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Gamma-aminobutyric acid (GABA)
promotes recovery from spinal cord
injury in lampreys: role of GABA
receptors and perspective on the
translation to mammals

In mammals, spinal cord injury (SCI) is a devastating event that can lead to a
permanent loss of motor, sensory and autonomic functions below the site of
injury. In the last years, the role of different neurotransmitter systems on re-
generation and recovery from SCI has been deciphered. For example, studies
in lampreys have shown that neurotransmitters play a key role in modulating
the survival and regeneration of brainstem descending neurons after SCI (Ro-
maus-Sanjurjo et al., 2018; Sobrido-Camean et al., 2018). Glutamate is known
to play a prominent role after SCI since it causes excitotoxicity to non-injured
neurons during the secondary phase after a traumatic injury both in mam-
mals and lampreys (Ferndndez-Lopez et al., 2014). In contrast, recent work
in lampreys has shown that y-aminobutyric acid (GABA) can play a neuro-
protective and pro-regenerative role after SCI (Romaus-Sanjurjo et al., 2018).
GABA is the main inhibitory neurotransmitter in the central nervous system
(CNS) of vertebrates, and acts through both metabotropic G-protein-coupled
GABARB receptors, and ionotropic ligand-gated chloride channel GABAA re-
ceptors. Here, we discuss recent work from our group and others on the pos-
sible role of different GABA receptors in neuronal survival and regeneration
after SCI and provide a perspective on future work in this field.

Endogenous GABA promotes neuronal survival and axon regeneration
after SCI in lampreys: In contrast to mammals, lampreys spontaneously re-
cover normal appearing locomotion after a complete SCI. Functional recovery
occurs in part because, approximately, 50% of lamprey descending neurons
regenerate their axons after a complete SCI. The brainstem of lampreys con-
tains 36 descending giant neurons that can be identified individually. Inter-
estingly, these neurons show different survival and regenerative abilities after
SCI, even when their axons run in the same spinal cord environment. This
offers an interesting vertebrate model in which to inhibit or promote neuronal
survival and regeneration in the same in vivo preparation after SCIL.

In lampreys, GABA is massively released after a complete SCI and it ac-
cumulates around some of the axotomized axons of reticulospinal neurons
(Ferndndez-Lopez et al., 2014). Moreover, we found a significant correlation
between GABA accumulation and a high survival ability of the corresponding
neurons (Ferndndez-Lopez et al., 2014). These initial results led us to study
the possible role of GABA as a neuroprotectant and/or pro-regenerative
factor after SCI in lampreys. In a recent article, we showed that endogenous
GABA promotes the survival and axon regeneration of identifiable descend-
ing neurons of lampreys after a complete SCI (Romaus-Sanjurjo et al., 2018).
Treatments with GABA [or GABOB (a GABA analogue)] and baclofen (a
GABAB agonist) inhibited caspase activation and promoted axonal regener-
ation in identifiable reticulospinal neurons after a complete SCI in lampreys.
Moreover, a morpholino treatment showed that endogenous GABA acts as a
pro-regenerative factor by activating GABAB receptors expressed in descend-
ing neurons after a complete SCI in lampreys (Romaus-Sanjurjo et al., 2018).
Now, it would be of interest to understand the contribution of different GABA
receptors in this process and the secondary pathways activated by these recep-
tors in injured neurons.

Role of GABAB receptors after CNS injuries: GABAB receptors are obliged
heterodimeric G protein-coupled receptors composed of two receptor sub-
units, GABAB1 and GABAB2. The GABABI subunit is responsible for GABA
binding, while the GABAB2 subunit mediates the G-protein response. Once
GABA binds to a GABAB receptor, the Gai protein is activated, which inhib-
its adenylyl cyclase and inactivates voltage-dependent Ca* channels (VDCCs)
(Mele et al., 2016).

As far as we are aware, there are no functional reports studying the role of
GABARB receptors after a SCI in mammals. Only a few articles have reported
studies on the expression of GABAB receptors after different types of brain
injuries. These studies reveal that, in the brain of mammals, the expression
of GABAB subunits decreases after injury (Huang et al., 2017). Interestingly,
this study also reported the neuroprotective effect of elevating GABAB ex-
pression after ischemic damage in rats (Huang et al., 2017). In lampreys, the
expression of the gababl subunit increases in identifiable descending neurons
after a complete SCI (Romaus-Sanjurjo et al., 2018). Giving the regenerating
nature of lampreys, this observation agrees with the results of Huang et al.
(2017) and supports the idea that GABA signaling through GABAB receptors

is beneficial for neuronal survival after injury. In our recent work in lampreys,
we showed that a treatment with baclofen decreased caspase activation and
promoted axonal regeneration in reticulospinal neurons after a complete SCI
(Romaus-Sanjurjo et al., 2018). The question that remains to be answered is:
how are GABAB receptors promoting neuronal survival and axon regenera-
tion? We have proposed that GABA acting through GABARB receptors could
compensate the increase in intracellular Ca™, which is mainly caused by mas-
sive glutamate release after injury. This would protect neurons against excito-
toxicity, which in turn would allow for the activation of axonal regeneration
mechanisms after SCI (Romaus-Sanjurjo et al., 2018). Future work should
analyze changes in gene expression elicited by baclofen in injured neurons to
find new genes involved in neuronal survival and axon regeneration in these
animals. A recent data article from our group has also shown that a muscimol
(a GABAA agonist) treatment also decreased caspase activation in identifiable
descending neurons after a complete SCI in lampreys (Sobrido-Camean et al,
2018).

Roles of GABAA receptors and cation-chloride co-transporters after
injury: are they a possible target to promote neuroprotection and/or re-
generation after SCI? The GABAA receptor is a pentamer forming a chloride
ion channel. GABA binding opens the chloride ion channel, hyperpolarizing
mature neurons. In mammals, 19 distinct genes encode GABAA receptor
subunits (al-6, B1-3, y1-3, §, €, m, p1-3, 7). This allows for many different
combinations, with different pharmacologic and ion channel properties,
which are expressed in different neuronal populations, and even with different
membrane locations in a given cell (Mele et al., 2016).

In the CNS, the maintenance of the intracellular concentration of chloride
([CI'];) depends mainly on cation-chloride co-transporters. The cation-chlo-
ride co-transporters family is composed of three groups: Na'-Cl co-trans-
porters, Na'-K"-2Cl" co-transporters (NKCCs), and K'-Cl" co-transporters
(KCCs). Na™-CI co-transporters are not expressed in the nervous system. Na'-
K"-2CI" co-transporters have two isoforms, NKCC1 and NKCC2, of which
only NKCCl is expressed in the CNS (neurons, glial cells, choroid plexus and
vascular endothelial cells). While the function of NKCC1 is to increase the
[CI'],, the different isoforms of KCCs (KCC1-4) are responsible for decreasing
the [CI'];. Of these KCCs isoforms, KCC2 plays a key role in mature neurons,
where it is responsible for the low [CI]; of these cells (Figure 1A).

A study by Naik et al. (2012) showed that the application of muscimol
to the dorsal root ganglion of rats restored protein expression of peripheral
myelin protein 22, which is a protein of the basal lamina that plays a key role
in peripheral myelin formation and nerve regeneration. Our recent results
in lampreys have shown that a treatment with muscimol decreased caspase
activation in identifiable reticulospinal neurons after a complete SCI (So-
brido-Camedn et al., 2018). Together, these results suggest that activation of
GABAA receptors has a beneficial effect after a nervous system injury.

It has been well documented that, under certain circumstances, as during
development or after CNS injury, GABAA receptor activation causes neuro-
nal depolarization (Payne et al., 2003). In immature neurons, there is a high
expression of NKCC1 and a low expression of KCC2, which leads to a higher
[CI']; compared to the extracellular concentration of chloride ([Cl].), result-
ing in a net efflux of this ion and neuronal depolarization after the activation
of the GABAA receptor-coupled channel. This depolarization also leads to an
activation of VDCCs, which increases [Ca®'],. This is needed for neuronal dif-
ferentiation, growth and maturation. After CNS injuries, there is a downregu-
lation of the KCC2 protein and no change in the expression of NKCC1 (Figure
1B), which increases the [Cl']; leading to depolarizing GABAA receptor-me-
diated responses, like during development (Pa;rne et al,, 2003) (Figure 1B). It
has been shown that the GABAA-induced [Ca™]; increase is required for neu-
rons to become dependent on brain- derlved neurotrophic factor (BDNF) for
survival (Shulga et al., 2008). BDNF acting through the TrkB receptor is es-
sential for the in vivo survival of lesioned corticospinal neurons. Subsequently,
BDNF also causes an upregulation in KCC2 expression of lesioned corticospi-
nal neurons to prevent depolarizing GABAA-mediated responses (Shulga et
al., 2008). This suggests that injured neurons need to reactivate developmental
programs to promote neuronal survival and regeneration after injury. We pro-
pose a scenario in which there is a balance and timing in the influence of the
different GABA receptors. Immediately after SCI, GABAB receptors would
protect against the toxic excess of Ca’* ions by inactivating VDCCs. Then, de-
polarizing GABAA responses would activate VDCCs triggering BDNF release
(Figure 1B), which activates TrkB receptors and promotes neuronal survival
(Figure 1B’). BDNF would also lead to the upregulation of KCC2 expression
to return to “normal” hyperpolarizing GABAA-mediated responses (Figure
1B’).

B Subunits, u2 subunit, and § subunit have a critical motif for GABAA
receptor interaction with the adaptor protein 2 (AP2). When this motif is
dephosphorylated, AP2 binds to GABAA receptors and triggers internaliza-
tion. Phosphorylation by protein kinase A, protein kinase C, and calcium/
calmodulin-dependent kinase II increases surface levels of 3 subunit contain-
ing GABAA receptors. It is known that in developing neurons BDNF release
is triggered by depolarizing GABAA receptors, and this BDNF activates the
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TrkB pathway resulting in a higher phosphorylation of GABAA receptors via
protein kinase C (Mele et al.,, 2016). Interestingly, a study in lampreys revealed
the existence of stronger tonic GABAA receptor-mediated currents after
SCI (Svensson et al., 2013). This could be due to a higher surface presence of
GABAA receptors caused by the activation of the BDNF/TrkB pathway and a
subsequent increased phosphorylation of GABAA receptors (Figure 1B’). The
increased membrane presence of GABAA receptors could favor the recovery
process after SCIL. Future studies should experimentally test these hypotheses
in the SCI situation.

Future directions: As shown here, recent studies in lampreys suggest a bene-
ficial role for GABAergic signaling through both GABAA and GABAB recep-
tors after SCI. Now, it would be interesting to test if a combinatorial treatment
with baclofen and muscimol can improve neuronal survival, regeneration
and functional recovery after SCI in mammals. As proposed here, an acute
treatment with baclofen could protect against excitotoxicity after SCI. Then,
a treatment with muscimol could activate BDNF release and further promote
neuronal survival. The study of possible interactions between GABAA and
GABAB receptor signaling will reveal molecular pathways with important
implications for SCI patients.

The study of the cation-chloride co-transporters NKCC1 and KCC2 as
therapeutic targets also offers a new way to find treatments for SCI patients.
In fact, recent results have shown that a treatment with a KCC2 agonist was
able to facilitate the relay of brain inputs towards the lumbar spinal cord after
a SCI in mice (Chen et al., 2018). So, the pre-clinical development of phar-
macological treatments targeting cation-chloride co-transporters might be a
promising approach in SCI research.
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Figure 1 Role of NKCC1 and KCC2 cotransporters in the effect
of CI” flow through GABAA receptor.

(A) In a normal situation, the expression of both cotransporters
leads to a higher [CI], compared to the [Cl'];. This results in
neuronal hyperpolarization when GABAA receptors are acti-
vated, which inactivates VDCC channels. (B) After injury, the
expression of KCC2 cotransporter decreases, leading to a higher
[CI']; compared to the [CI'],, which results in depolarizing GAB-
AA receptor-mediated responses. This depolarization activates
VDCC channels, which increases [Ca®']; promoting the synthesis
and release of BDNE. (B’) BDNF acts through TrkB receptors and
triggers different signaling pathways for neuronal survival and
reverts GABA signaling to the “normal” situation: (1) BDNF de-
creases caspase-9 activation, promoting cell survival; (2) BDNF
upregulates the expression of KCC2, restoring the “normal”
[CI']; that leads to hyperpolarizing GABAA receptor-mediated
responses; (3) the binding of BDNF with TrkB receptor can also
result in the activation of protein kinase C, which phosphorylates
GABAA receptors increasing their presence in the cell surface.
PI-3K: Phosphoinositide 3-kinase; Aktl: RAC-alpha serine/thre-
onine-protein kinase (protein kinase-B); NKCC1: Na'-K"-2CI”
co-transporter 1; KCC2: K'-Cl” co-transporter 2; GABA: y-ami-
nobutyric acid; VDCC: voltage-dependent Ca’* channel; BDNE:
brain-derived neurotrophic factor; PKC: protein kinase C.
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