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Abstract

Brain derived neurotrophic factor (BDNF), a member of the neurotrophin family, has an
extensively studied classical role in neuronal growth, differentiation, survival, and plasticity.
Neurotrophic, from the Greek neuroand trophos, roughly translates as “vital nutrition for the
brain.” During development, BDNF and its associated receptor tyrosine receptor kinase B (TrkB)
are tightly regulated as they influence the formation and maturation of neuronal synapses.
Preclinical research investigating the role of BDNF in neurological disorders has focused on the
effects of decreased BDNF expression on the development and maintenance of neuronal synapses.
In contrast, heightened BDNF-TrkB activity has received less scrutiny for its role in neurological
disorders. Recent studies suggest that excessive BDNF-TrkB signaling in the developing brain
may promote the hyperexcitability that underlies refractory neonatal seizures. This review will
critically examine BDNF-TrkB signaling in the immature brain, its role in the emergence of
refractory neonatal seizures, and the potential of targeting BDNF-TrkB signaling as a novel anti-
seizure strategy.
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The Bdnf gene

Badnfhas a complex transcriptome consisting of nine functional promoters that permit at
least twenty different transcripts. The Banfcoding sequence resides in exon IX with eight
other upstream exons encoding promoter elements. Each Banftranscript consists of a 5’
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untranslated region exon that is alternatively spliced with the conserved common coding
region within exon 1X at the 3’ end, which results in each transcript encoding for an
identical pre-proBDNF protein [1-3]. The nine promoters of Bdnfare suggested to permit
its spatial, temporal, and stimulus specific production [1]. Future research will establish the
structural differences of the human BDNF gene as well as the presence of antisense RNA.

BDNF transcripts are widely distributed in the rodent brain with notably high levels in the
hippocampus and entorhinal cortex [2]. The majority of BDNF is produced from Bdnf
promoters I, 11, IV, or VI. Promoters 1V and VI are the greatest contributors to total BDNF
production in contrast to promoters | and Il [1]. Promoter IV is associated with activity-
dependent expression after physiological stimuli and structural long-term potentiation of
glutamatergic synapses. The prevention of promoter I- or Il-specific BDNF results in
elevated aggressive behavior during young adulthood, suggesting that individual Banf
transcripts are functionally relevant for the regulation of specific behaviors [1]. The increase
of (pan) Bdnfexpression and BDNF protein occurs after seizures [2] however the promoter,
cell type, and age-dependent differences in neonatal post-seizure Bdnfexpression are
currently unknown (Figure 1).

The BDNF protein

BDNF is initially translated in the endoplasmic reticulum as the precursor protein pre-
proBDNF, which is then cleaved to form proBDNF and transported into the Golgi apparatus.
proBDNF is sorted into either the regulated or constitutive secretory pathways. Intra-Golgi
sortilin and intracellular huntingtin protein form a putative complex that determines the
targeting of proBDNF to secretory granules and their transport along microtubules [3]. The
conversion of proBDNF to mature BDNF (referred to as BDNF henceforth) is regulated by
conversion enzymes and can occur intra- or extracellularly. proBDNF can be co-released
with BDNF and/or conversion enzymes [3]. While the predominant cellular localization of
BDNF is at pre-synaptic terminals, the synthesis and secretion of BDNF also occurs within
post-synaptic dendrites, astrocytes, and microglia [3]. Furthermore, the secretion of BDNF
depends on the elevation of intracellular Ca* and subsequent CaMKII activation [3]. Ca*
accumulates in the cytoplasm after a diverse class of stimuli via ionotropic glutamate
receptors, voltagegated calcium channels, and/or internal calcium stores. Thus, BDNF
secretion is highly complex as it is governed by secretory pathways, conversion enzymes,
the biophysics of CaZ* diffusion, and the subsequent Ca?*-mediated intracellular signaling
cascades. Currently, the age-dependent differences in these regulatory processes are
unknown within the context of neonatal seizures (Figure 1).

BDNF-TrkB signaling

BDNF binds with high affinity to TrkB, a neurotrophin receptor that is enriched at the pre-
and post-synapse. Upon binding to the ectodomain of TrkB, BDNF induces receptor
dimerization, activation of the receptor kinase activity, and the subsequent trans-
autophosphorylation of multiple tyrosine residues [3]. The autophosphorylation of TrkB
creates docking sites for the adaptor proteins Shc and PLC+y1, that each initiate intracellular
signaling cascades. Through these intracellular signaling cascades, BDNF-TrkB signaling
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influences neuronal CI~ extrusion capacity and GABA-mediated fast hyperpolarizing
inhibition via its regulation of the neuronal specific K*-CI~ cotransporter 2 (KCC2) [4].
Following BDNF-TrkB binding, PLCy1 binds to TrkB phosphotyrosine 816 (Y816) and
inhibits the mMRNA expression of the neuronal specific K*-CI~ cotransporter 2 (KCC2) [4].
In contrast, the PI3K and Ras/MAPK pathways result in Shc binding to TrkB
phosphotyrosine 515 (Y515) and the subsequent promotion of KccZtranscription. However,
when the Shc and PLCy1 pathways are concurrently activated, KCC2 is downregulated [4].
In adult hippocampal preparations, the Trk inhibitor K252a (or scavenging endogenous
BDNF with TrkB-Fc) can prevent the rapid BDNF-induced downregulation of KCC2 after
the induction of continuous neuronal activity [4]. Therefore, BDNF-TrkB signaling is an
important modulator of KCC2.

In contrast to BDNF, proBDNF preferentially binds to the pan-neurotrophin receptor p75
(p75NTR) and can form many different multimeric receptor complexes to produce diverse
responses such as apoptosis, attenuated glutamatergic synaptic transmission, and KCC2
downregulation [5]. In the developing hippocampus, BDNF-TrkB signaling permits and
strengthens the clustering of excitatory synapses, while proBDNF-p75NTR signaling
facilitates the synaptic depression of unclustered excitatory synapses [6]. These results
highlight the diversity of cellular responses mediated by either BDNF-TrkB or proBDNF-
p75NTR signaling during development, suggesting that the conversion of proBDNF to BDNF
can refine developing networks at single synapse precision [6]. The prevention of proBDNF
to BDNF conversion via a cleavage resistant proBDNF rat model has demonstrated an
increased susceptibility to chemoconvulsant induced seizures, increased KCC2
downregulation, and increased seizure frequency in the pilocarpine model of limbic
epileptogenesis [5]. However, the influence of the BDNF-TrkB vs. proBDNF-p75NTR ratio
during neonatal seizures is not well understood (Figure 1).

Neonatal seizures and their management

Neonatal seizures occur in an estimated 1 to 3.5 per 1000 live births in the term infant [7].
Acute seizures occur more often during the neonatal period than at any other age. The most
common etiologies of acute symptomatic neonatal seizures are hypoxic-ischemic
encephalopathy (HIE), ischemic stroke, intracranial hemorrhage, and intracranial infections
[7]. Neonatal seizures are a major clinical challenge in the neonatal intensive care unit. Their
subtle semiology frequently requires electroencephalography (EEG) recordings to accurately
identify and quantify seizure burdens [7]. These technical challenges are coupled with
neonatal seizures’ poor response to anti-seizure medication (ASM) [7]. Uncontrolled
neonatal seizures may exacerbate secondary brain damage as they are associated with
unfavorable outcomes [8]. Neonatal HIE is the most common cause of neonatal seizures, it
results from inadequate cerebral blood flow that deprives the fetal brain of oxygen and
glucose [7]. The outcomes of prolonged neonatal seizures after HIE can include mortality,
intellectual disability, developmental delay, and epilepsy [7].

Development of evidence-based guidelines for the management of neonatal seizures requires
randomized controlled trials that include neonatal pharmacokinetic studies, standardized
EEG recording durations, primary anti-seizure outcome measures, and secondary long-term
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neurological outcome measures [7]. Treatment algorithms vary between institutions (e.g.
doses, therapeutic hypothermia protocols, and second-line therapies) resulting in physician
preference and institutional traditions determining clinical management [7]. However, the
current standard of care for EEG confirmed seizures in a high-risk scenario (e.g. HIE) is a
loading dose of phenobarbital (PB: a positive allosteric modulator for GABA receptors) as
a first-line therapy [7,8]. While regular EEG monitoring and earlier ASM administration
have been shown to improve the efficacy of PB for neonatal seizures, the current consensus
is that standard PB therapy is often ineffective for the treatment of neonatal seizures [7].
Therefore, there is an urgent need for the identification of new anti-seizure therapies
specifically developed for this population of patients.

Targeting BDNF-TrkB-KCC2 signaling in neonatal seizures

One mechanism potentially underlying neonatal hyperexcitability is the high concentration
of neuronal intracellular CI~ ([CI7];) mediated by the lower expression of KCC2 during
development [9]. The tight regulation of [CI7]; is necessary for GABA receptor mediated
fast synaptic inhibition. Further, the anti-seizure efficacy of phenobarbital may be dependent
upon intracellular CI~ regulation. Therefore, KCC2 is a focus of preclinical neonatal seizure
research as it may underlie seizures unresponsive to phenobarbital [9]. BDNF-TrkB
signaling is one major regulator of KCC2 and it is significantly modulated by seizures [2,9].
However, investigations of BDNF-TrkB within the broad context of seizure disorders have
almost entirely been performed in adult models of limbic epileptogenesis (Table 1).

To investigate the pathophysiology of neonatal seizures, a CD-1 mouse model of unilateral
carotid ligation without transection was characterized using continuous video-
electroencephalogram (VEEG) recordings after ligation at P7 or P10 [10]. The seizures at P7
had a significant proportion of subclinical electrographic seizures after ligation, and did not
demonstrate focal strokes when evaluated at P18 with histopathology [10]. Neonatal seizure
models that depend on behavioral seizure scoring in the absence of VEEG are likely
inaccurate as electrographic seizures were present in the CD-1 model. The Racine scale
quantifies seizure behavioral phenotypes in adult rodent models of epilepsy. In neonatal
seizure models, a modified Racine scale has commonly been used to quantify the frequency
of convulsive vs. non-convulsive seizures on video when EEG is also available for
confirmation [10]. The quantification of these behavioral phenotypes in neonates is limited
by the motor manifestations of those seizures; as they differ significantly between neonatal
and adult ages. In this CD-1 model, unilateral carotid ligation induced the activation of TrkB
at both ages [10]. At P7, post ischemic TrkB activation was associated with PB refractory
neonatal seizures and reduced KCC2. In contrast, post ischemic neonatal seizures responded
to PB at P10 when KCC2 expression is greater than P7 [10].

Careful interpretations are recommended for models that utilize chemoconvulsants to induce
neonatal seizures. Specifically, the acute administration of pentylenetetrazol in P7 CD-1
pups induced seizures that were both responsive to PB and were associated with an increase
in KCC2 [11]. After PTZ induced seizures or ischemic seizures in P7 CD-1 mice the
chloride imported Na-K-2Cl cotransporter 1 does not undergo significant changes in
expression [10,11]. Therefore, chemoconvulsant models of neonatal seizures present with
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high seizure burdens that respond to first line anti-seizure therapies and lack reductions in
KCcC2.

TrkB mediated KCC2 hypofunction after ischemia in P7-CD1 mice was necessary for the
emergence of pharmacoresistant neonatal seizures. A single dose of the small-molecule
TrkB antagonist ANA12 administered to P7 CD-1 pups after unilateral carotid ligation [12]
prevented the emergence of neonatal seizures unresponsive to phenobarbital in a dose
dependent manner [12,13]. Neonatal pups treated with combination of ANA12 and PB
improved the long-term outcomes in adulthood, in comparison to pups that only received PB
[14]. Therefore, acutely and transiently preventing TrkB activation in post-ischemic
immature brains with ANA12 was sufficient to prevent the emergence of refractory neonatal
seizures and KCC2 hypofunction. The subsequent long-term developmental benefits further
highlight the importance of curbing refractory seizures in neonatal mice.

In vivo evidence for the net effect of exogenous BDNF in the neonatal brain is not available
as BDNF has poor blood-brain barrier penetrance. The recently developed BDNF loop Il
mimetic LM22A-4 (LM) provides one potential solution for evaluating the net effect of
increased BDNF-TrkB signaling post ischemia. When low doses of the BDNF mimetic LM
were administered to CD-1 P7 pups after unilateral carotid ligation, LM significantly
exacerbated post-ischemic neonatal seizures [15]. In contrast, at higher doses LM prevented
the emergence of PB-refractory neonatal seizures and KCC2 hypofunction [15]. These
results indicate that TrkB agonists can also prevent the emergence of refractory seizures,
potentially as functional antagonists of BDNF-TrkB signaling [15]. This effect did not seem
to be loop Il specific since the full TrkB agonists HIOC and deoxygedunin both prevented
the emergence of refractory neonatal seizures [15]. These data suggest that BDNF-TrkB
signaling may facilitate post-ischemic seizures in the neonatal brain. However, future studies
are required to understand the role of BDNF-TrkB in other etiologies of neonatal seizures
and after treatments such as therapeutic hypothermia.

Conclusion

Targeting BDNF-TrkB signaling is a novel therapeutic strategy for neonatal seizures. An
improved understanding of the multiple levels of BDNF regulation during neonatal seizures
will provide insights for the development of new therapies.
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Figure 1.
Post-ischemic BDNF-TrkB signaling is proposed to facilitate the emergence of

phenobarbital unresponsive neonatal seizures. (A) Schematized inhibitory synapses in a non-
pathological neonatal brain, (B) post-ischemic insult, and (C) ANA12 treated post-ischemic
insult. (D) Legend for proteins, molecules, and cell types of interest. An improved
understanding of the multiples levels of BDNF regulation in neonatal seizures is necessary.
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Table 1.
Targeting TrkB in Seizure Disorders
Citation (PMID) Date Model Method Age Results
Isackson et al. 1991 DG focal lesion in male Behavioral Adult BDNF mRNA expression is increased after
(2054188) rats seizure scoring limbic seizures
Kokaia et al. 1995 | Electrical kindling in male Behavioral Adult The development of electrical kindling is
(7649227) mice seizure scoring suppressed in BDNF*/~ mice
Binder et al. 1999 | Electrical kindling in male Behavioral Adult Chronic intraventricular infusion of TrkB
(9952416) rats seizure scoring receptor bodies inhibited the development
of electrical kindling
Croll et al. 1999 Intraperitoneal KA Behavioral Adult BDNF overexpression increased KA
(10501474) injection in mice seizure scoring seizure severity
Lahteinen et al. 2002 Intraperitoneal KA Video-EEG Adult Transgenic mice that overexpress truncated
(11886452) injection in male mice monitoring TrkB had significantly less spontaneous
recurrent seizures and interictal spikes after
KA induced epilepsy
Scharfman et al. 2002 Chronic BDNF Behavioral Adult Chronic intrahippocampal infusion of
(11922662) intrahippocamp al seizure scoring BDNF induced spontaneous seizures and
infusion in male rats and acute scalp decreased latency to pilocarpine induced
recordings status epilepticus
He et al. (15233915) | 2004 | Electrical kindling in mice Behavioral Adult Conditional deletion of TrkB prevented the
seizure scoring development of electrical kindling
He et al. (20445044) | 2010 Electrical kindling in Behavioral Adult Genetic uncoupling of TrkB (Y816F) from
TrkBPLEPLC mice seizure scoring PLCy/1 inhibited the development of
electrical kindling
Liu et al. (23790754) | 2013 Right amygdala KA Video-EEG Adult Chemical-genetic inhibition of TrkB (two
infusion in adult monitoring weeks) in combination with diazepam (40
TrkBFE16A mice minutes) and lorazepam (1 hour) prevented
spontaneous recurrent seizures after KA
induced SE
Gu et al. (26481038) | 2015 | Electrical kindling in mice Video-EEG Adult Peptide that prevents the coupling of TrkB
monitoring pY816 to PLCy1 prevents kindling
Kang et al. 2015 | Unilateral carotid ligation Video-EEG Neonatal Acute TrkB-inhibition with ANA-12
(26452067) in P7 CD-1 mice monitoring prevented phenobarbital resistant neonatal
seizures in P7 CD- 1 pups
Carter et al. 2018 | Unilateral carotid ligation Video-EEG Neonatal Acute TrkB-inhibition with ANA-12
(30097625) in P7 and P10 CD-1 mice monitoring prevented phenobarbital resistant P7
neonatal seizures in a dose dependent
manner
Gu et al. (29408225) | 2018 Partial neocortical Video-EEG Adult Chronic administration of the TrkB agonist
isolation model in rats monitoring PTX BD4-3 after UC decreased PTZ
induced electrographic and behavioral ictal
events
Riffault et al. 2018 PTZ injection in CR- Behavioral Adult Cleavage resistant proBDNF increased the
(27913431) proBDNF mice seizure scoring severity of PTZ induced seizures and the
frequency of seizures in the pilocarpine
model of temporal lobe epilepsy
Krishnamurthy et al. 2019 | Electrical kindling in mice Video-EEG Adult Acute chemical genetic TrkB inhibition
(31525273) monitoring prevented the development of electrical
kindling
Kang et al. 2020 | Unilateral carotid ligation Video-EEG Neonatal Acute TrkB inhibition with ANA-12
(31864171) in P7 CD-1 pups monitoring and Adult prevented phenobarbital resistant neonatal
seizures a P7 and has positive long-term
outcomes in adulthood on VEEG
Kipnis et al. 2020 | Unilateral carotid ligation Video-EEG Neonatal Acute administration of with partial TrkB
(32427585) in P7 CD-1, P10 CD-1, monitoring agonist LM22A-4, TrkB agonist HIOC, or

and P7 TrkB6164 pups

the chemical-genetic inactivation of TrkB
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Citation (PMID)

Date Model

Method

Age

Results

all prevented P7 phenobarbital resistant
neonatal seizures
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