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Resumen

“Cambios en los niveles de expresion de los
transportadores de glutamato en un modelo
farmacolégico de esquizofrenia”

En la visidn tradicional de la comunicacion sinaptica, la comunicacion neuronal
mediada por el glutamato o transmision glutamatérgica se ha centrado en la
actividad de las neuronas presinapticas y postsinapticas, mientras que los astrocitos
aseguran un flujo exitoso de la informacion neuronal. Sin embrago, nuevas
evidencias indican que los astrocitos poseen un papel activo en la modulacion de la
comunicacién neuronal. En este trabajo, inicialmente se describen los componentes
de la sinapsis tripartita glutamatérgica: la terminal presinaptica, la postsinapsis y los
astrocitos; asi como la contribucion de los astrocitos a la neurotransmision
glutamatérgica. Posteriormente, se exploran los efectos de la inhibicion cronica de
los receptores NMDA por su antagonista ketamina (30 mg / kg durante 14 dias)
sobre la expresion del transportador de glutamato/aspartato (GLAST) y el
transportador de soluto xCT (SLC7A / xCT) en el hipocampo de ratén. La
administracion sistémica de ketamina durante 14 dias se utiliza como modelo
farmacoldgico para el estudio de la esquizofrenia. Los resultados indican que la
administracion cronica de ketamina no afecta los niveles de GLAST, pero aumenta
significativamente los niveles de expresion de SLC7A / xCT. Este ultimo
transportador es un componente de la sintesis del antioxidante glutation, lo que
sugiere que el tratamiento con ketamina puede estar aumentando la formacion de
radicales libres. La evaluaciéon del efecto de la ketamina sobre los transportadores
de glutamato GLT-1 y EAAC1 es necesaria para para comprender el impacto de
este farmaco sobre el sistema de recaptacion de glutamato.

PALABRAS CLAVE: Gliotransmision, Astrocito, Ketamina, Calcio, Glutation e
Hipocampo.
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Abstract

“Changes in the expression levels of glutamate
transporters in a pharmacological model of
schizophrenia”

Neuronal =~ communication mediated by glutamate or glutamatergic
neurotransmission has typically centered on the activity of presynaptic and
postsynaptic neurons. In the traditional view of synaptic communication, the
astrocyte’s role was mostly to ensure a successful neuronal information flow. In this
thesis, the components of the glutamatergic neurotransmission are described, what
it is known so far about the three components: presynaptic, postsynaptic, and
astrocytes -altogether known as a tripartite synapse-. Also, the contribution of
astrocytes to glutamatergic neurotransmission is discussed. The chapter one
explores the effects of the chronic inhibition of NMDA receptors by its antagonist
ketamine (30 mg / Kg for 14 days) on the expression of glutamate/aspartate
transporter (GLAST) and the solute carrier transporter xCT (SLC7A/xCT) in the
mouse hippocampus. The systemic administration of ketamine during 14 days is
used as a pharmacological model to study schizophrenia. The xCT transporter is a
component of the synthesis of the antioxidant glutathione, suggesting that ketamine
treatment may be increasing the formation of free radicals. Evaluation of the effect
of ketamine on the glutamate transporters GLT-1 and EAAC1 is necessary to

understand the impact of this drug on the glutamate receptor system.

KEYWORDS: Gliotransmission, Astrocytes, Ketamine, Calcium, Glutathione and

Hippocampus.
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Introduction.

The brain is one of the most complex organs that constitute the human body (1), and
it is conformed of a great variety of cells, where neurons and glial cells stand out.
The glial cells are divided into microglia (immune cells), oligodendrocytes
(responsible for the myelin formation), and astrocytes. From all glial cells, the most
abundant are the astrocytes (2), which participate in physiological processes,
including synaptogenesis (3), modulation of synaptic transmission, neuronal
plasticity (4,5), and regulation of blood flow and trafficking of small molecules and
ions through the end-feet processes at the blood-brain barrier (6,7).

All the wide variety of brain functions, interactions with the environment
(special senses), movements, and cognitive processes, are generated by chemical
or electrical synaptic communication (8). Chemical transmission is the most
abundant in the mammalian nervous system (9), and it refers to the communication
between a presynaptic terminal and a postsynaptic neuron by releasing a
neurotransmitter into the synaptic cleft that will bind to its receptors on the
postsynaptic terminal triggering a cascade of events that will generate an electrical
or chemical response (10).

Of all the neurotransmitters, glutamate is one of the most abundant, and it
participates in many physiological processes such as learning, memory, neuronal
development and maturation (11-13). However, glutamate might become neurotoxic
if its extracellular concentration is not properly regulated. An active uptake system
must control extracellular glutamate concentrations to avoid its accumulation and
possible cell damage (14). Glutamate transporters located in neurons and astrocytes

are responsible for the uptake of the neurotransmitter after its release (15). If the
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glutamate uptake system fails, glutamate accumulation can damage cortical
neurons, neurons from the retina, striatal and hippocampal neurons (16-18).
Glutamate-mediated damage is known as excitotoxicity and it refers to the over-
activation of glutamatergic receptors, which has been related to the pathogenesis of
neurodegenerative diseases such as Alzheimer’s, Huntington’s, and Parkinson’s
diseases (19-21). Also, some mental disorders, such as schizophrenia, are related
to impaired functioning of glutamatergic neurotransmission (22,23). However,
although glutamate toxicity might contribute to these neuropathological conditions,
the changes that lead to impaired glutamatergic neurotransmission are not fully
understood.

The characteristics of glutamatergic transmission and its possible modulating

role through neurons and astrocytes are explained in the next section.

Overview of the tripartite glutamatergic transmission.

Glutamate is the most important excitatory neurotransmitter in the mammalian brain,
considering that more than half of the neurons release this neurotransmitter (24—26).
Glutamate is synthesized in the neurons by specialized enzymes, but its metabolism
also involves glial cells, specifically astrocytes (27). Astrocytes are an active
component of neurotransmission and some authors include its role in the term
“tripartite glutamatergic synapsis”. In response to neuronal activity, astrocytes
generate responses such as the elevation of intracellular calcium concentrations and

the consequent gliotransmitter release, modulation of extracellular potassium



concentration, and removal of neurotransmitters. It is through these processes that
astrocytes might modulate the dynamics of synaptic communication (4).

After its release, glutamate activates a wide number of ionotropic (iGluRs) or
metabotropic receptors (mGIuRs) (28,29). Extracellular glutamate concentration is
highly regulated by Na‘-dependent an active transport system. There are five
glutamate transporters: excitatory amino acid carrier 1 (EAAC1), the glutamate-
aspartate transporter (GLAST/EAAT1), the glutamate transporter 1 (GLT-1/EAAT2),
the excitatory amino acid transporter 4 (EAAT4), and the excitatory amino acid

transporter 5 (EAATS) (30-33).

Glutamate synthesis, packaging, and release.

Glutamate synthesis.

Since glutamate doesn’t cross the blood-brain barrier, it must be synthesized in
neurons from local precursors (34), and different pathways contribute to its synthesis
(fig. 1). One of them is through the enzyme glutamate dehydrogenase. This enzyme
catalyzes the interconversion of glutamate to a-ketoglutarate and ammonia, using
NAD" and NADP* as a co-factor, this reaction is important for glutamate and
ammonia regulation (35). There is evidence that glutamate dehydrogenase
deficiency affects the glutamate and ammonia metabolisms, causing pathological
changes in the brain like slowly progressive spinocerebellar ataxia, lower cranial
nerve dysfunction, and various extrapyramidal manifestations (36).

Aspartate aminotransferase is another enzyme that synthesizes glutamate by

a reversible process of transferring the a-amino group from aspartate or alanine to



2-oxoglutarate to form glutamate and oxaloacetate or pyruvate; this enzyme uses

pyridoxal 5'-phosphate as a co-factor. A decrease of aspartate aminotransferase

activity in the olfactory bulbs, cerebral cortex, and cerebellum of the rat was reported

after being subjected to unilateral compression of femoral tissues (crush syndrome)

(37).
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Fig. 1.- Glutamate synthesis. - Schematic representation of three main reactions

that synthesize glutamate in the brain: A) Glutamate dehydrogenase, B) Aspartate

aminotransferase, and C) Glutaminase (35,37,38).



One of the most important pathways to synthesize glutamate in the brain is to
convert glutamine to glutamate by the enzyme glutaminase, an amidohydrolase.
Two isozymes of glutaminase have been described, the liver-type (GLS2) and the
kidney-type (GLS1). High levels of GLS1 are expressed in neurons (38), which can
obtain glutamine from nutrients absorbed from the food and the glial cells; glutamine
is transported out of the glial cell and recaptured by the neurons SLC (solute carrier)
transporters. By comparing the copy number of the mRNAs encoding the SLC
transporters, SLC38a is specified as the major glutamine transporter in neurons,
followed by SNAT1 (39). Once inside the neuron, glutamine will be a precursor for
glutamate. The relevance of glutaminase was evaluated by developing glutaminase
knockout mice that showed altered respiratory phenotype, suggesting that this
enzyme is important for various regulatory processes (40).

Using histochemical studies, the presence of glutamate dehydrogenase was
determined in astrocytes, which has a different activity pattern according to the brain
region, species, and astrocyte type (normal or reactive) (41). For example, during
the rat hippocampus development, the glutamate dehydrogenase activity in
astrocytes increases, which might be due to the maturation of the glutamatergic
structures (42). Also, it is important to consider that glutamate dehydrogenase
activity increases simultaneously as that expression of GLT-1, which has been
suggested as a regulatory system of glutamatergic dynamics (42). For the other two
enzymes (aspartate aminotransferase and glutaminase), there is evidence of their
presence in astrocytes (43), considering them for glutamate metabolism. To study

the aspartate aminotransferase enzyme in astrocytes, L-[U-C'*] and L-[I-C"]
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glutamate have been used; as the main product of these compounds’ metabolism is
CO., the concentration of this gas was measured in hyamine hydroxide with a special
chamber. Using this method, it was determined that an increase of CO; was
observed in astrocytes primary cultures, suggesting that aminotransferase enzyme
is present (44), and the enzyme glutaminase was determined using its inhibitor NEM
(N-ethylmaleimide). In this case, the enzyme activity was evaluated according to
different concentrations of NEM (45).

On the other hand, there is evidence that cultured astrocytes can synthesize

glutamate using pyruvate carboxylase, a process that occurs in the cytosol (46).

Glutamate packaging.

After glutamate has been synthesized in neurons, it is packaged and stored in
synaptic vesicles. To refill these synaptic vesicles with glutamate, it is necessary a
vesicular glutamate transporter (VGLUT). There are three types of VGLUTs (VGLUT
1, 2, and 3), and they are widely distributed in the central nervous system. It was
determined by immunocytochemistry that VGLUT 1 is present in the cerebral and
cerebellar cortex, in the hippocampus, and the thalamus (47,48). VGLUT 2 is present
in the cortex, thalamus, diencephalon, and rhombencephalon (48,49). VGLUT3 is
less frequent than the other two, but it is located in the striatum, neocortex, and
hippocampus (50).

There is evidence indicating that the three VGLUTs are also presented in
astrocytes (50,51). Using immunocytochemical detection from rat brain preparation,
VGLUT 3 presence was described in astrocyte end-feet (50). For VGLUT 1 and

VGLUT 2, immunocytochemistry and nuclear staining were made in Sprague Dawley



brain rats from 0 to 2 days old. The results suggested VGLUT 1 and 2 in astrocytes,
confirmed by immunoblots and RT-PCR (51). Similar experiments demonstrated
VGLUT 1-3 in the mouse cortex, hippocampus, and cerebellum; these experiments
were performed in culture and in situ astrocytes (52). The presence of these
VGLUT’s in astrocytes suggested that astrocytes can release vesicular-packaged
glutamate, also known as gliotransmission.

One feature of the VGLUT uptake system is the dualism of the transporters
with chloride ions (CI). This ion has an important role in glutamate uptake according
to the extravesicular concentration, in this case, there are three conditions: the first
one consists of an insufficient extravesicular CI" concentration that generates high
glutamate uptake, the second one corresponds to a high CI" concentration, which
causes a gradual inhibition of glutamate uptake. The last one, an absence of CI’,
generates a very low glutamate uptake (53,54).

Changes in the expression of the VGLUTS have been observed in
neurodegenerative diseases. In Parkinson’s disease, the expression of VGLUT1 and
2 increase in the putamen, and VGLUT 1 decreases in the prefrontal and temporal
cortex (55). In Alzheimer’s disease, VGLUT 1 and 2 decreases in the prefrontal
cortex (56). These investigations were carried out in postmortem human brains using
immunohistochemistry, immunoautoradiography, western blot, and choline

acetyltransferase (ChAT) assay techniques.



Glutamate release.

Once glutamate is packaged into the synaptic vesicles and stored in the synaptic
button, it is ready to be released once the action potential arrives. The action
potential is the basic event that neurons use to transmit information to each other.

The action potential is composed of four phases: the rising phase known as
depolarization (-70 mV to +40mV), the threshold, which is the value that the
membrane potential needs to reach the action potential (the all or nothing response,
-55mV), the repolarization phase, where the value of the membrane potential return
to the resting potential (+40 mV to -70 mV), and the hyperpolarization (-70 mV to -
90 mV), that is the phase at which the membrane potential can be more negative
than the resting potential. The action potential is generated by the opening and
closing of Na” and K" channels that increase and decrease the conductance of each
ion in the different phases. Another feature of the action potential is its high efficiency
to propagate itself through the axon until it reaches the synaptic button inducing the
neurotransmitter release (57).

At the synaptic button, the arrival of the action potential induces the opening
of voltage-dependent calcium channels, increasing intracellular calcium
concentration, which will allow the fusion of the vesicle with the plasma membrane
of the synaptic button and the release of the neurotransmitter (fig. 2) (58). The
SNARE (Soluble NSF Attachment Proteins Receptor) are the main proteins involved
in this process. These proteins are divided into two groups, the v-SNARE, v- is for
vesicles, and these are highly expressed in vesicles, and the t-SNARE, t- is for

target, and these are highly expressed in the target zone in the cellular membrane



(59). A trans-SNARE complex - interaction between v and t SNARE’s- must be
formed to release the neurotransmitter in either neurons or astrocytes. The main v-
SNARE are synaptobrevin, syntaxin, and SNAP-25 for t-SNARE.

The presence of synaptobrevin 2 was confirmed in rat astrocytes by electron
microscopy and calcium imaging, which suggests that Ca" is the major contributor
to gliotransmitter release (60). Also, astrocytes express syntaxin and SNAP-25 as
detected by immunohistochemistry. Glutamate release from astrocytes was
evaluated by potent inhibitors of neuronal exocytosis such as clostridial neurotoxins
(CITx), tetanus toxin (TeTx), and botulinum toxins (BoTx). In this case, BoTx-A
(which cleaves SNAP-25) was used to determine SNAP-25 and BoTx-C (which
inhibits syntaxin) for syntaxin, after the treatment with these toxins, a decrease in
glutamate release was observed (61).

It is important to mention that the vesicular exocytosis process is similar
between neurons and astrocytes (60), but the initial stimulus that induces vesicular
release is slightly different. Since the astrocytes cannot generate action potentials,
the rise in intracellular calcium is generated by activating ionotropic and
metabotropic receptors (62,63). In this regard, ionotropic receptors, NMDA, AMPA,
and KA receptors, belong to the glutamate receptor family (64—-66) and P2X1-7 ATP
receptors, also known as purinergic receptors, have been identified in astrocytes
(67,68). The metabotropic receptors related to astrocyte increase in calcium are the
glutamatergic mGluR3 and mGIuR5 (62,69,70), and the P2Y13 purinergic receptors

(68).
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Fig. 2.- Glutamate release. - Schematic illustration of vesicular glutamate release
from the presynaptic neuron during spontaneous release and active state. A) The
basal or spontaneous. During the spontaneous activity, no action potential occurs,
and voltage-dependent Ca" channels remain closed, which keeps calcium
concentration low, and there is no massive release of the neurotransmitter
(glutamate). However, during spontaneous activity, a small amount of
neurotransmitters is released into the synaptic space. B) During the active state, five
steps for the massive glutamate release occur. 1) arrival of the action potential to the
synaptic button. 2) The action potential generates a conformational change in the
voltage-dependent Ca “channels (closed-to-open), increasing the intracellular
calcium concentration. 3) The Ca” ions interact with the v-SNARE proteins, resulting
in the movement of the vesicles to the t-SNARE proteins 4) to form the trans-SNARE

complex and the consequent fusion of the vesicle in the synaptic button membrane

10



for the glutamate release. Finally, 5) the neurotransmitter activates the different
types of receptors (AMPA, KA, NMDA, or metabotropic) present in the postsynaptic

membrane (modified from Popoli et, al. 2012 (71)).

Glutamate receptors.

Receptors are transmembrane proteins located in neurons and glial cells, upon its
binding, the neurotransmitters induce a conformational change that induces the
activation of the receptor. Glutamate activates two types of receptors: ionotropic
glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGIuRs). Next,

a detailed description of each one will be provided.

lonotropic glutamate receptors (iGIluRs).

The iGIuR receptors are responsible for the vast majority of excitatory transmission
in the central nervous system of vertebrates, and these receptors are responsible
for faster synaptic transmission. lonotropic glutamate receptors are ligand-gated ion
channels and allow the movement of cations such as Na*, K*, and Ca" across the
cell membrane. iGIuRs are transmembrane proteins composed of four subunits that
form a central ionic pore; structurally, they have an extracellular amino-terminal
domain, an extracellular ligand-binding domain, four transmembrane domains, and
an intracellular carboxyl-terminal domain. In this group, we can find NMDA (N-
methyl-D-aspartate), AMPA (a-amino-3-hydroxyl-5-methyl-4-isoxazol-propionate)
and KA (kainic acid) receptors, named after the agonist that activates them. For

these receptors to be functional, they must be assembled exclusively by the subunits
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belonging to the same receptor class (72,73).

NMDA receptor.

NMDA receptors are distributed widely in the central nervous system and are widely
studied in physiological and pathological mechanisms, mainly during excitotoxicity
(74). The subunits that constitute this receptor are GIuN1, GIUN2A-GIuN2D,
GIuN3A, and GIuN3B; a functional receptor contains a tetrameric assembly by two
GIuN1 subunits together with either two GIUN2 subunits, or a combination of GIuN2

and GIuN3 subunits (75,76).

Full activation of NMDA receptors occurs once glutamate and its co-agonist
glycine bind to the receptor, which will allow the influx of Na* and Ca" ions after the
membrane depolarization releases the magnesium ion that blocks the channel.
Glycine binding sites are located at the GIuN1 and GIuN3 subunits. HEK 293 cells
exposed to different concentrations of glycine and glutamate 1 mM, showed an
increase in the activity of the NMDA receptor, since it has been shown that the NMDA
receptor in these cells is conformed, in its majority, by the subunit GIuN1 (77). For
the GIuN3 subunit, the expression was generated in oocytes and the
electrophysiological records were made in the presence of a GIuN1 and GIuN3
glycine binding site antagonist, TK40. It was observed a decrease in the electrical
activity of the oocytes expressing the GluN1 and GIuN3 subunits (78). The GIuN2
subunit contains the glutamate binding site as determined by crystallography (79).
Altogether, these results indicate that glycine is an important co-agonist of NMDA
receptors. Depending on the receptor’s subunit composition, a differential activity
might occur depending on glycine extracellular concentrations. Interestingly, glycine

12



and also D-serine are release by astrocytes (80,81).

Astrocytes also express NMDA receptors, as evidenced by the presence of
GIuN1 and GIuN2 subunits mRNA (82). Moreover, there is a differential expression
pattern of NMDA subunits in astrocytes that vary according to the brain regions. For
example, cortical astrocytes express GluN1 and GIUN2A/B subunits (83), also, in the
same region, GIuUN2C and GIuN2D are highly expressed (84). GIuN2B is more
abundant in the Bregman glia cells (85), while the GIuN2C is predominantly
expressed in the telencephalon glial cells (86). In the hippocampus, GIuN1 and
GIuN2 subunits are present (87). The combinations of the NMDA receptor subunits
are very important because depending on the subunit composition, NMDA receptors
might have differential functional properties. Besides, some studies suggest that this
receptor participates in the modulation of intracellular astrocytic Ca® concentrations

for the gliotransmission process (88).

AMPA receptor.
AMPA receptors are composed of four subunits, GluA1, GIuA2, GIuA3, and GIuA4,
that can conform homomers and heteromers. In the nucleus accumbens, dorsal
striatum, prefrontal cortex, and hippocampus have been reported the presence of
these subunits, varying in number according to the region (89). This receptor allows
the Na* and K" influx, but if the receptor conformation lacks a GluA2 subunit, Ca” will
be permeable.

Some studies suggest the presence of AMPA receptors in glial cells. This
receptor was described in cortical astrocytes through the use of electrophysiology
and pharmacological agents (90). Similarly, this receptor was found in astrocytes

13



from the mouse hippocampus (91). In astrocytes from this region, the AMPA receptor
modulates the inward-rectifier potassium channels (Kir), a rectifying inward current
that passes easily through potassium channels. This current is also important for the
regulation of neuronal functioning during AMPA biophysical stages (92): as a
regulator of gliotransmitter release generated by Ca’ signaling (93) and their
participation in neurodegenerative disorders (94). To noteworthy, AMPA receptors
expressed in astrocytes are permeable to Ca* because this receptor channel is
formed by at least one GIuA3 or GluA4 subunit (95).

The AMPA receptors are involved in cognitive processes such as learning
and memory, as demonstrated with classic and novel optogenetic tools known as
PhotonSABER. When PhotonSABER induced AMPA receptors endocytosis during
active synapses, long-term depression becomes affected, which leads to altered
learning and memory (96). Changes in AMPA receptors are also involved with
chronic temporal lobe epilepsy, where a reduction in GluA1 and GIuA2 subunits

concentrations was reported (97).

KA receptor.

Among the iGIuRs family proteins, KA receptors comprise the least studied class
(98). Since the KA receptor belongs to the group of iGIuRs, it will have a similar
conformation to the other two receptors belonging to the group. The subunits that
make up the KA receptor are GluK1, GluK2, GluK3, GluK4, and GluKS5. While the
subunits GluK1, GluK2, and GluK3 are considered low-affinity subunits, the GluK4

and GIluKS5 are high-affinity subunits (99,100). High-affinity subunits cannot form a
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functional receptor, so they must interact with low-affinity subunits (101), forming a
heteromeric receptor in a ratio of 2:2 subunits (102). Some of the most important
functions of this receptor are the regulation of synaptic activity (103) and neuronal
plasticity (104). However, alterations in KA receptors have been described in
epilepsy (105) and schizophrenia (106,107).

The KA channel is permeable to ions such as Na* and K*. However, when
some modifications are generated in the subunits GluK1 and GluK2, it can also be
permeable to Ca®* (108). The expression of the different subunits of the receptor
varies according to the region of the brain, for example, in the primate neocortex, the
GluK1-2-3 subunits are mostly expressed (109). In the rodent cortex, a greater
expression of GluK2 and GluK4 subunits occur (110).

It has been reported that perivascular astrocytic processes express the GluK1
subunit and mediates astrocytes-related glutamate response (111). Also, GluK1-3
subunits are present in astrocytes, specifically, in the hypothalamic arcuate nucleus.
In this region, the main function of this receptor depends on an estrogen-glutamate
pathway (66). In the hippocampus, particularly in CA1, all the KA subunits are
expressed, and alterations in them are related to the status epilepticus. The
expression of all KA subunits increases after the generation of the status epilepticus
induced by kainite administration. Furthermore, it has been suggested that KA

receptors could function as glutamate sensors (112).

Metabotropic receptors (mGluRs)

mGluRs are coupled to G-proteins and modulate slow synaptic transmission through

second messengers. To date, 8 mGluRs (mGIuR1-8) have been described, which
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have been divided into three groups (I, Il, and Ill) according to the characteristics
they possess: similarity in their sequences, their pharmacological properties and the
intracellular signaling mechanisms they trigger (113).

The structure of these receptors consists of an extracellular N-terminal
domain, a cysteine-rich region, seven transmembrane domains, and an intracellular
C-terminal domain. The N-terminal portion has the glutamate binding site
(“flycatcher” conformation) and the C-terminal portion regulates the activity of the
receptor (114).

The group | receptors, mGluR1 and mGIuRS, are associated with intracellular
calcium signals, phospholipase C, and are activated mainly by 3.5-DHPG. Group I
includes mGIuR2 and mGIluR3, which are negatively coupled to adenylate cyclase
and have a selective agonist, LY379268. Finally, the mGluR4, mGIluR6, mGIuR7 and
mGIuR8 receptors conform group lll, which, like group 2, are negatively coupled to
adenylate cyclase and are activated mainly by 2-amino-4-phosphonobutyrate
(115,116).

As described in neurons, the expression of mGIuRs in astrocytes varies
according to the brain region. Hippocampal astrocytes isolated from rats showed a
predominance of mGlur3, and mGlur5 receptors (117). Using electron microscopy
and immunohistochemistry, mGIuR2 and mGIuR3 were identified in the rat
ventrobasal thalamus (118).

In astrocytes, mGIuR3 and mGIuR5 activation generate Ca®* signaling
(62,69,70) that is related to the control of extracellular glutamate concentration by
increasing the expression of glutamate transporter (GLAST) (119-121). This

increase in expression was observed when an agonist of the metabotropic group Il
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receptors is used and the increase of GLAST expression was confirmed by western
blot (121). There is evidence that the mGIuRS receptor also affects the functioning

of the GLT-1 transporter (122).

Glutamate transporters.

Glutamate transporters also known as excitatory amino acid transporters
(EAATSs), maintain an optimal glutamate concentration in the synaptic cleft. These
proteins are expressed in neurons and glial cells, especially astrocytes, responsible
for the bulk of glutamate uptake (31). These transporters belong to the SLC1 family
(high-affinity glutamate transporters) (123), and its function is based on the co-
transport of glutamate, Na* (three molecules), H" (one molecule), and counter-

transport of K* (one molecule) (124).

To understand the main function of these transporters, the structure was
determined by crystallography (125). The structure indicated the presence of a
scaffold domain and a transport domain, the first one is composed of transmembrane
helices (TM 1-2 and TM 4-5), and the second is composed of TM 3, TM 6-8 and a
re-entrant helical loop 1-2 (125-127). While the scaffold domains maintain the
structure in the membrane by protein-protein association, the amino and carboxyl-
terminal domains remain inside the cell (30). Five EAATSs, in humans, have been
identified, EAAT 1-5 corresponding to SLC family genes expression. In rodents, as
a good model for the study of the nervous system, these transporters proteins were
named as excitatory amino acid carrier 1 (EAAC1/EAAT3), the glutamate-aspartate

transporter (GLAST/EAAT1), the glutamate transporter 1 (GLT-1/EAATZ2), the
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excitatory amino acid transporter 4 (EAAT4) and the excitatory amino acid
transporter 5 (EAATS) (fig. 3) (30-33,128,129). All of these transporters share a high
percentage of amino acid sequence (130), but they differ in the cellular and
developmental expression according to the brain regions (131,132), and alteration
in their function contributes to neurodegenerative diseases and neuropathologies

(133-1395).

in situ hybridization and immunohistochemistry studies showed that neurons
of the cerebral cortex, hippocampus, cerebellum and spinal cord express EAAT 3
(136,137). The EAAT 4 is also expressed in neurons as detected by
immunohistochemistry and in situ hybridization, but its localization is mostly in the
rat fore and midbrain (138). The EAAT 4 was identified in the mouse somatosensory
cortex by immunohistochemistry (139). On the other hand, GLAST and GLT-1 are
highly expressed in astrocytes (140,141). However, an isoform GLT 1b has been
described in hippocampal neuronal terminals (142). The expression of GLT-1 is
more abundant in the hippocampus, striatum and cerebral cortex (140,141,143,144).
Also, GLAST transporter is highly expressed during neuronal development (42,145)
and in the cerebellum (146-148). GLAST and GLT-1 have an important role in
cerebral physiology because a change in their function or its number in the
membrane might modify brain neuronal processing contributing to neuronal death in

early development stages and/or neurodegeneration (145).
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Fig. 3.- Glutamate transporters. - Distribution and function of glutamate
transporters. After glutamate is released and its effects occur through its receptors,
it will be recaptured by different transporters located in neurons (EAAC1 and EAAT4)
and astrocytes (GLT-1, GLAST and xCT). Once astrocytes take up glutamate, the
glutamine cycle will occur for the subsequent formation of glutamine (modified from

Popoli et, al. 2012 and Estrada-Sanchez et, al. 2012 (71,149).

Some studies suggest that the same astrocyte can express both transporters.
The first evidence was obtained when the expression of these transporters was

characterized in three conditions, cultures of undifferentiated rat cortical astrocytes,
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astrocytes cocultured with cortical neurons, and astrocyte cultures differentiated with
dibutyryl cyclic AMP (dBcAMP). The final results indicated that the first condition
expresses only GLAST transporter, the second one expresses both transporters,
and the third one has an interesting pattern because the dBcAMP generates GLAST
and GLT-1 expression. The expression of glutamate transporters was corroborated
by Western blot, Northern blot, and immunohistochemistry (150). The same
expression pattern occurred with hippocampal cocultures (151). On the other hand,
a similar effect is observed with the brain endothelial cells. Astrocytes cocultured
with endothelial cells, generate the expression of GLT-1 by the Notch signaling, a
pathway implicated in vitro and in vivo endothelial-astrocyte communication (152).
Also, there is in vivo evidence about the coexpression of these transporters; for
example, a redistribution and function of both transporters were observed in the rat
striatum in the presence of the astrocyte activator CNTF (ciliary neurotrophic factor)

(153).

Moreover, glutamate transporters are involved in neuronal physiological
properties, for example, the excitatory postsynaptic currents (EPSCs) of cortical
pyramidal neurons are affected when GLT-1, GLAST, or both are blocked by the
inhibitors DHK, UCPH-101, and DL-TBOA, respectively. The selective inhibition of
individual transporters generates a decrease in the decay time of evoked EPSCs in
the cortical pyramidal neurons, furthermore, the inhibition of both transporters

generated a reduction of the EPSCs (154).

As mentioned above, alterations in the glutamate transporters are related to
neurodegenerative diseases. Alzheimer’'s disease postmortem brains showed a
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reduction in the EAAT1 and EAAT2 (155). In epilepsy, a decrease of EAAT 2 was
reported (156). In Huntington’s disease, reduced expression of GLT1 was observed
in postmortem brain patients (157). Similarly, the R6/2 Huntington’s disease
transgenic mouse model showed a decrease in the content of GLT1 and GLAST,
which correlates with increased vulnerability to glutamate-induced toxicity (20).
Moreover, the R6/2 mice model presents altered cortical excitability when GLAST
and GLT-1 are blocked (154). It is known that GLT-1 is predominantly more
expressed than GLAST. This evidence has diverted the attention of the research
groups towards the study of GLT-1 as the “master” transporter. However, what the
other transporters can offer must be studied in-depth to understand better the

relationships of all the cellular components present in the central nervous system.

Finally, the SLC711A transporter, unlike the previous ones, is a
cysteine/glutamate antiporter, which will transport a cystine into the cell while
exchanging for glutamate in a 1 to 1 ratio. Furthermore, this system is sodium-
independent (158). Its structure consists of two subunits, the light subunit (SLC7A11)
and the heavy subunit (SLC3A2). The light subunit comprises 12 transmembrane
domains, an amino-terminal and a carboxyl-terminal domain arranged inside the cell.
As for the heavy subunit, it is considered a unique transmembrane protein with an
intracellular amino-terminal domain and a heavily glycosylated extracellular domain
(159,160). It is important to mention that a disulfide bond links these two subunits
and both subunits are essential for the optimal operation of the transporter. On the
other hand, it has been possible to demonstrate that the light subunit is responsible

for the active transport of cystine and glutamate. The heavy subunit is necessary to
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assemble the light subunit in the membrane and structural stability (161,162). This
system is important for glutathione biosynthesis, an essential cellular antioxidant, by
reducing cystine to cysteine (main glutathione precursor) (163). Various evidence
has managed to identify the presence of SLC7A11 in the brain (159). It has been
shown that SLC7A11, in the brain, is essential for regulating glutamate and avoiding
damage by oxidative stress (160). Although the transporter is highly expressed in
the human brain (159), in various animal models such as mice, it is expressed in
different proportions in different brain regions, such as the hippocampus, cortex,
hypothalamus, and dentate gyrus (164). In addition to having managed to identify
this transporter in different brain regions, with the use of antibodies, it was also
possible to show that SLC7A11 is expressed mainly in glial cells (165). However,
there is evidence that indicates greater expression in astrocytes (166). In addition,
an increase in oxidative stress and astrocyte death was demonstrated by blocking

SLC7A11 (167). This process is also known as oxidative glutamate toxicity (168).

Role of astrocytes in glutamatergic neurotransmission.

Some studies suggest that astrocytes can modulate directly or indirectly the
synapses and neuronal physiology. For example, it has been suggested that
astrocytes glutamate uptake it's a way to regulate the neurotransmitter levels in the
synaptic cleft, which indirectly modulate neuronal transmission (15). Another
mechanism might be the availability of glutamine to synthesize glutamate. In this
regard, after glutamate is released and astrocytes have taken up the glutamate, it
can be metabolized into a-ketoglutarate by glutamate dehydrogenase enzyme, or
into glutamine by the amidation of glutamate to glutamine by the glutamine
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synthetase enzyme (glutamine cycle) (35,169). As this enzyme is highly expressed
in astrocytes, they are considered the major glutamine reservoir and an important
part of the metabolism of the neurotransmitters like glutamate and GABA (170,171).
Therefore, astrocytes might regulate glutamatergic neuronal dynamics by the
amount of glutamine released into the synaptic cleft.

Another mechanism by which astrocytes can regulate neuronal activity is by
releasing gliotransmitter, also known as gliotransmission. A gliotransmitter is a
molecule that is stored and synthesized inside the glial cells, that is stored in vesicles
and is released after a particular stimulation, which is highly regulated; once they are
released, gliotransmitters are capable of activating responses (rapid/slow) in nearby
cells, and these are involved in physiological or pathological processes (172).
Through the use of electrophysiology, optical imaging and molecular biology
techniques, it has been demonstrated that astrocytes are capable of responding to
neurotransmitters and participate in the release of gliotransmitters such as ATP,
glutamate, and D-serine (173-177). It is important to mention that gliotransmission
has an important role in neuronal functioning, for example, through the release of
ATP by astrocytes, an alteration in synaptic transmission can be observed (178).
Recently, Shen et al., described that autocrine activation of P2Y1 purinergic
receptors in astrocytes modulate the vesicular release of glutamate and the
subsequent activation of extra synaptic NMDA receptors in neurons (179). Likely,
this mechanism might also contribute to the development of some
neurodegenerative diseases such as Alzheimer's, Huntington’s disease and

epilepsy (180-182)
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In astrocytes, activation of metabotropic and/or ionotropic receptors
generates an increase in Ca* concentration, although it is known that metabotropic
receptors contribute more than ionotropic (83,117). In terms of the low contribution
of the ionotropic receptors, there are proves that demonstrate that some of them that
are expressed in astrocytes have a special molecular structure conformation, in
other words, these receptors include a subunit that reduces Ca® permeability
(65,88,111,183). For example, GIuN3 subunits for NMDA (78,184), GIuA2 for AMPA
(185), and GluK3-4 for Kainate (108). This interesting pattern could be a regulatory
system to avoid deregulations of the tripartite system.

After the neurotransmitter binds to metabotropic receptors, it causes
responses associated with the activation of phospholipase C/inositol 1,4,5-
trisphosphate (IP3) pathway, leading to IP3 formation that generates the release of
Ca*" from the endoplasmic reticulum (62,186) inducing the gliotransmitter release
by Ca?*-dependent exocytosis (60,187—190).

Since the metabotropic receptors are more effective in elevate Ca*
concentration, it is important to consider that this process is slow due to their
physiology. To understand more about this, the activation and the response
generation time for the ionotropic receptor is approximately 1-10 milliseconds
(185,191), and 50-200 milliseconds for metabotropic receptors (192,193).

Glutamate gliotransmitter modulates long-term depression in the
hippocampus and cortex, modulated by the activation of NMDA receptors (194)
(195). The activation of mGlur 1 and mGilur 5, in the striatum, generate a synaptic
potentiation by increasing the excitatory postsynaptic currents (196); a similar effect

is observed in the hippocampus, but in this case, the synaptic potentiation is also
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favored by the effect of interneurons on the astrocytes through the increase of
intracellular Ca** by the activation of GABAg receptor (197,198). In the cerebellum,
activation of NMDA receptors increases the activity of inhibitory interneurons (199).
Another example related to the activation of NMDA receptors, especially those with
GIuN2B subunit, is the Slow Inward Currents in the hippocampus, cortex (200,201)
and nucleus accumbens (202). These currents are phasic extrasynaptic excitatory
events with special characteristics, for example, the amplitude is 18-477 pA, the rise
time comprises 13-332 decay times of 72-1630 milliseconds. It has been extensively
demonstrated that these currents are generated by astrocyte activity. There are
proves that exhibit a decrease of these currents if the Ca®* signaling is abolished
(203), also when intracellular Ca®* concentration becomes greater, the slow inward
currents increase (10,204). Altogether, this evidence indicated that metabotropic
receptors are of great importance for neuron-astrocyte-synapse interactions (4).
There are distinct gliotransmitters release mechanisms; one of them is
through hemichannels formed by connexins like Cx43, Cx30, and Cx36 (highly
expressed in astrocytes) (205-207). There is evidence that the principal functioning
mechanism is by altering the molecular structure of the hemichannel to make it
permeable to another molecule, because, naturally, these hemichannels do not act
as freely permeable non-selective pores (206). On the other hand, it is known that
these connexins are involved in some diseases, for example, Alzheimer’s disease,
in this case, the connexin 43 network maintenance neuronal activity under amyloid
B peptide (AB) stress, suggesting that connexin generate a neuroprotective response
to amyloid plaques. Also, it regulates the Alzheimer’s Disease risk genes expression

(208-210). The Parkinson disease model (heterozygous Cx30 KO mice), showed
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an increase in connexin 43 in the striatum and hippocampus, generating an elevation
of the gap junctional intercellular communication, resulting in the disease
development (211,212). In amyotrophic lateral sclerosis, similar to Parkinson
disease, an increase of connexin 43 was reported, but in this case, this increase
generates a release of reactive oxygen species and inflammatory mediators, also,
the communication between astrocytes increased, causing an alteration of
homeostatic processes such as small molecules and second messengers trafficking
(213,214). During astrocytoma, connexins generate a stable network between cells
that favors the increase of the tumor due to a shared metabolism (215). Moreover,
there is evidence indicating that connexin 43 is necessary for glioma’s motility, which
was evaluated by reducing the levels of connexin 43 with RNAi in C6 cells. When
comparing these cells with a high expression level, a greater movement was
determined for those with more connexin 43. It is worth mentioning that motility was
evaluated with the wound healing and transwell cell migration assays. On the other
hand, it is emphasized in the connexin 43 carboxyl-terminus domain because this
can interact with other proteins implicated in cell motility (216). Finally, it is important
to mention that the molecular and pathophysiological mechanisms generated by

connexins in all these diseases are unclear.

Schizophrenia

The study of mental disorders has been gaining relevance since the number
of people suffering from them has increased considerably (217). The relevance of

this type of disease relies on its impact on the patient and their family, due to
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economic and social consequences. Currently, many mental disorders are
characterized by abnormal social behaviors, irregular thoughts, and erratic
emotional disturbances. These mental disorders include depression, bipolar
disorder, autism, and schizophrenia. Despite a wide variety of studies that have been
made on these disorders, their pathophysiology has not been fully understood.

Schizophrenia is characterized by sudden changes in behavior, alterations in
perception, distortions in thinking, communication problems, and changes in
cognitive understanding. Schizophrenia symptoms are divided into three categories:
positive symptoms (hallucinations, delusions, disorganized behaviors, incoherence
of speech, and erratic emotions), negative symptoms (social withdrawal and
anhedonia), and cognitive symptoms (deficits in attention, working memory, verbal
learning, and memory) (218,219).

Schizophrenia affects around 20 million people in the world, and some reports
indicate that from all mental disorders, it is the least common (217). The diagnosis
of this disease occurs particularly in late adolescence (17-19 years), and early
adulthood (30 years). Also, it has been shown that this condition occurs earlier in
men than in women. The mortality rate of these patients is much higher due to
cardiovascular complications, metabolic diseases and suicide (220).

Regarding the neuropathology of schizophrenia, imaging studies revealed
changes in brain structures such as an increase in the ventricles and a decrease in
the volume of the prefrontal cortex and the hippocampus (221-223). In addition,
there is evidence that indicates significant changes in the size and shape of neurons,
which might alter their connectivity and synaptic activity (224). In addition to the brain

morphology alterations, changes in the excitatory or inhibitory pathways contribute
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to the development of schizophrenia (224). However, the relation between the
structural alterations described and the neurotransmitters involved GABA, glutamate

and dopamine in Schizophrenia neuropathology is still not completely understood

(224,225).

Factors that might contribute to schizophrenia

Some risk factors that favor the development of schizophrenia have been
established, such as genetic and epigenetic factors (226,227). According to a meta-
analysis of the heritability of human traits in twins studies (228), genetic factors are
the most predominant for the development of schizophrenia. However, epigenetic
factors have become more relevant, since they have been increasingly identified
(229).

The effects of the environment on pregnant women are one of the most
important because everything the mother suffers will impact the development of the
fetus. Obstetric complications are key to the development of schizophrenia, since
they are related to an increase in the size of the cerebral ventricle and an increase
in neonatal cerebrovascular events (230,231). Furthermore, prematurity, anoxia,
infections during the pregnancy and prolonged labor are also related (232).

On the other hand, another factor that has become relevant today is fetal
programming. The “origins in the development of health and disease” is a term that
is defined as the process by which a stimulus or challenge establishes a permanent
response. Some of the main factors involved in this process are genetic factors and
the activation of genes by the pre-and post-natal environment. In addition, it has

been established that the first thousand days of life (270 days from conception to
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birth, 365 days equivalent to the first year, and 365 days equivalent to the second
year) is a critical window of development since the factors that influence in this period
will define the proper evolution of the organism (233)

The fetal programming of the offspring is considered as a physiological event
in which the mother receives external stimuli that generate alterations in the embryo,
that is, any stimulus (can be positive or negative) that reaches the mother, it will
integrate it and affect the product under development (234,235). Currently, it has
been possible to determine that pollution, physical activity, stress, environment,
drugs, alcohol and infections are the main factors that affect the product under
development, however, various studies have concluded that the main factor that
generates alterations are that are related to diet. The fetal programming of the
disease in adults derived from the mother’s diet (caloric overfeeding), has generated
some disorders such as behavioral modulation, obesity, coronary disorder, type 2

diabetes, and mental disorders such as schizophrenia (8,236,237).

Genetics factors.

Thanks to the new techniques and devices that allow the study of the genome,
it has been possible to determine that many genes are involved in most diseases
and neurodegenerative ones. Mutations in DNA have been considered the main
factors in generating the transmission of schizophrenia through generations
(238,239). However, it appears that schizophrenia is a multifactor disease.

To determine the impact of genes, comparative and integrative analyzes have

been carried out in human brains and animal models. For example, a relationship
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was reported between structural changes in the brain of patients suffering from
schizophrenia and 32 polymorphisms of DNA, which are located in 30 genes related
to neurogenesis and brain development (239). Moreover, it has been shown that the
quaking gene (QKI) has an important relationship with the mRNA expression of six
genes that are present in oligodendrocytes PLP1, MAG, MBP, TF, SOX10 and
CDKN1B. This was determined by comparing brains from healthy subjects and
subjects with schizophrenia; the real-time RT-PCR evaluation concluded a high
proportion of expression of the genes mentioned above in healthy subjects.
However, in samples from patients with schizophrenia, the mRNA expression levels
of myelin-related genes (PLP1, MAG and TF) decreased significantly, around 68%
to 96%. This evidence indicates that the gene QKI is essential for the optimal
development of the oligodendrocytes, in addition, alterations in the functioning of the
gene produce changes in the formation of myelin and, consequently, the generation
of schizophrenia (240).

On the other hand, some hypotheses suggest that schizophrenia could be
based on irregular neuronal migration, since the optimal functioning and
development of brain structures depends on this, research has been focused on
analyzing genes responsible for this process. For the generation of this study, a
genotyping of SNP tags was performed in 18 genes involved in cytoskeletal
adhesion and rearrangement. Thanks to the results obtained, it was possible to
identify the MDGA1 gene as a candidate for susceptibility to the development of
schizophrenia, which is involved in adhesion and migration processes (241).

Furthermore, the role of the gene NRG-1 has been studied extensively, as

this plays a very important role in the development of schizophrenia (242). As for
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neuregulins, proteins encoded by NRG-1, are proteins that exert their effect through
erbB receptors, which are coupled to the tyrosine kinase response. It is important to
mention that the functioning of this protein is highly related to the physiopathology of
schizophrenia, since it could be related to the control of the expression of glutamate,
GABA\, and acetylcholine receptors (243—-245). Finally, it has been shown that it is
also responsible for the optimal development of oligodendrocytes (246).

As previously described, various genetic factors promote the development of
schizophrenia, however, the basis for the development of this disease has not yet

been established.

Role of glutamate in schizophrenia: Deciphering the
origin of the disease.

As we can see, there are a wide variety of factors that might contribute to the
development of schizophrenia. However, one component that has been consistently
observed changes in the glutamatergic pathway. Nevertheless, it has not been
possible to determine the full role of all glutamatergic components (receptors,
transporters, and metabolism) on this disorder. To date, alterations in NMDA
receptor activity, changes in the expression of glutamate transporters, and variations
in vesicular glutamate transporters have been reported (247-249).

It has been possible to establish a hypofunction of NMDA receptors since,
through antagonists, it was possible to mimic the phenotype of schizophrenia (247).
Through the use of the anesthetic ketamine, a non-competitive NMDA receptor

blocker, it was observed that at low doses (10, 20, and 30 mg/kg) increased
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glutamate and dopamine levels. It is important to mention that this increase was
registered in the prefrontal cortex and a rat model (250). Furthermore, ketamine has
been used to generate models of schizophrenia in rats and mice (249-251). After
noticing this pattern of glutamate release by blocking the NMDA receptor, it can be
inferred that this increased release has consequent overstimulation of the other
glutamate receptors, which might affect neuronal circuits functioning and might
explain the altered pattern of behavior and cognition of schizophrenic patients
(23,252). Regarding this glutamate dysregulation generated by ketamine, it should
be considered as a coordinated event with other cellular structures and not as an
isolated event, since, through correlation studies, it was possible to establish that
mechanisms of calcium regulation through PMCA and postsynaptic density protein
95 (PSD95) are also involved in this process (249).

Another structure that is altered is the vesicular glutamate transporter
(VGLUT). Using the Northern blot technique, it was possible to identify a decrease
in VGLUT 1 mRNA in the hippocampal formation and the dorsolateral prefrontal
cortex in the brains of patients with schizophrenia (253) . Moreover, a reduction in
the expression levels of VGLUT-1 was observed in the rat depression model,
suggesting, that this cellular component must be considered for the study of
schizophrenia (254).

In addition, a reduction in complexin 1 and complexin 2 mRNA was also
detected. The decrease in these proteins was observed in the superior temporal
cortex, the dorsolateral prefrontal cortex (253).

As described above, the role of glutamate transporters plays an important role

in maintaining optimal extracellular glutamate concentrations. Therefore, any
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alteration that these suffer is important to consider. In this regard, postmortem brains
of schizophrenia patients showed decreased glutamate transporters in astrocytes
GLT-1 and GLAST in the superior temporal gyrus (255).

On the other hand, the decrease of GLT-1 and GLAST in the mediodorsal
nucleus of the thalamus was also reported through the use of western blot.
Furthermore, a compensatory pattern was observed, which consists of an increase
in the expression of neuronal transporters in response to a decrease in the
expression of transporters present in astrocytes (256). In addition, alterations have
also been found at the post-translational level since lower glycosylation of the GLT-
1 and GLAST transporters was identified. This study, like the previous ones, was
carried out in human brains and was determined by western blot, however, it was

detected by comparison of molecular weight (257,258).

The schizophrenia Ketamine model.

Evidence suggests that ketamine generates alterations in particular brain
regions, such as the cortex, hippocampus, and midbrain (259-261). Also, some
studies demonstrate that continuous administration of ketamine for fourteen days
generates a phenotype similar to schizophrenia (262,263). As ketamine is an
antagonist of NMDA receptors, we can explore how glutamatergic transmission is
affected during this treatment. A reduction in the activity of these receptors by
ketamine might induce a change in the presynaptic release of glutamate, which
might affect the expression of glutamate transporters in neurons and astrocytes.
Following this hypothesis, there is evidence indicating a decrease in the expression

of the glutamate transporter GLT-1 and EAAT-3 due to the use of ketamine in the
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hippocampus. However, the protocol on which they are based only refers to 5
continuous days of administration of ketamine, to mimic the depression phenotype.
It is worth mentioning that these experiments were carried out in rats and the western
blot technique was used to quantify the changes in the expression of the transporters

(264).
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Justification

As described above, alterations in glutamatergic transmission occur during
schizophrenia. As the ketamine pharmacological model showed changes in
glutamate release, it is possible that changes in the expression of glutamate
transporters might take place, as they keep optimal extracellular glutamate
concentrations avoiding harmful processes such as excitotoxicity. For this reason, it
is important to explore the expression levels of the different glutamate transporters

induced by ketamine.

Hypothesis.

Chronic treatment with ketamine generates an increase in the expression

levels of GLAST and SLC7A11 / xCT transporters in the mouse hippocampus.

AlIM.

To evaluate the effect of the chronic inhibition of NMDA receptors by
ketamine, a pharmacological model of schizophrenia, on the expression levels of

glutamate transporters in the mouse hippocampus.
Particular objective.

1. To measure the expression levels of the astrocytic transporter GLAST in

the hippocampus after the chronic administration of ketamine.
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2. To evaluate the expression levels of the transporter SLC7A/XCT in the
hippocampus in response to the chronic inhibition of NMDA receptors by

ketamine.
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Chapter 1
Determination of the expression levels of the glutamate
transporters GLAST and SLC7/xCT in the ketamine

schizophrenia model.

Abstract.

The glutamate transporters play an important role in maintaining optimal extracellular
glutamate concentrations, generating a correct neuronal function and avoiding
harmful processes such as excitotoxicity. The analysis of these transporters is
important since alterations in their functioning or expression levels have been
reported in neurodegenerative diseases and mental disorders. Schizophrenia has
been extensively studied to understand its pathophysiology and molecular
mechanisms further and develop effective treatments. In the present work, we used
the chronic inhibition of NMDA receptors by ketamine as a pharmacological model
of schizophrenia to determine if this treatment alters the expression levels of the
glutamate transporters (GLAST and SLC7A11/xCT). Our results indicated that while
no changes in the expression level of GLAST occur, ketamine treatment increase
the expression levels of SLC7A11/xCT expression in the hippocampus. As
SLC7A11/xCT transporter contributes to the cysteine uptake to synthesize the
antioxidant glutathione, an increase in the levels of this transporter might suggest
that ketamine treatment might favor the production of oxidative stress. Further
experiments are needed to explore this possibility and if ketamine alters other
glutamate transporters.

Keywords: Glutamate, ketamine, schizophrenia, astrocytes.
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Material and methods.
Ketamine model.

Mice were obtained from Circulo ADN SA de CV (Mexico City) and kept at the
IPICYT under controlled humidity, temperature (22° C), with access to food and
water ad libitum and 12h light/dark cycle. An assorted number of female and male
mice were used. For the pharmacological model of schizophrenia, ketamine was
intraperitoneally administered at a dose of 30 mg / Kg for 14 days, and control mice
received an intraperitoneal injection of 0.9% sterile saline solution for 14 days. One
day after the chronic treatment with ketamine, mice were anesthetized with sodium
pentobarbital 10 mg / kg. After verifying the loss of sensitivity confirmed by a reflex
scanning, the brain was removed and the hippocampus was dissected and kept at -
-80°C until processing the sample to evaluate the changes in the expression of
glutamate transporters by RT-qPCR.

For the experimental part of this work, a total of 3 mice in each group was

used, the hippocampus for each hemisphere was processed separately.

RT-qPCR

The sample was frozen with liquid nitrogen and homogenized with the help of
a potter’s mortar. For total RNA extraction, TRIzol and phenol-chloroform were used.
Subsequently, complementary deoxyribonucleic acid (cDNA) was synthesized from
total RNA (1 ug). A volume of 20 yl was considered using a commercial cDNA

reverse transcription kit (Thermo Scientific). A cDNA adjustment (500 ng / yL) was
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performed. With the help of a CFX96 (Bio-rad) real-time system, real-time PCR was
carried out. Finally, the reaction volumes were adjusted as follows: 2.5 pL of cDNA,
5 pyL of Maxima SYBR Green Master Mix 2x (Thermo Scientific), 0.3 yL of each
primer in a concentration of 10 yM, and 1.9 mL H20 DEPC. The primer sequences
used for GLAST, SLCxCT, and BActin are shown in Table 2. The conditions of the
RT-gPCR reaction were established according to the validation of the primers.
Results were obtained by normalizing each sample to its endogenous control

2-AACt

(BActin gene). For the analysis, the method was used, to obtain the relative

expression of each mRNA relative to its control.

Primers design.

To determine changes in glutamate transporters expression, we design
primers according to their nucleotide expression sequence. Using the Uniprot
database, we found the glutamate transporters sequences, after that, we made a
BLAST (tblastn) to generate the nucleotide sequence. Once the nucleotide
sequence was obtained using ApE software, the primers were designed according
to special features, such as Tm: 50-60°, G-C 40-60%, and an amplification range of
80-150 pb. Also, these primers were corroborated with idt dna software to avoid the

formation of secondary structures (Table 1).
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Table 1. Primers for the study of glutamate transporters.

Primers
Name Sequence
GLAST F-GCAGATGCCTTCCTGGATTT
R-GTGTTTCGTTGGACTGGATAGG

SLC7A11/xCT F-CTTCGATACAAACGCCCAGATA
R-CTGAATGGGTCCGAGTAAAGAG
BActin F-CAGCCTTCCTTCTTGGGTATG

R-GGCATAGAGGTCTTTACGGATG

Primer Validation.

Tm
58.23
59

58.29
58.21

58.35
58.35

G-C%
50
50

45.45
50

52.38
50

Amplification
127

119

99

To establish the optimal conditions for the RT-qPCR reaction and confirm that

the amplification products only corresponded to the sequence of our interest, the

validation of our primers was carried out. The validation data of fActin, GLAST and

SLC711A/xCt is shown in the following graphs (Fig. 4, 5 and 6) through the

amplification curve, melt curve, and melt peak. In addition, six different temperatures

were tested to determine which one would have the best efficiency.
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Fig. 4.- BActin primer validation. The following graphs show A) the amplification

curve, B) melt curve and C) melt peak. For the generation of these curves, the

following temperatures were used 56.7, 58, 60, 64.3, 65.5 and 66 °C. The green

curves represent the amplification, melt curve, and melt peak obtained for each

temperature tested; the red curve is the NTC sample. The temperature of 56.7° C

provided the best efficiency and was used for the experiments. The melt curve

conditions were 65° C to 95° C (increment of 0.5° C for 0.05 sec).
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Fig. 5.- GLAST primer validation. The following graphs show A) the amplification

curve, B) melt curve and C) melt peak. For the generation of these curves, the

following temperatures were used 56.7, 58, 60, 64.3, 65.5 and 66 °C. The green

curves represent the amplification, melt curve and melt peak obtained for each

temperature tested; the red curve is the NTC sample. The temperature of 56.7° C

provided the best efficiency and was used for the experiments. The melt curve

conditions were 65° C to 95° C (increment of 0.5° C for 0.05 sec).
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Fig. 6.- SLC711A/xCt primer validation. The following graphs show A) the

amplification curve, B) melt curve and C) melt peak. For the generation of these

curves, the following temperatures were used 56.7, 58, 60, 64.3, 65.5 and 66 °C.

The green curves represent the amplification, melt curve and melt peak obtained for

each temperature tested; the red curve is the NTC sample. The temperature of 56.7°

C provided the best efficiency and was used for the experiments. The melt curve

conditions were 65° C to 95° C (increment of 0.5° C for 0.05 sec).

The number of reagents and biological material used for the validation of the primers

was adjusted to a final volume of 10 pL of which 2.5 yL are cDNA, 5 yL of Maxima

SYBR Green Master Mix 2x (Thermo Scientific), 0.3 pyL of each primer (in a
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concentration of 10 yM), and 1.9 mL H20 DEPC. The conditions of the RT-qPCR
reaction were the following: pre-heating (95 °C for 10 min.), denaturation (95 °C for
15 sec.), primer annealing (56.7° C for 20 sec) and elongation (72.0° C for 40 sec),

and 49 cycles were carried out.

Statistical analysis.

The data were analyzed using the Graph-Pad Prism program (GraphPad
Software Inc., San Diego, CA). Initially, a normality test was carried out, and if the
data were parametric, an unpaired t-test was performed. If data failed the normality
test, then data were analyzed by a Mann-Whitney U test. All values were presented

as mean + SEM. A significant difference was considered when the p-value is <0.05.
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Results and discussion.

Results.

As mentioned earlier, a decreased function of NMDA glutamate receptors
might contribute to the development of schizophrenia, which perhaps might alter the
levels of glutamate in the synaptic cleft (263), suggesting that changes in the
glutamate transporters might also occur. According to the RT-qPCR analysis, similar
levels of GLAST expression occur between the control group and group that
received ketamine (30 mg / Kg for 14 days; Figure 4, left-hand side; p=0.6172). For
the SLC7A11/xCT, the chronic inhibition of NMDA receptors induced a statistically
significant increase in the expression of these transporters in the hippocampus

(Figure 7, right-hand side; p=0.0458).

A) GLAST/Hippocampus B) xCT/Hippocampus
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Fig. 7.- Expression levels of GLAST and SLC7A/xCT in the hippocampus
after ketamine treatment. Changes in gene expression levels of the glutamate

transporter GLAST (A) and the cysteine / glutamate transporter (B) are shown after
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the administration of ketamine for 14 days. GLAST (p=0.6172) and SLC7A11/xCT
(p= 0.0458). The significant difference between the control and ketamine groups is
shown with an asterisk (* p-value is <0.05). In A, data were analyzed by Mann-

Whitney U test. and in B, data were analyzed by unpaired t-test
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Discussion.

It is now known that alterations in the glutamatergic pathway play a very
important role in developing neurodegenerative diseases and mental disorders. This
study analyzes the possible changes in the mRNA encoding the glutamate
transporters GLAST and SLCA711 / xCT in the mice hippocampus after the
pharmacological inhibition of NMDA receptors with ketamine to understand whether
glutamate reuptake mechanisms are affected by the chronic inhibition of NMDA
receptors. Our results showed that there are no significant changes in the expression
levels of GLAST mRNA in the hippocampus, which suggests that astrocytic
glutamate transporters might not contribute to the alterations elicited by the chronic
ketamine treatment. However, to corroborate this possibility, we next should
evaluate the changes in the GLT-1. Unfortunately, this was one of the aims of this
project, but we had issues with the primer we developed. Nonetheless, this is an
important component that needs to be further explored in different brain regions.

For the SLC7A11 / xCT transporters, we observed that chronic inhibition of
NMDA receptors with ketamine-induced a significant increase in the expression of
this transporter in the hippocampus. As SLC7A11 / xCT contributes to increasing
glutathione synthesis through the co-transport of cystine by glutamate into the cell
for subsequent metabolism, we could consider that treatment with ketamine could
involve the generation of free radicals and that perhaps the increase of SLC7A11 /
xCT expression could help protect against this damage. However, more studies are
needed to explore this possibility.

According to the validation parameters of the primers for each gene, we
obtained results that indicated a specific amplification of our sequence of interest.
As amplification products were detected in the brain samples, we can conclude that
all procedure was adequate.

This study focused on the hippocampus, but it should be considered that
changes in glutamate transporters in other brain areas might occur after the
ketamine administration. For example, in some regions of the temporal lobe of

elderly patients with schizophrenia, there is a decrease in GLAST and GLT-1 (255).
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Perhaps, glutamate transporters from other brain regions are more vulnerable
to ketamine-induced changes. Furthermore, it was reported that higher doses of
ketamine (50 mg / kg) reduced the expression of glutamate transporters in the
hippocampus (265), which might also be a factor to consider for future experiments.
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Conclusions.

Glutamate is the main excitatory neurotransmitter and it has a very important
role in regulating various neuronal processes, and failure in the functioning of its
components contributes to the development of neurodegenerative diseases and/or
mental disorders. Given our current results, we observed that the chronic treatment
with ketamine increased the expression levels of the SLC711A / xCT transporter. As
SLC7A11 / xCT contributes to increasing the synthesis of the antioxidant glutathione
through the co-transport of cystine by glutamate, our results suggest that ketamine
treatment might lead to increased free radical production and possibly oxidative
damage. In this sense, the increased expression of SLC7A11 / xCT might be a
possible protection system. On the other hand, no change in the expression levels
of GLAST was observed. However, it would be important to consider studying other
transporters, for example, GLT-1 and EAAT-3, to understand the impact of ketamine

on the glutamate reuptake system.
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Annexed
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“Revealing the contribution of astrocytes to
glutamatergic information processing”.

Keywords: Gliotransmission, Glutamate, Connexins, Calcium, P2X, ATP,
Purinergic signaling.

Abstract

Traditionally, glutamatergic neurotransmission primarily focused on the role of
presynaptic and postsynaptic neurons, while astrocytes were thought only to provide
what neurons need to ensure successful information flow. However, new evidence
indicates that astrocytes contribute actively and even can regulate neuronal
transmission at different levels. This review first provides a detailed description of
the different glutamatergic components in both neurons and astrocytes. Next, we
describe the evidence indicating that astrocytes might modulate or otherwise
influence neuronal transmission in a more active and sophisticated way than
previously thought. Finally, we elaborate on how extracellular ATP, together with
glutamate, emerges as a key component that allows astrocyte modulation of energy
metabolism, synaptic transmission, and cellular response during physiological and
pathological conditions. The discoveries about astrocytes’ role in glutamatergic
neurotransmission have allowed us to better understand the complex network of
neuron-astrocyte interactions. However, the contribution of astrocytes during
specific behaviors remains to be elucidated. A full understanding of the astrocyte’s
role in physiological and pathophysiological processes such as neurodegenerative

diseases will greatly impact the development of new therapeutic applications.
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