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Abstract

Vascular endothelial growth factor (VEGF) was discovered by its angiogenic activity. However, during
evolution, it appeared earlier as a neurotrophic factor required for the development of the nervous
system in invertebrates lacking a circulatory system. We aimed at reviewing recent evidence indicating
that VEGF has neuroprotective effects in neurons exposed to a variety of insults. Of particular interest
is the link established between VEGF and motoneurons, especially after the design of the VEGF*®
mutant mice. These mice are characterized by low levels of VEGF and develop muscle weakness and
motoneuron degeneration resembling amyotrophic lateral sclerosis. The administration of VEGF
through several routes to animal models of amyotrophic lateral sclerosis delays motor impairment
and motoneuron degeneration and increases life expectancy. There are new recent advances in the
role of VEGF in the physiology of motoneurons. Our experimental aims use the extraocular (abducens)

Low VEGF Levels and Motoneuronal Degeneration:

Lessons from Transgenic Animals 1692 motoneurons lesioned by axotomy as a model for studying VEGF actions. Axotomized abducens
: e motoneurons exhibit severe alterations in their discharge activity and a loss of synaptic boutons.
Xl“;ucgirjgmmGWth”Mmmwmw 1692 The exogenous administration of VEGF to axotomized abducens motoneurons, either from the
- transected nerve or intraventricularly, fully restores the synaptic and discharge properties of abducens
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delivered from the muscle to intact, uninjured abducens motoneurons, these cells display alterations
in their discharge pattern and a loss of synaptic boutons that resemble the state of axotomy. All these
data indicate that VEGF is an essential neurotrophic factor for motoneurons.
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Introduction (Nicoletti et al., 2008), improves the behavioral deficits of status epilepticus

In last recent years, numerous investigations have widely revealed the
important role played by neurotrophic factors, both in the development of
the nervous system and the maintenance of the structural and functional
phenotype of mature neurons, and particularly as mediators of neuronal
plasticity induced by lesion or learning (Castrén 2013; Lewin and Carter,
2014; Xiao and Le, 2016; Lien et al., 2020). Neurotrophic factors are proteins
secreted by target cells, which travel retrogradely towards their innervating
neurons, where they regulate a myriad of biochemical, morphological,
and physiological properties. The source of neurotrophic factors can also
be anterograde (from afferents), paracrine (from glial or nearby neuronal
cells), and autocrine (from the neuron itself). Among the variety of functions
described for these molecules, the following can be highlighted: i) the
regulation of ionic channels and thereby neuronal membrane excitability
(Mitre et al., 2017); ii) synaptogenesis and the stabilization of synapses
(Vicario-Abejon et al., 2002); iii) structural and functional changes operating
during synaptic plasticity (Kowianski et al., 2018); and iv) stimulation of axonal
regeneration (Bendella et al., 2018).

Among the neurotrophic factors of greatest interest currently in Neuroscience
is the vascular endothelial growth factor (VEGF). VEGF was initially
characterized by its proliferative activity on endothelial cells, acting on the
vascular system by promoting vasculogenesis, angiogenesis, and increased
vascular permeability (Yancopoulus et al., 2000; Apte et al., 2019). In addition
to its well-characterized effects on blood vessels, there is extensive evidence
indicating that VEGF is also a neuroprotective factor. For instance, VEGF
protects hippocampal neurons from cell death after an induced seizure

(Urefia-Guerrero et al., 2020), and the brain damage caused by ischemia (Yang
et al., 2018). Interestingly, it also promotes the regeneration of sectioned
nerves (Beecher et al., 2018; Ding et al., 2018; Theis and Theiss, 2018; Xu
et al., 2022). It also acts as a cellular rescuing factor in animal models of
neurodegenerative diseases, such as Alzheimer’s disease (Guo et al., 2019;
Urefa-Guerrero et al., 2020), and Parkinson’s disease (Yasuhara et al., 2005).

It is important to outline that the more recently discovered neurotrophic
activity of VEGF appears to be evolutionarily more ancient than its
angiogenic activity. Thus, invertebrate animals lacking blood vessels, such
as Caenorhabditis elegans, express VEGF at the neuronal level, acting as a
necessary molecule for the development of the nervous system. The same
occurs in the fruit fly Drosophila melanogaster, which has a rudimentary
vasculature but requires VEGF for proper neuronal development (Zacchigna
et al., 2008).

This review aimed at revising the evidence that implies VEGF as a critical
neurotrophic and neuroprotective factor, with a special focus on motoneurons
and in particular on extraocular motoneurons.

Retrieval Strategy

The following inclusion criteria were used for literature screening: studies that
discussed the co-occurrence of VEGF and neuroprotection or neurotrophic
factors or receptors or motoneurons for literature search. English language
and full-text articles published between 1992 and 2022 were included in
this narrative review. Some oculomotor field articles older than 1992 were
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also quoted because they describe the seminal electrophysiological findings
of abducens motoneurons. The authors searched the PubMed database to
identify relevant publications by search terms. The authors screened the
reference list of included studies to identify other potentially useful studies.
Firstly, the authors screened the titles and abstracts, then, the full texts.

Vascular Endothelial Growth Factor Family and
Receptors

The members of the VEGF family are dimeric glycoproteins of a molecular
weight of around 40 kDa that have a high degree of homology with
each other. In mammals, the VEGF family is composed of five factors:
VEGF-A, VEGF-B, VEGF-C, VEGF-D, and the placental growth factor (PIGF).
The VEGF family has been implicated in numerous functions involving
angiogenesis, lymphangiogenesis, development of the nervous system and its
vascularization, neurogenesis, synaptic plasticity, neuronal electrophysiological
properties, neurotransmission, neuronal survival, and neuroregeneration (Ruiz
de Almodovar et al., 2009; Lladé et al., 2013; Chi et al., 2019; Kou et al., 2019;
Latzer et al., 2019). They have also been considered factors with a promising
therapeutic role in neurological diseases (Lange et al., 2016). VEGF-A was
the first member discovered, for its actions on the vascular system, and is,
therefore, the founding molecule of this family. The term VEGF refers to
VEGF-A and they are used synonymously in the literature. VEGF-A stands out
as the most studied VEGF family member, due to both its high angiogenic
activity and its role as a powerful neuroprotective factor (Silva-Hucha et al.,
2021). VEGF-B has weak angiogenic activity, but also exerts neuroprotection
and can restore physiological alterations induced by injury (Poesen et al.,
2008; Dhondt et al., 2011; Calvo et al., 2018). VEGF-C and VEGF-D promote
lymphangiogenesis, and PIGF acts under pathological conditions stimulating
angiogenesis (Laakkonen et al., 2019; Uccelli et al., 2019).

The signaling of VEGFs is mediated through binding to two classes of surface
membrane receptors: receptors with tyrosine kinase activity and receptors
lacking such activity. The first group comprises three structurally related
receptors characterized by an intracellular domain endowed by tyrosine
kinase activity, which are VEGFR-1 (Flt-1), VEGFR-2 (KDR/Flk-1), and VEGFR-3
(Flt-4). VEGF-A binds to VEGFR-1 and VEGFR-2, VEGF-B and PIGF bind to
VEGFR-1, and VEGF-C and VEGF-D interact with VEGFR-3 and VEGFR-2 (Table
1; Stevens and Oltean 2019; Malekan and Ebrahimzadeh, 2022). The best
characterized VEGFR is VEGFR-2 which is the major receptor mediating the
angiogenic and neuroprotective activity of VEGF. The role of VEGFR-1 is not
so clear, and it has been suggested that could act as a negative regulator of
VEGFR-2 acting as a “decoy receptor” that traps VEGF preventing excessive
activation of VEGFR-2 (Koch and Claesson-Welsh, 2012; Stevens and Oltean,
2019). VEGFR-3 is mainly involved in lymphangiogenesis (Takahashi and
Shibuya, 2005; Malekan and Ebrahimzadeh, 2022).

Table 1 | VEGF family ligands and receptors

Factor VEGF-A VEGF-B PIGF VEGF-C VEGF-D

Receptor VEGFR-1 VEGFR-1 VEGFR-1 VEGFR-2 VEGFR-2
VEGFR-2 NRP-1 NRP-1 VEGFR-3 VEGFR-3
NRP-1 NRP-2 NRP-1 NRP-1
NRP-2 NRP-2 NRP-2

NRP: Neuropilins; PIGF: placental growth factor; VEGF: vascular endothelial growth
factor.

In addition, VEGFs can also bind to receptors lacking tyrosine kinase activity,
which are named neuropilins (NRP): NRP-1 and NRP-2. They act as co-
receptors for VEGFR-1, VEGFR-2, and VEGFR-3, enhancing the binding of
VEGFs to VEGFRs and increasing the efficacy of VEGFR-mediated intracellular
signaling pathways. The specific ligands for NRPs are as follows: VEGF (i.e.,
VEGF-A) binds to NRP-1 and NRP-2, VEGF-B binds to NRP-1, PIGF binds to
NRP-1 and NRP-2, and VEGF-C and VEGF-D interact with NRP-1 and NRP-2
(Table 1; Lange et al., 2016; Mercurio, 2019; Stevens and Oltean, 2019).

The VEGF-A gene produces mRNA variants by alternative splicing, leading
to at least three major VEGF isoforms. The human VEGF isoforms contain
121, 165, or 189 amino acids. In rats and mice, these three proteins are
one residue shorter (i.e., 120, 164, or 188) (Micheli et al., 2021; Fico et al.,
2022). The present review will focus mainly on the VEGF, 4,44 isoform, unless
otherwise specified, which is the prevalent isoform in the study of VEGF
actions on neurons.

Low VEGF Levels and Motoneuronal

Degeneration: Lessons from Transgenic Animals

A finding of great interest regarding VEGF is the relationship established by
Oosthuyse et al. in 2001 between low levels of VEGF and amyotrophic lateral
sclerosis (ALS). ALS is a neurodegenerative disease that causes progressive
degeneration of the brainstem and spinal motoneurons, as well as cortical
neurons. Consequently, ALS leads to severe and progressive muscle weakness
with atrophy and paralysis, being generally fatal within 5 years after symptoms
onset. The majority of ALS cases are sporadic, and only 10% have a family

story, with a fifth of these caused by mutations in the gene encoding the
superoxide dismutase (SOD1) (Morrice et al., 2018; Liu et al., 2022; Ruffo et
al., 2022; Verma et al., 2022). The etiology of ALS is still unclear and several
processes have been implicated in its pathogenesis such as oxidative stress,
excitotoxicity, protein aggregation, glial cell toxicity, cytoskeleton alterations,
and lack of trophic factors (Robberecht and Philips, 2013; Valko and Cieslac,
2019; Raffaele et al., 2021; Dhasmana et al., 2022; Liu and Henty-Ridilla,
2022). Rodents expressing a mutant SOD1 protein develop pathological
features that resemble ALS. SOD1 transgenic mice and rats constitute thus
a classical model for ALS investigations (Tovar-y-Romo et al., 2009; Todd and
Petrucelli, 2022). Some studies have demonstrated a decrease in VEGF and
VEGFR-2 levels in the spinal cord of SOD1 ALS mice (Lu et al., 2007; Lund et
al., 2009).

The link between VEGF and ALS was established after the design of the
transgenic VEGF®® mutant mice, which is characterized by the deletion of
the hypoxia response element in the promoter region of the VEGF gene
(Oosthuyse et al., 2001). Hypoxia is a potent stimulator of VEGF transcription,
and thereby VEGF”® mutant mice lose the ability to increase VEGF levels in
hypoxic situations. Surprisingly, this alteration caused them to develop early-
onset motoneuron degeneration in adulthood. They exhibit progressive
severe signs of muscle atrophy with little mobility. Histological examination of
the spinal cord reveals progressive motoneuron degeneration and loss, and
peripheral nerves show prominent signs of Wallerian degeneration. Although
basal VEGF levels are normal in peripheral organs and cells outside the
nervous system, spinal VEGF levels are reduced by 75%, indicating that VEGF
deficiency selectively impaired motoneurons (Oosthuyse et al., 2001; Silva-
Hucha et al., 2021).

The symptoms and neuropathological changes in VEGF”® mutant mice

resemble those found in ALS patients (Dhasmana et al., 2022; Felman et al.,
2022) and are also similar to the well-established SOD1 animal model of ALS
(Peggion et al., 2020; Alhindi 2022). The relevance of that work (Oosthuyse
et al,, 2001) is that it establishes for the first time a link between low levels of
VEGF and motoneuron degeneration. Although other neurotrophic factors,
such as brain-derived neurotrophic factor (BDNF), glial cell line-derived
neurotrophic factor, ciliary neurotrophic factor, or leukemia inhibitory factor,
can ameliorate motoneuron degeneration in ALS mouse models, however,
the loss of these molecules does not produce ALS-like neuropathology. Taken
together, these findings reinforce the powerful role of VEGF in maintaining
motoneuron integrity and point to a potential value of VEGF for the treatment
of motoneuron diseases (Lambrechts and Carmeliet, 2006; Tovar-y-Romo et
al., 2014). Interestingly, mice resulting from the crossing between VEGF”®
and SOD1 mutant mice exhibit a more severe motoneuron degeneration
and an earlier onset of muscle weakness than the individual transgenic mice
(Lambrechts et al., 2003). In the same line, crossbreeding of SOD1 mice
with mice overexpressing VEGF results in double-mutant mice SOD1/VEGF™*
exhibiting delayed motoneuron degeneration and motor deficiencies, and
with a longer life expectancy than single SOD1 transgenics (Wang et al, 2007).

Vascular Endothelial Growth Factor
Administration to Injured Motoneurons

VEGF delivery has been shown to improve the biochemical, morphological,
and physiological alterations in severed motoneurons, both in vitro and in
vivo. In vitro, in motoneuron cell cultures, exogenously administered VEGF has
been reported to increase basal motoneuron survival in a dose-dependent
manner. For instance, when NSC-34 cells (a motoneuron-like cell line) are
exposed in vitro to cerebrospinal fluid from ALS patients, the addition of VEGF
to the culture medium protects them from cell death and leads to better
ultrastructural preservation (Kulsheshtha et al., 2011; Vijayalakshmi et al.,
2015). Similarly, VEFG protects NSC-34 motoneuron-like cell death from the
effects of mutant SOD1 protein, after transfecting these cells with adenovirus
containing the mutant protein.

In vivo, several experiments have also demonstrated that VEGF administration
protects injured motoneurons in a variety of animal models of the lesion.
Several ways of administration have been used to deliver VEGF: viral
vectors, neural stem cells, or direct exogenous infusion of the factor itself.
In a pioneering study, injection of a VEGF-expressing lentiviral vector into
various skeletal muscles in the SOD1 mouse model of ALS demonstrated that
the construct is retrogradely transported and transduced in motoneurons,
resulting in delayed onset and slowed progression of the disease, with a
marked increase in life expectancy of these mutant mice (Azzouz et al.,
2004). In a different administration protocol, intrathecal transplantation of
immortalized human neural stem cells, genetically modified to overexpress
VEGF, significantly delays the onset and prolongs the survival of SOD
transgenic mice. Moreover, the implanted cells migrate to the anterior horn
of the spinal cord and differentiate into motoneurons. The neuroprotective
mechanism involves the downregulation of proapoptotic proteins and the
upregulation of antiapoptotic proteins in the spinal cord tissue (Hwang et
al., 2009). In another study, adeno-associated virus 9 vectors were used to
deliver VEGF through intrathecal injection in SOD1 mice (Wang et al., 2016).
The authors show that this treatment results in motor function improvement
and a longer life span for SOD1 mice. Furthermore, VEGF contributes to
motoneuron protection by the activation of the PI3-K/Akt survival pathway,
leading to a decrease in the expression of apoptotic proteins and an increase
in antiapoptotic proteins (Wang et al., 2016).
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The direct administration of VEGF to vulnerable motoneurons, in both
ALS mice and motoneurons exposed to excitotoxicity, has also revealed
neuroprotection due to this factor. VEGF infused intracerebroventricularly
by an osmotic pump significantly delays the onset of limb paralysis,
improves motor performance, and prolongs motoneuron survival and life
expectancy in SOD1 rats. These beneficial effects are mediated via VEGFR-2
signaling (Storkebaum et al., 2005). In ALS transgenic mice, intraperitoneal
administration of VEGF also shows neuroprotective effects, such as improved
motor behavior, delayed disease onset, and progression, decreased
astrogliosis in the spinal cord ventral horn, restoration of neuromuscular
junctions, and a longer survival time (Zheng et al., 2004, 2007). In an
interesting study, Tovar-y-Romo et al. (2007) developed an in vivo (rat)
model of progressive spinal motoneuron death due to the overactivation of
AMPA receptors. VEGF administered together with AMPA through osmotic
minipumps completely prevents motor deficits, and motoneuron death is
reduced by more than 75%. Subsequently, the same group demonstrated that
VEGF mediates this neuroprotective function in spinal motoneurons through
VEGFR-2 signaling, activating the PI3-K pathway and inhibiting p38MAPK
(Tovar-y-Romo and Tapia, 2010).

Two mechanisms of action for the neuroprotective role of VEGF have been
proposed, which are non-mutually exclusive. The vascular hypothesis
suggests that VEGF protects severed motoneurons due to its activity in
the vascular system, inducing angiogenesis and increased blood vessel
permeability, which would supply more oxygen and nutrients to vulnerable
motoneurons improving their conditions. The second hypothesis is that
VEGF is a neurotrophic factor and acts directly on motoneurons exerting
neuroprotective activity. The neuroprotective mechanism involves
the downregulation of proapoptotic proteins and the upregulation of
antiapoptotic proteins (Hwang et al., 2009; Wang et al., 2016). In addition,
neurotrophic action could activate intracellular pathways that ultimately lead
to the maintenance of the morphofunctional characteristics of motoneurons
(Tovar-y-Romo et al., 2007; Tovar-y-Romo and Tapia, 2010; Calvo et al., 2018,
2020). An insufficient supply of VEGF could be deleterious to motoneurons.
Although no signs of angiogenesis were found in VEGF®® mice (Oosthuyse
et al., 2001), the authors report reduced spinal cord perfusion and indicate
that both mechanisms could operate. However, there is more evidence
pointing to VEGF as a neurotrophic factor that acts by itself promoting the
neuroprotective effects that follow its administration, without the mediation
of its vascular activity. The finding that VEGF addition to the culture medium
in vitro protects motoneuron-like cells from deleterious conditions favors the
neurotrophic hypothesis, as there is no vascular system in vitro (see above).
Moreover, the administration of VEGF to animal models of motoneuron
disease or after the lesion has demonstrated a lack of angiogenesis and no
change in blood vessel permeability (Azzouz et al., 2004; Storkebaum et al.,
2005; Tovar-y-Romo et al., 2007; Acosta et al., 2018).

In relation to the second hypothesis, it should be indicated that there is
more evidence pointing to VEGF as a neurotrophic factor that acts by itself
promoting the neuroprotective effects that follow its administration, without
the mediation of vascular activity. These include studies carried out in
different neuronal types and following a variety of insults. For instance, VEGF
protects against seizure-induced cell death in the hippocampus (Nicoletti
et al., 2009) and mitigates epileptic behavioral disorders (Urefia-Guerrero
et al., 2020). VEGF also promotes the morphofunctional recovery of injured
peripheral nerves as seen, for instance, after olfactory nerve bulbectomy
(Beecher et al., 2018). VEGF exerts neuroprotective and neurostorative
effects in animal models of neurodegenerative diseases (Urefia-Guerrero et
al., 2020). In stroke, VEGF administration reduces infarct size and reduces
hypoxic neuronal cell death (Cardenas-Rivera et al., 2019). Thus, there is
ample evidence indicating a direct neuroprotective and neurotrophic action
of VEGF, not only in motoneurons, but also in other neuronal types exposed
to different types of damage.

Extraocular Motoneurons and Vascular
Endothelial Growth Factor

Extraocular motoneurons are responsible for generating eye movements.
They lay in three brainstem nuclei: the mesencephalic oculomotor and
trochlear nuclei, and the pontine abducens nucleus. Our group has carried out
several studies in these motoneurons concerning VEGF that have contributed
to a better understanding of the neurotrophic influence of this molecule in
motoneurons. Extraocular motoneurons in rats and cats are endowed with
the VEGF receptors VEGFR-1 and VEGFR-2, both at the level of the somatic
membrane and in the axon terminals at the neuromuscular junction (Silva-
Hucha et al., 2017, 2020; Calvo et al., 2018), and are therefore responsive
to this factor. Moreover, extraocular muscles contain VEGF (Calvo et al.,
2018; Silva-Hucha et al., 2020), so that VEGF might act as a target-derived
neurotrophic factor for extraocular motoneurons. It has been demonstrated,
in the rat sciatic nerve, that VEGF can be transported along the axons
(Storkebaum et al., 2005). In this line, it should be noted that the possible
sources of VEGF supply for extraocular motoneurons have been extensively
studied in the work by Silva-Hucha et al. (2020). These authors emphasize the
role played by the retrograde pathway arising in the target muscle, as well as
the autocrine route since axotomy induces an increase in VEGF and VEGFR-2
in extraocular motoneurons. Glial cells appear to contribute negligibly as a
paracrine source (Silva-Hucha et al., 2020). Motoneurons afferents as a likely
source of VEGF have not been explored yet.

NEURAL REGENERATION RESEARCH @
www.nrronline.org .~

It should be noted that, although extraocular motoneurons have traditionally
been considered to be more resistant to ALS than spinal and other cranial
motoneurons, they also show signs of degeneration and patients also suffer
from oculomotor deficits, although in later stages of the disease (Takahashi
et al., 1993; Sharma et al., 2011; Kimura et al., 2014; Tjust et al., 2017). The
influence of VEGF on extraocular motoneurons has been evaluated after
the section of their axons, that is, by axotomy, an injury model that leads to
numerous biochemical, structural, and physiological alterations (Rink et al.,
2019; Alvarez et al., 2020).

Recovery of the Cholinergic Phenotype in
Axotomized Extraocular Motoneurons after
Vascular Endothelial Growth Factor Delivery

A general response of motoneurons to axotomy is the downregulation
in the expression of the biosynthetic enzyme of their neurotransmitter
(acetylcholine), i.e., choline acetyltransferase (Navarro et al., 2007).
Extraocular motoneurons also exhibit a decrease in choline acetyltransferase
after their axotomy, which is maximal by 7 days post-lesion in the rat
(Morcuende et al., 2005, 2013). By immunocytochemical measurements, it
has been demonstrated that 7 days post-axotomy, approximately only 50%
of oculomotor, trochlear, and abducens motoneurons in the lesioned side
are choline acetyltransferase-immunoreactive, as compared to the control
side. The peripheral administration of VEGF to axotomized extraocular
motoneurons prevents, in the three extraocular motor nuclei, the loss
of the cholinergic phenotype, so that the number and the intensity of
immunolabeling are similar on the lesioned and control side (Acosta et
al., 2018). Moreover, in that study it was demonstrated that the density
and permeability of blood vessels are not increased after VEGF treatment,
pointing to a direct neurotrophic effect of VEGF on the motoneurons. Choline
acetyltransferase mRNA levels, enzyme activity, and immunostaining are also
decreased in spinal motoneurons of patients with ALS (Nagata et al., 1982;
Virgo et al., 1992; Oda et al., 1995). Taken together, the results of these
studies suggest the possibility that VEGF delivered to diseased motoneurons,
in addition to its neurorescue effect, also preserves their neurotransmissive
function (Acosta et al., 2018).

Although numerous works have demonstrated the neuroprotective role of
VEGF in injured or diseased motoneurons, they have not investigated the
functional state in which these motoneurons remain after being rescued
from cell death, which is an important question, as motoneurons should
remain with normal synaptic and discharge properties for their normal
operation mode. This issue has been an important objective in studies of
VEGF in extraocular motoneurons. In particular, physiological recordings
have been carried out in the cat abducens nucleus after the axotomy of their
motoneurons followed by the administration of VEGF, which was delivered
either peripherally from the proximal stump of the transected axons (Figure
1A) or centrally following an intraventricular injection (Figure 1B). Another
interesting approach in this model has been the administration of an anti-
VEGF neutralizing antibody to control abducens motoneurons. In all these
experiments, the discharge activity of abducens motoneurons has been
recorded using the chronic alert animal preparation. This preparation
offers the advantage of allowing the correlation of neuronal activity with
motor behavior (eye movements) under physiological conditions, and also
after experimental manipulations such as axotomy and administration of
substances.

Vascular Endothelial Growth Factor
Administration to Axotomized Abducens
Motoneurons from the Transected Nerve

Abducens motoneurons are characterized by a tonic-phasic discharge pattern
that correlates with eye position and eye velocity. They discharge at higher
rates for temporally-directed eye movements of the ipsilateral side (i.e.,
abduction, the on direction). During eye fixations, abducens motoneurons
fire tonically with a frequency that increases for eye positions more lateral in
the orbit (Figure 2A). They also exhibit a dynamic component, so that during
rapid eye movements or saccades in the on direction, they discharge a high-
frequency burst of spikes, whereas during off-directed saccades their firing
decreases abruptly o ceases completely (Figure 2A) (Delgado-Garcia et al.,
1986; Davis-Lopez de Carrizosa et al., 2011; Calvo et al., 2018, 2020, 2022).

After the section of the VI" nerve, axotomized abducens motoneurons show
noticeable alterations in their discharge pattern. They fire at an overall lower
frequency, and bursts of action potentials during on-directed saccades are
remarkably reduced (Figure 2B). Axotomized abducens motoneurons show
less eye position and velocity sensitivities than controls. They also exhibit a
loss of synaptic boutons —a process known as synaptic stripping (Figure 2E and
F)- and a marked glial reaction around their cell bodies and in the neuropil
(Figure 2H and 1) (Delgado-Garcia et al., 1988; Davis-Lopez de Carrizosa et al.,
2009, 2010; Calvo et al., 2018, 2020, 2022; Alvarez et al., 2020).

VEGF has been delivered chronically to axotomized motoneurons through
the proximal stump of the sectioned VI"™ nerve (Figure 1A) and following
two administration protocols: the immediate administration protocol, in
which VEGF begins to be administered just after axotomy, and the delayed
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Figure 1 | Schematic diagram illustrating the two methods of VEGF administration to
axotomized abducens motoneurons.

(A) One approach consisted of the administration of VEGF through the transected

sixth nerve inserted into an intraorbital device (I0OD). (B) In a different experimental
procedure, VEGF was administered in the fourth ventricle with a micropipette through
the intact cerebellum (CB). Abducens motoneurons were electrophysiological recorded
(Rec.) following their antidromic identification carried out after electrical stimulation (St.)
to the nerve. Eye coils were used for the recording of eye movements. LR: Lateral rectus
muscle, the extraocular muscle innervated by abducens motoneurons; VEGF: vascular
endothelial growth factor.

administration protocol, in which the onset of VEGF supply is carried out after
20 days of axotomy. In both protocols, it has been found that the exogenous
administration of VEGF prevents (immediate administration protocol) and
recovers (delayed administration protocol) all the alterations induced by
axotomy. Thus, axotomized abducens motoneurons treated with VEGF
show a normal tonic-phasic discharge pattern, and eye position and velocity
sensitivities values are similar to controls. Moreover, they show a normal
synaptic coverage and glial reaction is not present in the abducens nucleus
(Calvo et al., 2018). Interestingly, the addition along with VEGF of specific
inhibitors of VEGFRs has revealed that the two tyrosine kinase receptors
of VEGF, VEGFR-1, and VEGFR-2, play different roles in the maintenance of
specific afferents to abducens motoneurons (Calvo et al., 2018).

Previous works have studied the effects of BDNF, NT-3, or NGF administration
on axotomized abducens motoneurons. In no case do these neurotrophic
factors fully recover abducens motoneurons from the alterations induced by
axotomy? BDNF restores the tonic signal but not the phasic component of the
discharge. On the other hand, NT-3 recovers only the phasic firing, but not
the tonic component. NGF produces an increase in firing irregularity during
fixations and yields neuronal eye position and velocity sensitivities higher
than controls (Davis-Lopez de Carrizosa et al., 2009, 2010). Therefore, among
all neurotrophic factors tested in this model, only VEGF fully reestablishes
the discharge activity and synaptic composition of axotomized abducens
motoneurons, indicating the crucial role of this factor in maintaining the
normal physiology of motoneurons.

Intraventricular Administration of Vascular
Endothelial Growth Factor to Axotomized
Abducens Motoneurons

VEGF has also been administered into the fourth ventricle, which lies just
above the medulla oblongata and the pons, where the abducens nucleus is
located at a dorsal position (Figure 1B). The peculiarity of this study is the
finding that a single dose of VEGF administered in the same surgical session as
axotomy is sufficient for the long-term recovery of the morpho-physiological
characteristics of axotomized abducens motoneurons (Calvo et al., 2020).
VEGF-treated axotomized abducens motoneurons discharge with a normal
firing pattern in relation to eye movements. Synaptic density is also preserved
in axotomized neurons and glial reaction is absent in the abducens nucleus. A
likely mechanism to explain the long-lasting effects of a single intraventricular
dose of VEGF could be related to its heparin-binding capacity. VEGF has
a heparin-binding domain, which can interact with the heparin-sulfate-
rich extracellular matrix and thus remains for a long period in the tissue,
prolonging its biological activity (Robinson and Stringer, 2001; Tokunaga et al.,
2005; Krilleke et al., 2009).

Calvo et al. (2020) also showed that the intraventricular administration of
VEGF does not induce an angiogenic response in the abducens nucleus or
other brainstem structures, such as the medial vestibular nucleus, as occurs
after the peripheral administration to axotomized extraocular motoneurons

in the rat (Acosta et al., 2018). Moreover, it has been demonstrated that the
angiogenic activity of VEGF is only promoted when VEGF is administered at
high doses (60 pg of VEGF/7 days in rats). However, in all the experimental
studies referenced in this review, the dose of VEGF that has been applied
exogenously is much lower, again indicating that the neuroprotective
activity of VEGF is more the consequence of a direct neurotrophic action on
neurons than an indirect vascular effect due to increased nutrient supply.
In addition, high doses of VEGF are not neuroprotective since angiogenesis
along with increased blood vessel permeability can lead to tissue edema
(Manoonkitiwongsa et al., 2004).

The intracerebroventricular delivery of VEGF has previously been shown
to represent a viable methodological approach for VEGF to exert its
neuroprotective activity in SOD1 rats (Storkebaum et al., 2005). However,
the particularity of the work by Calvo et al. (2020) was the demonstration
that a single dose of VEGF applied to the fourth ventricle is enough for VEGF
to induce long-term neurotrophic and synaptotrophic effects on injured
abducens motoneurons, at least for 50 days (maximum time interval studied).
This finding could raise expectations for the therapeutic administration
of VEGF (due to the potential of VEGF for the treatment of motoneuron
disorders) since it would avoid the side effects of repetitive or high doses of
VEGF.

Anti-Vascular Endothelial Growth Factor
Antibody Administration to Abducens
Motoneurons

Electrophysiological recordings of intact abducens motoneurons in the alert
chronic cat, during 21 days of intramuscular administration of a neutralizing
antibody against VEGF, have demonstrated that abducens motoneurons
discharge with significantly lower eye position and eye velocity sensitivities
during spontaneous eye movements than in control, i.e., before the onset
of antibody treatment (Figure 2A, control; Figure 2C and D, 8 and 20 days
of anti-VEGF antibody treatment, respectively). Their overall firing rate is
reduced during eye fixations and rapid eye movements (saccades) in the on-
direction, showing statistical similarity with the axotomy state (Figure 2B;
Calvo et al., 2022). However, during the vestibulo-ocular reflex, neuronal
discharge shows similar eye-related parameters to control and is not affected
by the anti-VEGF antibody. This finding is not surprising given previous
results indicating that the selective blockage of VEGFR-2 does not abolish the
recovery of firing properties of axotomized abducens motoneurons treated
with VEGF during vestibular eye movements, in contrast to what happens
during spontaneous eye movements (Calvo et al., 2018). Moreover, it should
be considered that the vestibulo-ocular reflex is highly conserved throughout
evolution, and is present in all vertebrates acting through the classic three-
neuron reflex arch as a rather fixed circuitry (Horn and Straka, 2021).
Therefore, this fact suggests that vestibular synaptic inputs are a source of
afferents well-preserved on vertebrate extraocular motoneurons and might
be likely less influenced by trophic mechanisms.

In addition, the treatment with the anti-VEGF antibody to uninjured
abducens motoneurons (chronically delivered from the muscle) leads
to a loss of synaptic boutons surrounding their somatic membrane (i.e.,
synaptic stripping), as occurs during axotomy (Figure 2E, control; Figure 2F,
axotomy; Figure 2G, anti-VEGF antibody) (Delgado-Garcia et al., 1988; Calvo
et al., 2018, 2020). However, the reduction in synaptic coverage in the anti-
VEGF antibody situation is not as large as during axotomy, likely due to the
maintenance of the vestibular inputs (Calvo et al., 2022). In addition, there
are also signs of a glial reaction in the abducens nucleus, observed by an
increase in GFAP-immunoreactive profiles, in spite that motoneurons are not
injured (Figure 2H, control; Figure 2I, axotomy; Figure 2J, anti-VEGF antibody
treatment). All these findings indicate that retrograde VEGF blockade causes
uninjured abducens motoneurons to enter an axotomy-like state, highlighting
the critical role of VEGF in preserving the morphophysiological properties of
these motoneurons.

Conclusion

The essential role of VEGF for motoneuron survival was evidenced for the
first time after the design of the VEGF”® mutant mice, characterized by low
levels of VEGF, mainly in the nervous tissue. These mutant mice develop
a progressive muscle weakness and spinal motoneuron degeneration
resembling ALS. Until now, the lack of other neurotrophic factors induced
by genetic engineering in rodents has not produced deleterious effects on
motoneurons, highlighting the relevance of VEGF for this neuronal type.
Experiments administrating VEGF to animal models of ALS, using different
delivery procedures, have demonstrated that VEGF significantly reduces
and delays motor impairment and motoneuron degeneration and increases
life expectancy. Electrophysiological recordings carried out in the behaving
animal have proven that the discharge activity and synaptic inputs of
extraocular (abducens) motoneurons, altered by axotomy, fully recover
after VEGF administration, delivered from either the transected nerve or
intraventricularly. Moreover, the administration of an anti-VEGF neutralizing
antibody produces in intact, uninjured abducens motoneurons changes in
their firing pattern and synaptic inputs that resemble the axotomy state.
Altogether, it is proposed that VEGF plays an essential role in the survival and
maintenance of the physiological properties of motoneurons.
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Figure 2 | Changes in firing pattern and synaptic inputs in abducens motoneurons
treated with anti-VEGF antibody.

(A) Firing rate (FR, in spikes/s) of a control motoneuron (Mn) during spontaneous eye
movements (EP, eye position, in degrees). (B) Axotomized abducens motoneurons
discharge at remarkably lower frequencies during both fixations and rapid eye
movements or saccades. (C, D) Discharge activity of two (intact) motoneurons

treated with the neutralizing antibody (ab) against VEGF during 8 or 20 days (C and D,
respectively). Note that the blockade of VEGF with the antibody renders motoneurons
into an axotomy-like state. The double arrow with L and R in panel A indicates leftward
and rightward eye movement, respectively, in A-D. (E-G) Confocal microscopy

images of double immunofluorescence in the abducens nucleus combining choline
acetyltransferase (ChAT, in red), a marker for motoneurons, with synaptophysin (SYN,
in green) to label synaptic boutons. Control motoneurons (E) appear surrounded by
numerous synaptophysin-positive boutons. In contrast, after axotomy (F), motoneurons

show a massive loss of synaptic boutons as observed by the weak synaptophysin labeling.

Uninjured motoneurons treated with the anti-VEGF antibody (VEGF ab) exhibit also
scarce synaptophysin-positive boutons (G), lesser than in control (E) and similar to the
axotomy situation (F). (H-J) Confocal microscopy images of double immunofluorescence
in the abducens nucleus combining (ChAT, in red) with GFAP (in green) as a marker of
astrocytes. GFAP immunostaining was very weak in the control situation (H). In contrast,
it increased markedly after axotomy (1). In the anti-VEGF antibody situation, although
motoneurons are not injured, there was a glial reaction similar to the axotomy condition
(J). Scale bars: 20 um in G for E=G; 20 um in J for H=J). Reprinted with permission from
Calvo et al. (2022). VEGF: Vascular endothelial growth factor.
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