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Abstract

Several mammalian animal models of traumatic brain injury have been used, mostly rodents. However,
reparative mechanisms in mammalian brain are very limited, and newly formed neurons do not survive
for long time. The brain of adult zebrafish, a teleost fish widely used as vertebrate model, possesses high re-
generative properties after injury due to the presence of numerous stem cells niches. The ventricular lining
of the zebrafish dorsal telencephalon is the most studied neuronal stem cell niche because its dorso-lateral
zone is considered the equivalent to the hippocampus of mammals which contains one of the two consti-
tutive neurogenic niches of mammals. To mimic TBI, stab wound in the dorso-lateral telencephalon of
zebrafish was used in studies devoted to fish regenerative properties. Brain-derived neurotrophic factor,
which is known to play key roles in the repair process after traumatic brain lesions, persists around the
lesioned area of injured telencephalon of adult zebrafish. These results are extensively compared to repar-
ative processes in rodent brain. Considering the complete repair of the damaged area in fish, it could be
tempting to consider brain-derived neurotrophic factor as a factor contributing to create a permissive en-
vironment that enables the establishment of new neuronal population in damaged brain.
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Introduction

Traumatic brain injury (TBI) is a dramatic event which an-
nually involves million individuals, bringing neurological
dysfunction or depriving patients of their self-sufficiency.
Several mammalian animal models of TBI have been used,
mostly rat and mouse. However, reparative mechanisms in
mammalian brain are very limited, and newly formed neu-
rons do not survive for long time, likely due to a non-suit-
able local environment. In contrast, the brain of adult fish
has high regenerative properties after brain injury, with fast
and complete recovery of damaged area. The striking differ-
ences in regenerative properties between mammalian and
fish brain have been ascribed to remarkable different adult
neurogenesis processes. In mammalian brain only two neu-
rogenic regions are well described: the subventricular zone
of the lateral ventricle and the subgranular zone of the den-
tate gyrus in the hippocampus. In fish, neurogenesis contin-
ues along the entire adult life in numerous stem cell niches
found in various brain sub-divisions and mostly along
ventricles, from which newly differentiated neurons start to
migrate. Thus, brain regenerative mechanisms in fish have
been the subject of numerous studies, due to their potential
for development of new therapeutic approaches.

Brain-Derived Neurotrophic Factor (BDNF)

and Its Receptors

BDNF is a member of neurotrophin (NT) family. NTs com-
prise, in addition to BDNF, the nerve growth factor (NGF),
NT-3, NT-4/5, NT 6/7, the latter described only in fish. Re-
garding BDNF, three different forms derives from the bdnf
gene: the precursor proBDNF, mature BDNF and the pro-
domain of BDNF (Hempstead, 2015). The preproBDNF car-

ries a signal peptide that is cleaved off, forming proBDNF.
This latter is further processed to generate the mature BDNF.
Both pro and mature BDNF are secreted. Following secretion,
proBDNF can be cleaved by extracellular proteases, leading
to local formation of mature BDNF. Also the prodomain
recently resulted a detectable protein and undergoes activi-
ty-dependent secretion from hippocampal neurons (Anastasia
et al., 2013). The neurotrophins act by binding to two kinds of
receptors, the tyrosine kinase receptors (Trk A, B and C) and
the p75 receptor. Mature BDNF can bind to two TrkB recep-
tor isoforms abundantly expressed in the brain: full-length
TrkB and truncated TrkB, which lacks the intracellular kinase
domain and thus cannot undergo autophosphorylation. The
full length TrkB, activated by mature BDNF, dimerizes and,
in the intracytoplasmic domain, phosphorylation at specific
tyrosine residues creates docking sites for cytoplasmic adaptor
proteins. Three major signaling pathway were recognized: 1)
the phosphoinositide 3-kinase (PI3K), which promotes neu-
ronal survival; 2) mitogen-activated protein kinases (MAPKs),
which induces neuronal differentiation; 3) phospholipase Cyl
(PLCy1), which promotes synaptic and neuronal structural
plasticity (Longo and Massa, 2013).

Truncated TrkB binds to and internalizes BDNF, but
it does not undergo autophosphorylation to function as
a true tyrosine kinase receptor. Thus, it was defined as a
dominant-negative receptor which indirectly inhibit BDNF
function. However, recent studies indicate that truncated
TrkB sequesters and translocates BDNF, induces neurite
outgrowth, regulates cytoskeletal changes in astrocytes and
glioma cells, regulates Rho GTPase activity, and may stimu-
late PLCy and MAPK signaling (Fenner, 2012).

Also, mature BDNF binding to dimerized p75™"", depend-
ing on the context, may enhance neurotrophin binding to
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TRK receptors, reinforce Trk signalling through AKT and
MAPKSs, and further promote survival through the nuclear
factor-kB (NF-kB) pathway, or antagonize the actions of
TRK through the activation of Jun N-terminal kinase (JNK)
and RhoA pathways.

Pro-BDNF binding to p75NTR associated to sortilin, induc-
es apoptosis. The process requires the regulated shedding of
the extracellular domain of p75™" by the metalloproteinase
ADAM17 and intramembrane proteolysis of the receptor
by y-secretase. Regulated intramembrane proteolysis results
in the release of a p75™" " intracellular domain that mediates
apoptotic cell death via JNK and caspase activation (Longo
and Massa, 2013). p75""" can also form part of the Nogo
receptor complex, which is activated by myelin proteins to
inhibit axonal growth (Cagnolini, 2008). The pro-domain
of pro-neurotrophins can concurrently bind to the vacuolar
protein sorting 10 (VPS10) family member sortilin (also
known as NTR3), which allows the formation of a ternary
complex with p75""" (Carter et al., 2010).

The zebrafish BDNF gene is more compact than the mam-
malian gene. Moreover, it is as complex in its promoter
structure and patterns of differential promoter expression
as is its murine counterpart. At least five promoters and
possibly as many as six concern the zebrafish BDNF gene.
Two of the seven 5' non-coding exons associated with pro-
moters were found in the embryo before transcription starts
and therefore must be parts of maternally transmitted tran-
scripts. Of the adult organs examined, the heart expressed
a single 5' exon whereas the brain, liver and eyes expressed
four of the seven 5' exons (Heinrich and Pagtakhan, 2004).
The DNA-deduced amino acid sequence of the processed
mature BDNF in the teleost fish Xiphophorus maculatum
showed 90% identity with the mouse sequence (Gétz et al.,
1992). Also, the primary amino acid sequences of zebraf-
ish and human BDNF are 91% identical (Hashimoto and
Heinrich, 1997; Heinrich and Lum, 2000; Lum et al., 2001;
Heinrich and Pagtakhan, 2004). Regarding BDNF recep-
tors, in zebrafish there are two genes encoding for TrkB
(Martin et al., 1995) and TrkB proteins are > 90% identical
with the mammalian counterpart (Sandell et al., 1994). The
amino acid residues of the kinase domain involved in signal
transduction are identical in zebrafish and mammalian Trks
(Heinrich and Lum, 2000). Full-length zebrafish p75 cDNA
was cloned and is predicted to encode a protein with 61%
similarity to both human and mouse p75. Four cysteine-rich
domains (CRD1-4) were identified in the extracellular re-
gion, and a death domain at the C-terminal tail of the intra-
cellular region of zebrafish p75 (Han et al., 2014).

BDNEF is Involved in Brain Functions and

Regenerative Mechanisms

BDNF acts as survival factor in the peripheral nervous sys-
tem (Sendtner et al., 1992), whereas in the brain, it rather
mediates region-specific effects on synaptic function and
neuronal morphology (Sasi et al., 2017). BDNF is also in-
volved in ageing (Silhol et al., 2005), depression (Molendijk
et al., 2014), schizophrenia (Wysokinski, 2016) and Alzhei-
mer’s disease (Tapia-Arancibia et al., 2008). Finally, BDNF
plays an important role following TBI. Severe penetrating
TBI caused an increase of BDNF mRNAs and protein levels
in rat brain homogenates (Rostami et al., 2014). In contrast,
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mild severity level of TBI obtained by lateral percussion
displayed unchanged BDNF mRNAs levels in hippocampal
homogenates (Schober et al., 2012). Also increase of BDNF
mRNAs expressing cells was reported in the contralateral
side of lesion (Rostami et al., 2014). In injury side, studies
have reported increase (Felderhoff-Mueser et al., 2002), and
decrease (Rostami et al., 2014) of BDNF mRNAs expressing
cells 24 hours post lesion. Finally, bilateral increase was de-
scribed by Hicks et al. (1999).

Additionally, the mRNA expression of full length and
truncated TrkB and p75 receptors increased after the acute
phase of experimental injury (Rostami et al., 2014). After
TBI, BDNF appears to mediate some beneficial treatments,
such as: a) simvastatin administration, which induces BDNF
upregulation, promotes neurogenesis in the dentate gyrus
of the hippocampus, thereby leading to the restoration of
cognitive function in rats (Wu et al., 2008); b) transcranial
low-level laser light therapy to the brain, partly mediated
by stimulation of BDNF in the dentate gyrus of the hippo-
campus and the subventricular zone, seems to encourage
synaptogenesis (Xuan et al., 2015); ¢) exercise, which up-
regulates BDNF within the hippocampus, is associated with
an enhancement of cognitive recovery both in human and
rodents (Griesbach et al., 2009).

Therapeutic potential of BDNF for TBI is restricted due to
its short half-life and inability to cross the blood-brain bar-
rier. Recently however, the flavonoid 7,8-dihydroxyflavone
(7,8-DHF), a small TrkB agonist that mimics BDNF func-
tion, has shown similar effects as BDNF in promoting neu-
ronal survival and regeneration following TBI (Wurzelmann
etal.,, 2017).

Zebrafish is A Suitable Model for Studies on

Regenerative Processes

Zebrafish (Danio rerio) is a teleost fish widely used as model
for genetic developmental studies, possesses high regenera-
tive properties of the central nervous system. Profound stab
on encephalon revealed a series of regenerative processes,
forming mature neurons with marker profile similar to the
preexisting neurons (Kishimoto et al., 2012). The high re-
generative properties of zebrafish brain can be correlated to
the intense adult neurogenesis, mainly localized in 16 neu-
rogenic niches (Grandel et al., 2006). The zebrafish dorsal
telencephalon comprises the most studied neuronal stem
cell niches (Grandel et al., 2006; Kishimoto et al., 2012) and
its dorso-lateral zone is retained to be equivalent to the me-
dial pallium (hippocampus) of mammals (Salas et al., 2003),
which contains one of the two constitutive neurogenic nich-
es of mammals: the subgranular zone of the dentate gyrus.

Does BDNF Exert A Particular Role in
Telencephalic Regenerative Capacities of

Zebrafish Brain?

BDNF was previously identified in the developing and adult
brain of zebrafish (Cacialli et al., 2016; Gatta et al., 2016),
as well as in other teleost fish, such as Cichlasoma dimerus
(Vissio et al., 2008), European eel (Dalton et al., 2009) and
african turquoise killifish (D’Angelo et al., 2014). However,
because the role of BDNF in the zebrafish telencephalic re-
generative processes had not been previously investigated,
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our recent study (Cacialli et al., 2018) was aimed to this issue
and the results achieved represent the first report concern-
ing BDNF involvement in injured brain of non-mammalian
vertebrates. The research was performed using stab wound in
the dorso-lateral telencephalon of zebrafish, the teleost brain
area equivalent to the hippocampus of mammals, in order to
mimic the cellular phenomena of TBI during adulthood.
During the experimentation we noticed:

1) BDNF mRNAs levels increased in the brain after injury.
A remarkable increase of BDNF mRNAs levels in homoge-
nates of the whole lesioned telencephalon occurred at 1 day
post lesion (dpl), compared to control unlesioned animals.
Then BDNF mRNA levels decreased with time after lesion.

2) BDNF mRNAs expressing cells were neurons and their
number increased mostly at early time after injury. BDNF
mRNAs expressing cells in the whole dorsal telencephalon
clearly increased in number early, at 1 dpl, compared to
control animals. The number of BDNF mRNA expressing
cells decreased as time after lesion passed, but remained
significantly higher than the control. In situ hybridization/
immunohistochemistry analysis demonstrated that BDNF
mRNAs was co-localized with acetylated-tubulin (a mark-
er of mature neurons), very rarely with HuC/D (a marker
of early differentiated neurons) and never with PCNA (a
proliferative marker). Thus, the majority of BDNF mRNAs
expressing cells in the lesioned telencephalon, for the entire
examined post injury period, were retained as mature neu-
ronal populations. The findings were consistent with our
previous observations in the brain of juvenile zebrafish and
adult unlesioned brain of zebrafish (Cacialli et al., 2016).
This increasing number of BDNF-expressing cells following
injury resulted from mature neurons, which triggered BDNF
translation after lesion and not from newly generated neu-
rons. The maximum increase of BDNF mRNAs expressing
neurons occurred soon after the lesion: the time frame is too
short for neuronal precursor cells migration, moving from
ventricular zone to the injury site where they differentiate
into mature neurons (Kishimoto et al., 2012).

3) BDNF mRNAs expressing neurons were more numer-
ous in the lesioned side. BDNF mRNAs expressing neurons
were more numerous in the injured side compared to the
contralateral side at each time points (1, 4, 7, and 15 days).
This difference was remarkable 1dpl after the lesion, and
became less evident from 4 day onwards because a slight in-
crease of BDNF mRNAs expressing neurons was seen from
4 dpl to 15 dplin the contralateral side.

Are the Different Responses in Zebrafish and
Rodent Brain Mediated through Different
BDNF Receptors?

It is known that bdnf undergoes post-translational mecha-
nisms leading to proBDNF and mature BDNF, which exert
opposite effects. The receptor TrkB binds with high affin-
ity to mature BDNF, mediating survival of neurons, while
the receptor p75, with sortilin, binds with high affinity to
proBDNF, mediating apoptotic events. Thus, the post-injury
loss of neurons in rodent could be ascribed to the induction
of p75 receptor and to some extent to proBDNF (Rostami
et al., 2014). As further evidence, p75 mutant mice as well
as mice treated with the p75 antagonist or the TrkB agonist
exhibited reduced post traumatic events, such as neuronal

Traumatic brain injury
on adult zebrafish
telencephalon

|

Neural stem cell
proliferation and
neurogenesis

Regenerated mature
neuron

BDNF mRNA level

| Day post-injury |

Figure 1 Brain-derived neurotrophic factor (BDNF) mRNA levels
referred to time intervals characterized by cellular events from the
lesion.

OB: Olfactory bulbs; Tel: telencephalon; TeO: optic tect; CC: cerebellar
body; Mo: medulla oblongata.

death and degeneration, and reduced astrocytosis (Alder
et al., 2016). In contrast, adult gerbil CA1 neurons, which
showed BDNF and TrkB colocalization, resulted resistant to
damage during forebrain ischemia (Ferrer et al., 1997).

In zebrafish, Ereliminary results showed an increase of the
receptor p75" " within 24 hours after telencephalic injury.
Instead, TrkB increased at 24—48 hours after injury and this
increase was sustained during following 14 days (unpub-
lished-data). It is tempting to consider p75 as proBDNF re-
ceptor mediating neuronal loss immediately after the injury
and TrkB as mature BDNF receptor involved during the fast
and complete recovery and neural repair of the telencephalic
lesioned area, but further experimental studies are necessary
(Figure 1).

Could BDNF Mediate the Acute Inflammation
during the Regenerative Response after TBI in
Adult Zebrafish?

It has been shown that BDNF is secreted by immune cells in
multiple sclerosis whereas neurons and astrocytes express
TrkB receptor, supporting the concept of neuroprotective
immunity. (Kerschensteiner et al., 2003). In zebrafish, by
using cerebro-ventricular microinjection of immunogenic
particles and immunosuppression assays, it has been ob-
served that inflammation is required and sufficient to induce
the proliferation of neural progenitors and subsequent neu-
rogenesis by activating injury-induced molecular programs
that can be observed after 24-48 hours post-traumatic brain
injury (Kyritsis et al., 2012). Because in our study (Cacialli
etal, 2018), BDNF mRNA serum levels and expressing neu-
rons highly and suddenly increased after the lesion, it could
be plausible its involvement in inflammation process occur-
ring after telencephalic injury.

Concluding Remarks

Our results demonstrated that: a) BDNF mRNAs induction
was observed in mature neuronal populations; b) the peak
of BDNF mRNAs expression was observed early after the
lesion in the area and in neurons surrounding the lesion; c)
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BDNF mRNAs expression was slightly increased in the con-
tralateral side.

Comparing our data with numerous studies in the liter-
ature, we can define BDNF increasing after TBI as an early
response to damage in both zebrafish and rodents. Howev-
er, remarkable difference exists: in zebrafish BDNF mRNA
presence persists around the lesioned area, while in rodents
BDNF expression, because of neuronal loss and glial scar
formation in the injured area, persists only in the contralat-
eral side. Considering the complete repair of the damaged
area in fish, it could be tempting to consider BDNF as a
factor contributing to create a permissive environment that
enables the establishment of new neuronal population in
damaged brain.
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