CMS induced an increase of glutamate and a decrease of GABA, VGAT and
GADG65 in both areas and led to upregulation EAAT1 in the hippocampus. Moreover,
CMS induced anhedonia, helplessness, anxiety and impaired recognition memory.
VGLUT1+/- CMS mice showed a combined phenotype (genotype plus stress) and
specific alterations, such as an upregulation of VGLUT2 and hyperlocomotion. Moreover,
an increased vulnerability to anhedonia and helplessness reversible by chronic
imipramine was shown.

Conclusions: These studies highlight a crucial role for decreased VGLUT1 in the

forebrain as a biological mediator of increased vulnerability to chronic mild stress.
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Introduction

Abnormalities in glutamate and GABA signal transmission have been postulated to play a
role in depression, but little is known about the underlying molecular mechanisms (1, 2).
Using magnetic resonance spectroscopy, increased glutamate and reduced GABA levels
have been observed in the cortex of depressed patients leading to an enhanced
excitatory-inhibitory ratio (3-7). Interestingly, this imbalance is particularly associated with
melancholic features in the patients (5) and is reverted by chronic treatment with
antidepressants (8). Since the presynaptic pathways regulating the synthesis and cycling
of glutamate and GABA are tightly coupled, it has been suggested that alterations in a
shared pathway may account for the observed amino acid abnormalities. For instance,
microarray analysis of specific areas of cerebral cortex from individuals who had suffered
from major depression disorder have demonstrated significant down-regulation of the glial
EAAT1 and EAAT2, key members of the glutamate/neutral amino acid transporter protein
family (9). Other post-mortem studies have shown decreased expression of GAD 65 and
67, the enzymes that convert glutamate to GABA, in mood disorders (10-11). Altogether,
these changes could limit GABA synthesis and elevate levels of extracellular glutamate,

which in turn, could affect the efficiency of signaling by both neurotransmitters.

At the experimental level, the vesicular glutamate transporter 1 (VGLUT1) has been
reported to play a key role in the synaptic release (12) and the efficacy of glutamatergic
synaptic transmission (13-16). A recent study carried out in our laboratory reports that
mice heterozygous for VGLUT1 (VGLUT1+/-), exhibit decreased cortical and
hippocampal levels (35-45 %) of the inhibitory neurotransmitter GABA as well as
helplessness in the forced swimming test (17). Here, we asked whether decreased
VGLUT1 levels could be considered as a potential biological risk factor of major
depression, alone and in combination with adverse environmental factors. Firstly,

neuronal versus glial glutamate and GABA synthesis as well as oxidative metabolism,
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which is highly regulated by glutamatergic neurotransmission (18,19) was studied by "*C
magnetic resonance spectroscopy (*C-MRS) and cytochrome oxidase histochemistry
respectively. Secondly, we studied how neurotransmitter levels, the expression of
presynaptic proteins involved in the glutamate/GABA cycle as well as behaviour could be
influenced by genotype (VGLUT1+/- mice), the environmental model of depression
chronic mild stress (CMS) and by the interaction between both. Finally, we asked whether
repeated treatment with the antidepressant imipramine was able to revert the behavioural

deficit induced by CMS in the VGLUT1+/- mice.
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Methods and Materials

Animals

Heterozygous VGLUT1 male mice (VGLUT1+/-) C57BL6N were bred from heterozygous
fathers (Dr S. Wojcik, Gottingen, Germany) and WT mothers (Harlan, France). The
VGLUT1-/- knock-out allele was generated by truncation of the coding region of the
VGLUT1 gene between the start codon and a Bglll site in the fifth coding exon through
homologous recombination in embryonic stem cells (129/ola background) (13). These
mice show a progressive neuropathological phenotype and increased lethality rate at 2—
3 weeks after birth.

Experimental procedures and animal husbandry were conducted according to principles
of laboratory animal care as detailed in the European Communities Council Directive
(2003/65/EC), Spanish legislation (Real decreto 1201/2005) and approved by our Ethical

Committee (University of Navarra).

13C-MRS Spectroscopy

A previously protocol described (20) was used. Briefly, VGLUT1+/- and WT mice (n=
8/group) received [1-"*C]glucose (543 mg/kg i.p.) and [1,2-"*Clacetate (504 mg/kg i.p.).
Twenty minutes later, mice were decapitated, the heads snap frozen in liquid nitrogen
and kept at —80 °C. Brains were removed from the skull while frozen and, after discarding
the cerebellum, homogenized with 600 L of perchloric acid (7% vol/vol). Protein was
removed by centrifugation (7,500 rpm; 6 min). Aliquot (5 ul) from the supernatant were
reserved for HPLC measurement of the concentration of metabolites, and the rest
neutralized with 1 M KOH followed by lyophilisation. Lyophilizates were dissolved in 400
ML D,O containing 0.1% of ethylene glycol (vol/vol) as an internal standard. Proton
decoupled "*C-MRS spectra were obtained using a Bruker DRX-400 spectrometer

(Bruker Analytik GmbH, Germany) and the number of scans was 25,000.
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Metabolites derived from [1-*C]glucose and [1,2-'*Clacetate represent the contribution
from neurons and astrocytes to glutamate, glutamine and GABA formation respectively

(20).

Cytochrome C oxydase histochemistry

WT and VGLUT1 mice (n=10/group) were decapitated, brains removed, immediately
frozen and stored (-80 °C). Coronal sections (50 um) were used for the staining
procedure, as described previously (21) with minor modifications (22). Stained sections
were photographed with a Nikon Coolpix 5400 digital camera mounted on a Nikon SMZ
1000 stereomicroscope. Image analysis of one hundred regions of interest (ROI) was

conducted using the Image J1.39 freeware.

Neurotransmitter brain levels

GABA and glutamate concetrations in frontal cortex and hippocampus from CMS and
control mice (WT and VGLUT1+/-) (n=15 mice/group) were determined by HPLC with
electrochemical detection (DECADE, Antec-Leyden). A high sensitivity analytical flowcell
(VT-03) was used and the working electrode was set at 0.7 V. A column (Biophase ODS
5 um, 4.6mmx150 mm) including precolumn derivatization with o-phthaldehyde and -
mercapthoethanol (Sigma—Aldrich Ltd., Germany) was used. Results were expressed in

ng per mg of wet tissue.

Western blotting

Cortical and hippocampal expression of different proteins involved in the glutamate/ GABA
cycle were studied by Western blotting using the following primary antibodies: rabbitt anti-
VGLUT1 (1:2,000) (donated by Dr S. El Mestikawy, Paris, France), mouse anti-VGLUT2
(1:1,000) and rabbit anti-VGAT (1:1,000) (Chemicon Int., CA, USA), mouse anti-GAD65
(1:5,000) (Abcam, Cambridge, UK) and rabbitt anti-EAAT1 and EAATZ2 (1:2500) (Santa

Cruz, UK). Horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse
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secondary antibodies (DAKO, U.K. 1:10,000) were used followed by visualization through
chemiluminescence using SuperSignal West Pico (Pierce Biotechnology). Films were
scanned and quantified using the ImageMaster 1D (Pharmacia Biotech, Sweden)

software and normalised to B-actine.

Chronic mild stress (CMS) procedure

Unpredictable repeated mild stressors were applied for six weeks (23). In the first
experiment CMS was applied to WT and VGLUT+/- mice (n=15 mice/group) and both
control and stressed mice were sacrificed 24 h after the termination of CMS.

In the second experiment, the effect of repeated imipramine treatment on different
behavioural paradigms was studied in control and CMS VGLUT1+/- mice. Imipramine HCI
(10 mg/kg i.p. Sigma-Aldrich) or saline were administered daily the last 3 weeks of the
CMS and continued for one week thereafter.

Over the last week of CMS (first experiment) and over the week immediately after the

CMS (second experiment) a battery of behavioural tests was performed.

Behavioural tests

Sucrose intake test

Anhedonic-like behaviour was evaluated during the CMS procedure by weekly monitoring
of sucrose intake (24). Mice were firstly trained to drink the sucrose solution during one
week and during the procedure were given once a week a 15-h exposure to the sucrose
solution and tap water. Body weight measurements were taken weekly and relative
sucrose intake and sucrose preference (sucrose intake/total intake) was calculated as

absolute intake (g) per weight.
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Spontaneous locomotor activity

Locomotor activity was measured in an open field consisting of 9 black arenas (43 x 50 x
45) using a video tracking system (Ethovision XT, Noldus Information Technology B. V.,
Wageningen, The Netherlands) in a softly illuminated room. One mouse was placed in

each cage and distance travelled (cm) was recorded during a 30 min period.

Forced swimming test

The forced swimming test is the most widely used test of depression in rodents. Mice
were individually placed into glass cylinders (height 24 cm, diameter 13 cm) containing
water (14 cm, 22-23°C). Immobility, indicative of helpless behaviour, was recorded
during the last 4 min of the 6 min testing period and is considered a measure of helpless

behaviour.

Elevated-plus maze (EPM)

This test was applied to measure unconditioned anxiety-like behaviour. EPM consisted of
two open arms (30 x 5 cm), two enclosed arms (30 x 5 cm) and a central platform (5 x 5
cm) elevated 38.5 cm above the ground. Mice were placed in the central zone, facing one
of the close arms. Percentage time in the open and the number of transitions were
recorded during 5 min. An arm entry was defined as a mouse having entered an arm of

the maze with all four legs.

Marble Burying test

Compulsive-anxiety behaviour in mice was assessed by this test (25). Eight marbles (1.5
cm diameter) were placed uniformly in a cage (45 x 28 x 20 cm) containing a constant
amount of sawdust (3 cm deep). Mice were placed in the center of the cage and left for

30 minutes. The number of marbles buried was recorded.
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Novel object recognition

Visual recognition memory was assessed by this test (23). The apparatus consisted of a
black square arena (43 x 50 x 45 cm). On day 1, mice were placed for 30 min in the
arena to habituate them. On day 2, mice were placed in the box at equal distance from
two identical objects (A1 and A2; two prisms 7 x 3 x 3 cm) for 5 min (sample phase). One
hour after, mice were placed back in the box and exposed to a familiar object (A3) and to
a novel object (B; a ball of 3.5 cm of diameter mounted on a cube of 3 cm®) and video
recorded (Pinnacle Studio 9.0, Pinnacle systems Inc, Pittsburgh US) for a further 5 min
(retention test). Discrimination index (DI) was calculated as the difference between times
spent exploring the new (N) and familiar object (F) divided by the total time exploring the

objects (N-F/F+N) in the retention test.

Statistical analysis

The effect of genotype in the spectroscopy and histochemistry studies was analyzed by
using Student’s t-test.

Neurotransmitter levels and protein expressions were analyzed with two-way ANOVA
(stress x genotype). Different parameters of the behavioral test were analyzed using two-
way ANOVA (stress x genotype for the first experiment and stress x treatment for the
second). Significant main effects or interactions were analyzed using Student t-test.
Sucrose intake was analyzed with two-way ANOVA with repeated measures followed by

two way ANOVA for each week.
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Results

Neuronal versus glial GABA and glutamate synthesis

Injection of [1-13C] glucose and [1,2-13C] acetate lead to efficient labelling of the different
metabolites studied (Figure 1). A significant increase of [4-13C] glutamate was shown in
whole brain extracts of VGLUT1+/- mice compared to their WT littermates (Table 1A).
However, no changes in the levels of the other metabolites were detected between the
two groups. Similarly, acetate/glucose utilization ratios for glutamate, glutamine and

GABA were not altered (Table 1B).

Cytochrome C oxydase activity
Pair-wise comparison of optical density values in VGLUT1+/- and WT mice for each of
the 100 ROIs produced no significant differences. Interestingly, in almost all brain regions

the VGLUT+/- mice showed a slight non-significant increase of activity.

Neurotransmitter brain levels

There was no interaction between genotype and stress in glutamate levels either in
frontal cortex or in hippocampus. However, a significant effect of stress in both brain
regions [F1s6= 5.42 and 7.36; p<0.05, for frontal cortex and hippocampus respectively]
was shown. CMS induced a significant increase in cortical and hippocampal glutamate
levels in both WT and VGLUT1+/- mice (Figure 2A).

Both genotype and stress affected GABA levels in the frontal cortex [Fq 5= 6.32; p<0.05]
and in the hippocampus [F1 s6= 9.26; p<0.01]. CMS induced a significant decrease of
GABA levels in WT mice. Moreover, VGLUT1+/- mice, control and exposed to CMS,
showed a significant decrease of GABA in both brain regions compared to WT controls

(Figure 2B).

10
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Regulation of presynaptic proteins

No interaction between stress and genotype was shown in VGLUT1 protein levels neither
in the frontal cortex [F1 2 =0.037 p>0.05] nor in the hippocampus [F12s =1.37 p>0.05]. As
expected VGLUT1 genotype correlated with VGLUT1 expression levels in both brain
regions [Fi2s = 160.3 and 116.9; p<0.001, for frontal cortex and hippocampus
respectively]. Cortical and hippocampal VGLUT1 expression for the control heterozygote
was 59% and 65% and for the VGLUT1+/- CMS mice was 52% and 54% respectively of
control WT mice (Figure 3A).

A significant interaction between genotype and stress was shown for VGLUT2 levels in
both the frontal cortex [F12s = 10.36; p<0.01 ] and the hippocampus [F12s = 5.22; p<0.05
]- CMS significantly increased VGLUT2 expression in VGLUT1+/- mice, but not in WT,
both in the frontal cortex (156 + 18 %) and in the hippocampus (123 + 14% of WT control)
(Figure 3B).

No interactions between stress and genotype were found for VGAT [F4 s = 0.01 and 0.89;
p>0.05] and GADG65 expression. However, CMS induced a significant decrease of VGAT
[F126 = 8.75 and 37.72 p<0.01] and GADG65 [F42s = 12.07 and 7.86 p<0.01 for WT and
VGLUT1] in frontal cortex and hippocampus respectively (Figures 3C-D).

A significant effect of genotype on the glial excitatory transporter EAAT1 was seen in the
frontal cortex [Fq2s = 3.9, p<0.05] and an interaction between stress and genotype was
seen in the hippocampus [Fi2s = 4.15, p<0.05]. VGLUT1+/- mice showed a
downregulation of cortical (79 % and 60% of WT, for control and CMS VGLUT1+/- mice)
and hippocampal (74 % of WT for control VGLUT1+/- mice) EAAT1 expression. CMS
induced a significant increase of EAAT1 in the WT mice (~159 %) in the hippocampus
compared to WT. (Figure 3E).

The expression of EAAT2 in the cortex and hippocampus was not altered neither by

stress nor genotype (Figure 3F).

11
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Sucrose intake

Body weight was not affected by CMS. Prior to onset of CMS, sucrose and water intake
was similar in all the groups. No interaction between sucrose intake, stress and VGLUT1
genotype [Fqs5= 0.031; p<0.01] was found. However, two-way ANOVA for each week
showed a significant effect of genotype on sucrose intake from the fourth week until the
end of the procedure [Fqs6 = 5.34, 3.95, 4.24 p< 0.05 for weeks 4, 5 and 6 respectively].
Similarly, CMS induced a significant decrease in sucrose intake compared to control
conditions on weeks 5 and 6 [Fi5 = 4.97, p<0.05 and 18.417, p< 0.01 respectively]
(Figure 4A-B). On the sixth week, CMS induced a higher decrease in sucrose intake in
VGLUT1+/- than in WT mice.

Secondly, the effect of repeated treatment of imipramine on the decrease of sucrose
intake induced by CMS in the VGLUT1+/- mice was studied. We found no interaction
between sucrose intake, stress and treatment [F1 56 = 0.628; p>0.05]. Two-way ANOVA of
the individual measures showed a significant effect of stress on the fourth week [F 56
=4.107, p<0.05] and a significant interaction between stress and treatment on weeks 5
and 6 [Fq56= 4.07, p<0.05; 3.97, p<0.05]. Interestingly, imipramine treatment reverted the
decrease of sucrose intake induced by CMS in VGLUT1+/- mice both in the fifth and in
the sixth week (Figure 5A).

On the other hand, no major differences were detected in sucrose preference (sucrose

intake/total intake) among the groups (data not shown).

Forced swimming test
CMS induced helpless-like behaviour in the FST. Over the last week of CMS, there was
no interaction between genotype and stress on immobility time. However, a significant

effect of stress [F156 = 8.501 p<0.01] and genotype [F1 55 = 28.882 p<0.01] was shown. In

12
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addition, CMS induced a higher increase in immobility time in VGLUT1+/- mice than in
WT (Figure 4C).

In the second experiment, a significant effect of both stress [F1s6 = 4.46 p<0.05], and
treatment was shown [F156 = 9.77 p<0.01]. CMS induced a decrease in immobility time

that was reverted by imipramine treatment (Figure 5B).

Elevated-plus maze

Stressed mice were more anxious than controls. There was no interaction between stress
and genotype in the percentage time spent in the open arms but a significant effect of
stress [F156= 5.11, p<0.05] was shown (Figure 4D).

In the second experiment, we found no interaction between stress and imipramine

treatment. In addition, no effects either of stress or treatment were shown (Figure 5C).

Marble burying
Marble burying behaviour was not affected either by CMS or by genotype. Similarly,

Neither stress nor imipramine treatment altered this behaviour. (Data not shown).

Novel object recognition

Recognition memory was impaired by CMS. No interaction between genotype and stress
on discriminating new and familiar objects was shown. CMS induced a decrease in
discrimination index one hour after the sample phase [F; s = 16.596, p<0.01] in both WT
and VGLUT1+/- mice. (Figure 4E).

In the second experiment, a significant interaction between imipramine treatment and
stress [Fq 56 = 4.601, p<0.05] was shown. VGLUT1+/- mice exposed to CMS and treated
with saline showed a significant decrease in the discrimination index which was reverted

by chronic imipramine treatment (Figure 5D).

13
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Spontaneous motor activity

A significant interaction between genotype and stress [F155 = 5.18, p<0.05] on distance
travelled during 30 minutes was shown. CMS induced a significant increase on the
distance travelled in VGLUT1+/- mice compared to the control groups (Figure 6A).

In addition, no interaction was shown between stress and imipramine treatment.
Interestingly, CMS mice showed a significant increase in motor activity [Fiss =7.07,

p<0.05]. (Figure 6B).

14
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Discussion

This study shows that neurotransmitter levels, the expression of presynaptic proteins
involved in the glutamate/GABA cycle and different behavioural paradigms related to
clinical depression were differentially influenced by both decreased VGLUT1 levels and
the chronic mild stress model of depression. Moreover, in VGLUT1+/- mice exposed to
chronic mild stress neurochemical and behavioural alterations were found as a result of
the interaction between stress and decreased VGLUT1 levels. Specifically, an
upregulation of the VGLUT2 transporter in cortical and hippocampal areas was observed,
as well as hyperlocomotion, which could be indicative of a glutamatergic overactivation. In
addition, these mice manifested an increased vulnerability to anhedonia and helpless
behaviour that was fully reverted by chronic imipramine treatment. Summing up, this
study shows that reduced levels of VGLUT1 negatively affect behavioural outcome in the
presence of adverse environmental conditions and could thus be a potential biological

risk factor for major depression.

Regulation of glutamate/GABA cycle and behaviour by reduced VGLUT1

In agreement with our previous study, VGLUT1+/- mice showed normal levels of
glutamate but decreased cortical and hippocampal levels of GABA and VGLUT1 as well
as helpless behaviour compared to WT (17). In addition, we found here an increased
synthesis of neuronal glutamate (**C-4-glutamate) in whole brain extracts and a
downregulation of the glial excitatory amino acid transporter 1 (EAAT1) in the frontal
cortex and hippocampus. Moreover, an anhedonic behaviour was revealed, measured as
a decrease of sucrose intake four weeks after individual housing. However, no changes in
oxidative metabolism and in the expression of the rest of the presynaptic proteins studied

were found.

15
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VGLUT1+/- mice show a neurochemical and behavioural phenotype that could be
relevant for clinical depression. Both anhedonia and helplessness are considered core
and common symptoms of depression respectively (26). Several spectroscopy studies
have shown decreased GABA levels in the cerebral cortex of depressed patients (3-7)
associated with the mood state (5). Moreover, decreased glial EAAT1 has been observed
in cortical postmortem tissue of patients who had suffered major depression (9) and
preclinical studies have also linked decreased GABA levels to helplessness in the forced
swimming test (27). Since glutamate is required for the major neuronal GABA synthesis
pathway (28), alterations in glutamate release and/or glial reuptake would be expected to
affect GABAergic neurotransmission. Decreased glutamate release could limit the uptake
of glutamate by the GABAergic terminal via the neuronal EAAT3-4 transporters (28).
Another possibility is that the downregulation of EAAT1 detected by Western blotting
could limit the uptake of glutamate and therefore the synthesis and transport of glutamine
from the glial cells to the GABAergic terminal, compromising the synthesis of GABA as

well (29).

Previous studies show that VGLUT1 is the major isoform in both the frontal cortex and the
hippocampus (30, 31), where it plays a key role in the vesicular uptake and synaptic
transmission of glutamate (13-16). The downregulation of cortical and hippocampal
EAAT1 supports the idea of decreased glutamate release in the VGLUT1 dependent
synapses because this glial transporter is regulated by the amount of glutamate released
into the synaptic cleft (32, 33). In disagreement with this, in the initial characterization of
the VGLUT1 knock-out mice, no apparent differences in the evoked excitatory
postsynaptic current (EPSC) in VGLUT1+/- hippocampal cultured neurons were shown
(13) suggesting that a 50% reduction in the vesicular VGLUT content does not affect the
quantal size. However, these studies were carried out in individual cultured neurons, and
we currently do not know whether the same is true for the intact brain of adult mice,

where minor changes could potentially be physiologically relevant. The behavioural

16
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phenotype would argue for a change in EPSC size in vivo. However, the behavioural
phenotype could also be due to compensatory changes that occur in the VGLUT1+/-
animals that leave the EPSC size unchanged. More specifically, the increase of the
neuronal de novo synthesis of glutamate, derived from [1-13C]glucose, suggests a
compensatory effect for the decreased vesicular VGLUT1 content and, perhaps, for the
down-regulation of EAAT1 (29,34-35). This increase could contribute to the maintenance
of both the cytoplasmic and the vesicular pools (36) of glutamate in the VGLUT1+/-
neurons, which would agree with the normal tissue levels detected by HPLC and may be
sufficient to normalize EPSC size. However, other studies suggest that the contribution of
glutamate synthesis via the tricarboxylic acid (TCA) cycle to the vesicle pool of glutamate
is limited (37) supporting the idea of decreased vesicular pool and synaptic release of
glutamate in the VGLUT1+/- terminals. Due to the low limit of detection of some
metabolites, the "*C-MRS studies were carried out in whole brain extracts. Although the
values therefore do not specifically represent only those areas in which VGLUT1 is the
major isoform, they nonetheless should give a proportional representation of any change

in the VGLUT1 expressing regions.

Regulation of glutamate/GABA cycle and behaviour by CMS in WT and VGLUT1+/-
mice

In addition to core symptoms of depression, our CMS model (23) also addressed other
clinical aspects highly comorbid with major depression such as anxiety (38) and impaired
cognition (39,40). On the other hand, both depression (3-7) and anxiety (41,42) have
been linked to impaired GABAergic function and overactive glutamatergic function has
been shown in different anxiety disorders (43,44). Other studies have also shown
decreased prefrontal cortex and cerebellar GAD65 and GADG67 levels in depressed
patients (10, 11) and a link between anxiety and a polymorphism in the GADG65 (45) gene.
Moreover, mice lacking an isoform of GAD65 have shown reduced GABA levels and

increased anxiety (46,47) while rats exposed to CMS show reduced GABA levels,

17
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anhedonia and helplessness (48, 49). We suggest that the downregulation of VGAT and
its coupled GABA synthesising enzyme GADG5 in response to CMS could explain the
decreased GABA levels observed in the frontal cortex and in the hippocampus of the
CMS mice. In addition, a recent study addressing the effects of CMS on glial metabolism,
has shown decreased glial GABA formation (49) which is consistent with our results. The
upregulation of hippocampal EAAT1 may occur as a neuroprotective response to stress-
induced elevations in glutamate in the synaptic cleft (32, 33) as well as in response to

increased corticosterone levels (50).

VGLUT1+/- mice exposed to chronic mild stress showed a combined phenotype (stress
plus genotype) but also specific neurochemical and behavioural alterations as a result of
the interaction between stress and decreased VGLUT1 levels (Table 2). Interestingly, the
striking upregulation of VGLUTZ2, along with the lack of upregulation of EAAT1 and
decreased GABA formation, suggests a glutamatergic overactivation that could be linked
to the increased locomotion (Figure 7). Given the segregated distribution of VGLUT1 and
VGLUT?2 to different synapses and pathways (31) long-loop feedback mechanisms of
control could be underlying this interaction. Furthermore, VGLUT1+/- CMS mice showed
increased anhedonia and helpless behaviour when compared to WT-CMS and these
effects were reverted by repeated imipramine treatment, which further supports the idea
that VGLUT1+/- mice are more vulnerable than WT mice to a stress-induced depressive-

like phenotype.

This study shows the functional implications of decreased VGLUT1 levels for
glutamatergic and GABAergic neurotransmission in the context of behavioural paradigms
that model major depression. We propose that decreased VGLUT1 levels may be a
biological factor that negatively interacts with well known environmental risk factors of

major depression.

18



Garcia-Garciaet al.,

19



Garcia-Garciaet al.,

Acknowledgments

We are very grateful to Ms Sandra Lizaso for her excellent technical assistance and to Dr
Ursula Sonnewald for all her advices in relation to the 13C-NMR studies.

This work was supported by the EU Framework 6 Integrated Project NEWMOOD (LSHM-
CT-2004-503474), the Ministry of Science and Innovation (SAF2008-02217, Spanish
Government) and a fellowship from the Spanish Government (Department of Education)

to N. Elizalde.

Disclosure of biomedical financial interests and potential conflicts of interest

The corresponding author (Dr R.M. Tordera), AL. Garcia-Garcia (PhD), Elisabet Venzala
(PhD), Dr MJ Ramirez and Professor J. Del Rio are employees of University of Navarra
and receive no compensation from any other source.

Natalia Elizalde (PhD) receives a fellowship from the Spanish Government (Department
of Education).

J. Matrov (PhD) and Professor J. Harro are employees of University of Tartu (Tartu,
Stonia) and receive no compensation from any other source.

Dr S.M. Wojcik is an employee of Max-Planck-Institut fir Experimentelle Medizin
(Géttingen, Deutschland) and receive no compensation from any other source.

All the authors report no biomedical financial interests or potential conflicts of interest.

20



Garcia-Garciaet al.,

References

10.

11.

Krystal JH, Sanacora G, Blumberg H, Anand A, Charney DS, Marek G, et al. (2002)
Glutamate and GABA systems as targets for novel antidepressant and mood-stabilizing
treatments. Mol Psychiatry.7 Suppl 1:S71-80.

Cryan JF, Kaupmann K. (2005) Don't worry 'B' happy!: a role for GABA(B) receptors in

anxiety and depression. Trends Pharmacol Sci.26:36-43.

Honig A, Bartlett JR, Bouras N, Bridges PK. (1988) Amino acid levels in depression: a
preliminary investigation. J Psychiatr Res.22:159-64.

Sanacora G, Mason G F, Rothman DL, Behar KL, Hyder F, Petroff OA, et al. (1999)
Reduced cortical gamma-aminobutyric acid levels in depressed patients determined by

proton magnetic resonance spectroscopy. Arch Gen Psychiatry.56:1043-7.

Sanacora G, Gueorguieva R, Epperson CN, Wu YT, Appel M, Rothman DL, et al. (2004)
Subtype-specific alterations of gamma-aminobutyric acid and glutamate in patients with

major depression. Arch Gen Psychiatry.61:705-13.

Bhagwagar Z, Wylezinska M, Jezzard P, Evans J, Ashworth F, Sule A, et al. (2007)
Reduction in occipital cortex gamma-aminobutyric acid concentrations in medication-free

recovered unipolar depressed and bipolar subjects. Biol Psychiatry.61:806-12.

Vieira DS, Naffah-Mazacoratti MG, Zukerman E, Senne Soares CA, Alonso EO,
Faulhaber MH, et al. (2006) Cerebrospinal fluid GABA levels in chronic migraine with and
without depression. Brain Res.1090:197-201.

Sanacora G, Mason GF, Rothman DL, Krystal JH (2002): Increased occipital cortex GABA
concentrations in depressed patients after therapy with selective serotonin reuptake
inhibitors. Am J Psychiatry 159:663-5.

Choudary PV, Molnar M, Evans SJ, Tomita H, Li JZ, Vawter MP, et al. (2005) Altered
cortical glutamatergic and GABAergic signal transmission with glial involvement in
depression. Proc Natl Acad Sci U S A.102:15653-8.

Guidotti A, Auta J, Davis JM, Di-Giorgi-Gerevini V, Dwivedi Y, Grayson DR, et al. (2000)
Decrease in reelin and glutamic acid decarboxylase67 (GAD67) expression in
schizophrenia and bipolar disorder: a postmortem brain study. Arch Gen
Psychiatry.57:1061-9.

Fatemi SH, Stary JM, Earle JA, Araghi-Niknam M, Eagan E. (2005) GABAergic
dysfunction in schizophrenia and mood disorders as reflected by decreased levels of
glutamic acid decarboxylase 65 and 67 kDa and Reelin proteins in cerebellum. Schizophr
Res.72:109-22.

21



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Garcia-Garciaet al.,

Takamori S. (2006) VGLUTSs: 'exciting' times for glutamatergic research? Neurosci
Res.55:343-51.

Wojcik SM, Rhee JS, Herzog E, Sigler A, Jahn R, Takamori S, et al. (2004) An essential
role for vesicular glutamate transporter 1 (VGLUT1) in postnatal development and control
of quantal size. Proc Natl Acad Sci U S A.101:7158-63.

Fremeau RT, Jr., Kam K, Qureshi T, Johnson J, Copenhagen DR, Storm-Mathisen J, et al.
(2004) Vesicular glutamate transporters 1 and 2 target to functionally distinct synaptic

release sites. Science.304:1815-9.

Daniels RW, Collins CA, Gelfand MV, Dant J, Brooks ES, Krantz DE, et al. (2004)
Increased expression of the Drosophila vesicular glutamate transporter leads to excess
glutamate release and a compensatory decrease in quantal content. J Neurosci.24:10466-
74.

Wilson NR, Kang J, Hueske EV, Leung T, Varoqui H, Murnick JG, et al. (2005)
Presynaptic regulation of quantal size by the vesicular glutamate transporter VGLUT1. J
Neurosci.25:6221-34.

Tordera RM, Totterdell S, Wojcik SM, Brose N, Elizalde N, Lasheras B, et al. (2007)
Enhanced anxiety, depressive-like behaviour and impaired recognition memory in mice
with reduced expression of the vesicular glutamate transporter 1 (VGLUT1). Eur J
Neurosci.25:281-90.

Aoki C, Milner TA, Sheu KF, Blass JP, Pickel VM (1987) Regional distribution of
astrocytes with intense immunoreactivity for glutamate dehydrogenase in rat brain:
implications for neuron-glia interactions in glutamate transmission. Journal of
Neuroscience. 7:2214-2231.

Wong-Riley M, Anderson B, Liebl W, Huang Z (1998) Neurochemical organization of the
macaque striate cortex: Correlation of cytochrome oxidase with Na+K+ATPase, NADPH-
diaphorase, nitric oxide synthase, and N-methyl-D-aspartate receptor subunit 1.
Neuroscience. 83:1025-1045.

Kondziella D, Brenner E, Eyjolfsson EM, Markinhuhta KR, Carlsson ML, Sonnewald U.
(2006) Glial-neuronal interactions are impaired in the schizophrenia model of repeated

MK801 exposure. Neuropsychopharmacology.31:1880-7.

Gonzalez-Lima F, Cada A (1998) Quantitative histochemistry of cytochrome oxidase
activity: Theory, methods and regional brain vulnerability. In: Gonzalez-Lima F, editor.
Cytochrome oxidase in neuronal metabolism and Alzheimer's disease. New York: Plenum,
pp 55-90.

22



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Garcia-Garciaet al.,

Kanarik M, Matrov D, Kéiv K, Eller M, Ténissaar M, Harro J (2008): Changes in regional
long-term oxidative metabolism induced by partial serotonergic denervation and chronic

variable stress in rat brain. Neurochemistry International. 52:432-437.

Elizalde N, Gil-Bea FJ, Ramirez MJ, Aisa B, Lasheras B, Del Rio J, et al. (2008) Long-
lasting behavioral effects and recognition memory deficit induced by chronic mild stress in

mice: effect of antidepressant treatment. Psychopharmacology (Berl).199:1-14.

Harkin A, Houlihan DD, Kelly JP (2002): Reduction in preference for saccharin by
repeated unpredictable stress in mice and its prevention by imipramine. J

Psychopharmacol 16:115-23.

Deacon RM (2006): Digging and marble burying in mice: simple methods for in vivo

identification of biological impacts. Nat Protoc 1:122-4.

McGlinchey JB, Zimmerman M, Young D, Chelminski I. (2006) Diagnosing major
depressive disorder VIII: are some symptoms better than others? J Nerv Ment
Dis.194:785-90.

Borsini F, Mancinelli A, D'Aranno V, Evangelista S, Meli A. (1988) On the role of
endogenous GABA in the forced swimming test in rats. Pharmacol Biochem
Behav.29:275-9.

Mathews GC, Diamond JS. (2003) Neuronal glutamate uptake Contributes to GABA
synthesis and inhibitory synaptic strength. J Neurosci.23:2040-8.

Peng L, Hertz L, Huang R, Sonnewald U, Petersen SB, Westergaard N, et al. (1993)
Utilization of glutamine and of TCA cycle constituents as precursors for transmitter
glutamate and GABA. Dev Neurosci.15:367-77.

Takamori S, Rhee JS, Rosenmund C, Jahn R. (2000) Identification of a vesicular
glutamate transporter that defines a glutamatergic phenotype in neurons. Nature.407:189-
94.

Fremeau RT, Jr., Troyer MD, Pahner |, Nygaard GO, Tran CH, Reimer RJ, et al. (2001)
The expression of vesicular glutamate transporters defines two classes of excitatory

synapse. Neuron.31:247-60.

Duan S, Anderson CM, Stein BA, Swanson RA. (1999) Glutamate induces rapid
upregulation of astrocyte glutamate transport and cell-surface expression of GLAST. J
Neurosci.19:10193-200.

Liang J, Takeuchi H, Doi Y, Kawanokuchi J, Sonobe Y, Jin S, et al. (2008) Excitatory
amino acid transporter expression by astrocytes is neuroprotective against microglial

excitotoxicity. Brain Res.1210:11-9.

Danbolt NC. (2001) Glutamate uptake. Prog Neurobiol.65:1-105.

23



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Garcia-Garciaet al.,

Schousboe A, Sarup A, Bak LK, Waagepetersen HS, Larsson OM. (2004) Role of
astrocytic transport processes in glutamatergic and GABAergic neurotransmission.
Neurochem Int.45:521-7.

Ishikawa T, Sahara Y, Takahashi T (2002): A single packet of transmitter does not
saturate postsynaptic glutamate receptors. Neuron 34:613-21.

Waagepetersen HS, Qu H, Sonnewald U, Shimamoto K, Schousboe A. (2005) Role of
glutamine and neuronal glutamate uptake in glutamate homeostasis and synthesis during

vesicular release in cultured glutamatergic neurons. Neurochem Int.47:92-102.

Kessler H, Roth J, von Wietersheim J, Deighton RM, Traue HC. (2007) Emotion
recognition patterns in patients with panic disorder. Depress Anxiety.24:223-6.

Airaksinen E, Larsson M, Lundberg |, Forsell Y. (2004) Cognitive functions in depressive

disorders: evidence from a population-based study. Psychol Med.34:83-91

Porter RJ, Gallagher P, Thompson JM, Young AH. (2003) Neurocognitive impairment in
drug-free patients with major depressive disorder. Br J Psychiatry.182:214-20.

Hassler F. [Diagnosis and treatment of localized developmental disturbances].(2007)
MMW Fortschr Med.149:29-32.

Goddard AW, Mason GF, Appel M, Rothman DL, Gueorguieva R, Behar KL, et al (2004):
Impaired GABA neuronal response to acute benzodiazepine administration in panic
disorder. Am J Psychiatry 161:2186-93.

Phan KL, Fitzgerald DA, Cortese BM, Seraji-Bozorgzad N, Tancer ME, Moore GJ (2005):
Anterior cingulate neurochemistry in social anxiety disorder: 1H-NMR at 4 Tesla.
Neuroreport 16:183-6.

Whiteside SP, Port JD, Deacon BJ, Abramowitz JS (2006): A magnetic resonance
spectroscopy investigation of obsessive-compulsive disorder and anxiety. Psychiatry Res
146:137-47.

Smoller JW, Rosenbaum JF, Biederman J, Susswein LS, Kennedy J, Kagan J, et al
(2001): Genetic association analysis of behavioral inhibition using candidate loci from
mouse models. Am J Med Genet 105:226-35.

Kash SF, Tecott LH, Hodge C, Baekkeskov S. (1999) Increased anxiety and altered
responses to anxiolytics in mice deficient in the 65-kDa isoform of glutamic acid
decarboxylase. Proc Natl Acad Sci U S A.96:1698-703.

Stork O, Ji FY, Kaneko K, Stork S, Yoshinobu Y, Moriya T, et al. (2000) Postnatal
development of a GABA deficit and disturbance of neural functions in mice lacking
GADG5. Brain Res.865:45-58

24



48.

49.

50.

Garcia-Garciaet al.,

Gronli J, Murison R, Fiske E, Bjorvatn B, Sorensen E, Portas CM, et al. (2005) Effects of
chronic mild stress on sexual behavior, locomotor activity and consumption of sucrose and

saccharine solutions. Physiol Behav.84:571-7.

Banasr M, Chowdhury GM, Terwilliger R, Newton SS, Duman RS, Behar KL, et al (2008):
Glial pathology in an animal model of depression: reversal of stress-induced cellular,
metabolic and behavioral deficits by the glutamate-modulating drug riluzole. Mol
Psychiatry.

Rauen T, Wiessner M. (2000) Fine tuning of glutamate uptake and degradation in glial

cells: common transcriptional regulation of GLAST1 and GS. Neurochem Int.37:179-89.

25



Garcia-Garciaet al.,

Table 1. Amounts (nmol/g brain tissue) and percentage of enrichment of metabolites (A),
and Acetate/Glucose utilization ratio (B), derived from [1-'*C]glucose and [1,2-"*C]acetate

in whole brain extracts from WT and VGLUT1+/- mice.

A) Metabolite WT VGLUT1

nmol/g % enrichment nmol/g % enrichment

[1-**C]glucose

[4-"*C]Glutamate 357.47 £+ 46.2 597 +0,38 49497 +58.7* 8,46 + 0.50*
[2-"*C]GABA 88.10 £ 9.6 7,02+085 9256+138  6,23+0,35
[4-"°C]Glutamine 69.23+9.5 287+0,18  77.24+143  3,19+0,25
[1,2-'*C]acetate
[4,5-°C]Glutamate  60.53 +5.8 1,01+ 0,08 72.10 £ 6.8 1,20 + 0,09
[1,2-"*C]GABA 16.05+1.5 1,26 + 0,07 18.81+2.8 1,27 +£0,12
[4,5-"°C]Glutamine  80.06 + 7.4 3,32+ 0,20 89.6 +9.8 3,70 £ 0,26
B) Acetate/Glucose utilization ratio WT VGLUT1
[4,5-"°C]Glutamate/[4-">C]Glutamate 0.173 £ 0.007 0.178 £ 0.011
[4,5-"*C]Glutamine/[4-">C]Glutamine 1.2+ 0.078 1.152 + 0.058
[1,2-"*C]GABA/[2-"*C]GABA 0.193 + 0.045 0.184 +0.019

All results were obtained by C NMR spectroscopy. Metabolites derived from [1-
*C]glucose and [1,2-"*C]acetate represent the contribution from neurons and astrocytes
to glutamate, glutamine and GABA formation respectively (20). Percentage enrichment
correspond to the ratio between the concentration of the labelled metabolite
(["*C]metabolite-natural abundance (1.1%) of [*C]metabolite) and the pool size of the

metabolite in the brain. 'p<0.05 versus WT group (Student t-test).
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Figure legends

Figure 1. Representative *C NMR spectrum of whole brain extracts from (A) a WT mice
and (B) a VGLUT1+/- mice, injected with [1-"°C]glucose and [1,2-"*Clacetate. Peak
assignments: 1, glutamine C-4; 2, glutamine C-4,5; 3, glutamate C-4; 4, glutamate C-4,5;
5, GABA C-2; 6, GABA C-1,2. Labelling of [4-"*C] glutamate, [4-"*C] glutamine and [2-
13C] GABA formed singlets in the spectrum and derived from [1-">C]glucose (neuronal
metabolism). Labelling from [4,5-13C] glutamate, [4,5-13C] glutamine and [1,2-13C]
GABA formed doublets in the spectrum and derived from [1,2-13C]acetate (astrocytic

metabolism).

Figure 2. Effect of chronic mild stress on (A) glutamate and (B) GABA tissue levels in the
frontal cortex and the hippocampus of VGLUT1+/- and WT mice. Values show the mean
+ SEM (n= 15 mice per group). **p<0.01; *p< 0.05 versus WT controls; *p<0.05 versus

respective VGLUT1 control (Two-way Anova followed by Student t-test).

Figure 3. Effect of chronic mild stress on (A) VGLUT1, (B) VGLUT2, (C) VGAT, (D)
GADG65, (E) EAAT1 and (F) EAAT2 expression levels in frontal cortex and hippocampal
brain extracts of VGLUT1+/- and WT mice. Values show the mean + SEM (n= 6-7 mice
per group). **p<0.01; *p< 0.05 versus respective WT controls; *p<0.05 versus respective
VGLUT1 controls; #p<0.01 versus respective WT-CMS (Two-way Anova followed by

Student t-test).

Figure 4. Performance of VGLUT1+/- and WT mice on chronic mild stress-induced (A)
anhedonia in the sucrose intake test (C) helpless behavior in the forced swimming test
(D) anxiety in the elevated plus maze and (E) impaired recognition memory in the novel

object recognition test. In (B) the cumulative sucrose intake in weeks 4,5 and 6 for each
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group is represented. Values show the mean £+ SEM (n= 15 mice per group). **p<0.01;
*p< 0.05 versus corresponding WT controls; *p<0.01; *p< 0.05 versus corresponding
VGLUT1 control; #p<0.01 *p<0.05 versus respective WT-CMS. (Two-way Anova followed

by Student t-test).

Figure 5. Effect of repeated administration of imipramine (at 10 mg/kg/day ,ip) on chronic
mild stress-induced (A) anhedonia in the sucrose intake test, (B) helpless behaviour in
the forced swimming test, (C) anxiety in the elevated plus maze and (D) impaired
recognition memory in the novel object recognition test of VGLUT1+/- mice. Values show
the mean + SEM (n= 15 mice per group).**p<0.01; *p< 0.05 versus corresponding
control saline; "p<0.01; *p< 0.05 versus corresponding CMS saline. (Two-way Anova

followed by Student t-test).

Figure 6. Effect of chronic mild stress on the spontaneous motor activities of (A)
VGLUT1+/- and WT mice and (B) VGLUT1+/- mice chronically treated with saline or
imipramine (10 mg/kg, i.p.). Values show the mean + SEM (n= 15 mice per group).

**p<0.01; *p< 0,05 versus WT control in (A) and VGLUT1+/- control saline in (B) (Two-

way Anova followed by Student t-test).

Figure 7. Proposed model for the interaction between decreased VGLUT1 levels and
chronic mild stress. Decreased VGLUT1 induces a downregulation of the glial EAAT1
transporter. CMS induces a downregulation of GAD65 and VGAT that could affect the
synthesis and release of GABA in the synaptic terminal. The interaction between CMS
and decreased VGLUT1 induces an upregulation of VGLUTZ2, which along with the lack of
upregulation of EAAT1, and decreased inhibitory GABA levels could lead to an increase

in the glutamate/GABA ratio and a subsequent increase in motor activity.
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