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RESUMEN

El factor neurotréfico derivado del cerebro (BDNF) se expresa ampliamente en muchos
circuitos del sistema nervioso central (SNC) y se une a sus receptores TrkB y p75 para
desencadenar diferentes vias de sefializacion, tales como las quinasas ERK1/2, PI3K-mTOR y
la via de la PLCy-Ca™. De esta manera favorece el crecimiento dendritico y la plasticidad
sinaptica. Una vez que BDNF une a sus receptores de membrana TrkB y p75, estos se endocitan
formando endosomas de sefializacion. En el sistema nervioso periférico (SNP) esta descrito que
las neurotrofinas unen a sus receptores en el axén y transmiten sefiales al cuerpo celular
mediante el transporte axonal de endosomas de sefializacion favoreciendo la sobrevida neuronal.
Sin embargo, el rol funcional de los endosomas de sefializacion BDNF/TrkB en las neuronas
centrales, se desconoce. El proposito general de esta tesis fue estudiar el papel de la ruta
endosomal en la sefializacion a larga distancia de BDNF/TrkB en las neuronas corticales y su
regulacion por las vias clasicas de regulacion como PI3K y PLCy.

El primer objetivo de nuestro trabajo fue estudiar si BDNF aumenta la actividad de la GTPasa
Rab5 de manera temporal y espacial y si esto se traduce en una modificacion de la dinamica de
estos endosomas en dendritas y cuerpos celulares. Las proteinas Rabs son GTPasas
monoméricas que actlian como interruptores moleculares para regular el trafico de membranas
al unirse a una amplia gama de efectores. Entre las Rab GTPasas, Rab5 es la GTPasa clave que
regula los endosomas tempranos y es el primer organelo en la ruta endocitica de receptores de
membrana. Para estudiar el rol de Rab5 sobre la sefalizacion neuronal de BDNF, nosotros
hicimos experimentos de microscopia de fluorescencia en células fijadas y células vivas, ademas
evaluamos, mediante el uso de adenovirus que sobreexpresan un dominante negativo de Rab5,
si la actividad de la GTPasa era requerida para la arborizacion inducida por BDNF. Nuestros
estudios mostraron que tiempos breves de tratamiento con BDNF aument¢ la colocalizacion de
TrkB con Rab5 en dendritas, aumentando el numero y la movilidad de los endosomas positivos
para Rab5. Estos hallazgos se complementan con estudios que mostraron que la actividad de
Rab5 es requerida para la ramificacion dendritica inducida por BDNF. Estos datos muestran que
BDNF regula la dindmica de los endosomas tempranos mediante el aumento de la actividad y
nimero de endosomas Rab5 y sugieren que estos procesos son requeridos para la ramificacion
dendritica inducida por BDNF.

Posteriormente, nos preguntamos por el rol funcional de la senalizacién axonal de BDNF en las
neuronas corticales y el posible papel de los endosomas de sefializacion. Para esto utilizamos
cultivos de neuronas corticales sembradas en cdmaras de microfluidos, modelo que nos permitid
aislar el componente axonal del somatodendritico y asi estudiar mediante microscopia de
fluorescencia el efecto de la estimulacion axonal de BDNF sobre la ruta de sefializacion de TrkB
en los cuerpos celulares y axones. Nosotros encontramos que la incubacion con BDNF en
axones aumenta la ramificacion dendritica en los cuerpos celulares. Usando distintos modelos
de animales transgénicos, encontramos que este proceso es mayormente mediado por los
receptores TrkB y no p75. Ademas, encontramos que la arborizacidon dependia de la activacion
del factor de transcripcion CREB en el nticleo y la via PI3K-mTOR en los cuerpos celulares
aumentando la sintesis de proteinas somatodendriticas. Por otra parte, la actividad de PI3K en
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axones no fue necesaria para el transporte de BDNF, ni para el efecto en la arborizacion en el
cuerpo celular. Mediante el uso de neuronas corticales derivadas de ratones knock-in TrkBF¢'®4
y el uso de cultivos compartimentalizados, pudimos mostrar que se requiere de la actividad del
receptor TrkB activo en el cuerpo celular inducido por BDNF en el axon, para los efectos
dendriticos observados en el cuerpo celular. Por otro lado, las actividades de Rab5 y dineina
fueron requeridas para estos efectos. Todos estos resultados en su conjunto sugieren la
generacion y transporte de endosomas de sefializacion para la sefializacion a larga distancia de
BDNF.

A continuacion, debido a la poca informacion disponible sobre como las rutas rio abajo de TrkB
regulan la senalizacion de larga distancia, estudiamos el papel de la sefializacion de la PLCy en
la sefializacion axonal mediada por BDNF. Utilizando cultivos compartimentalizados,
demostramos que la actividad axonal de PLCy es necesaria para la arborizacion dendritica y la
fosforilacion de CREB. Estos resultados se correlacionaron con el aumento de los niveles
axonales de Ca™ inducido por BDNF en los axones de una manera dependiente del PLCy.

Adicionalmente, encontramos que la ruta PLCy/Ca’™ es necesaria para la endocitosis de TrkB
en el axon.

En resumen, estos resultados sugieren que la sefializacion axonal a larga distancia de BDNF
posee un rol funcional en neuronas corticales, regulando la activacion de proteinas claves para
la traducciodn de proteinas y la arborizacion dendritica.
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ABSTRACT

Brain Derived Neurotrophic Factor (BDNF) is broadly express in many circuits of the central
nervous system (CNS) and binds its receptors TrkB and p75. BDNF triggers different signaling
pathways, including the kinases ERK1/2, PI3K-mTOR and the PLCy-Ca™ and inducing
dendritic growth and synaptic plasticity. When binding to BDNF, TrkB and p75 are endocytosed
to signaling endosomes allowing long-distance signaling by neurotrophin receptors. The long-
distance signaling has been well-described in the peripheral nervous system for NGF/TrkA to
mediate survival. However, whether there is a functional role for BDNF/TrkB signaling
endosomes in central neurons is unknown. The general aim of this thesis was to study the role
of signaling endosomes in the process of BDNF long-distance signaling in cortical neurons.

The first objective of our work was to study the regulation of Rab5-positive endosomes by
BDNF including activity and dynamics in neurons. Rabs are monomeric GTPases that act as
molecular switches to regulate membrane trafficking by binding a wide range of effectors.
Among the Rab GTPases, Rab5 is the key GTPase regulating early endosomes and is the first
sorting organelle of endocytosed receptors. To study the role of Rab5 on the neuronal signaling
of BDNF, we have done experiments with fluorescence microscopy in fixed cells and live
imaging. In addition, we have evaluated whether the activity of the GTPase was required for the
dendritic arborization induced by BDNF, by transducing the neurons with a dominant negative
of Rab5. Here, we showed that short-term treatment with BDNF increased the colocalization of
TrkB with Rab5 in dendrites, increasing the number and mobility of Rab5 endosomes.
Additionally, we observed that BDNF upregulates the activation of Rab5. These results are
complementary to parallel findings indicating that Rab5 activity was required for dendritic
branching induced by BDNF. These findings suggest that BDNF regulates the dynamics of
Rab5-positive early endosomes by increasing the activity of Rab5, processes required for
BDNF-induced dendritic branching.

Afterwards, we asked about the functional role of axonal BDNF signaling in cortical neurons
and the possible role of signaling endosomes in this process. We found, that BDNF in axons
increases dendritic branching in cell bodies. Using different models of transgenic animals and
compartmentalized cultures, we found that this process is mostly mediated by TrkB receptors
and not p75 NTR. In addition, we found that arborization depended on the activation of the
CREB transcription factor in the nucleus and the PI3K-mTOR pathway in cell bodies increasing
the synthesis of somatodendritic proteins. In contrast, the kinase activity of PI3K in axons was
neither required for the transport of BDNF nor for the effect on arborization in the cell body. By
using cortical neurons derived from TrkBF616A knock-in mice and using compartmentalized
cultures, we showed that the activity of the TrkB receptor, activated in the axon by BDNF, is
required for the dendritic effects observed in the cell body. On the other hand, the activities of
Rab5 and dynein were required for these effects. All these results together, suggest the
generation and transport of signaling endosomes for long-distance BDNF signaling in axons.

Next, due to the little information available on how TrkB downstream routes regulate long-
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distance signaling, we studied the role of PLCy—Ca+2 in BDNF-mediated axonal signaling. Using
compartmentalized cultures, we demonstrate that the axonal activity of PLCy is necessary for
dendritic arborization and phosphorylation of CREB. These results were correlated with the
increase in axonal levels of Ca'> induced by BDNF in axons in a PLCy-dependent manner.
Interestingly, we found that PLCy/Ca+2 pathway is necessary for the endocytosis of TrkB in
axons.

In summary, these results suggest that the axonal BDNF long-distance signaling has a functional
role in cortical neurons, regulating the activation of key proteins to regulate the translation of
protein and dendritic branching.
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INTRODUCTION

1. Role of neurotrophins in the nervous system

Neurotrophins are a family of growth factors involved in survival, development neurobiology,
neurodegenerative diseases and psychiatric disorders (Chao, 2003; Levi-Montalcini, 1987). In
mammals are known four neurotrophins; nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), neurotrophin 3 (NT-3) and neurotrophin 4 (NT-4). Neurotrophins have been
shown to activate two classes of receptors; a high-affinity receptor, the tropomyosin-related
tyrosine kinase receptors (Trks) (Huang and Reichardt, 2003), and a low-affinity receptor, the
p75 neurotrophic receptor (p75) (Ibanez and Simi, 2012). Neurotrophins are homodimeric
proteins that are synthesized as precursors (proneurotrophins) and secreted to the extracellular
space as mature proteins in both a constitutive and regulated manner. Mature form of NGF is
specific for TrkA, BDNF and NT-4 are specific for TrkB and NT-3 activates TrkC and also
TrkA with less affinity (Huang and Reichardt, 2003). Neurotrophins act as homodimers and
directly bind and dimerize Trks receptors, which results in activation and transphosphorylation
of the tyrosine kinase residues present in their cytoplasmic domains. Phosphorylation of tyrosine
residues creates specific binding sites for intracellular targets proteins containing
phosphotyrosine binding (PTB) and Src homology 2 (SH2) binding domains, which subsequent
activates a number of signaling cascades, including the Ras/Raf/MAPK (mitogen-activated
protein kinase), phosphoinositide 3-kinase (PI3K), and phospholipase C- y1 (PLCy) pathways

(Gonzalez et al., 2016; Reichardt, 2006). On the other hand, p75 is member of the tumor necrosis
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factor receptor superfamily. In addition to bind with similar affinity all neurotrophins, p75 binds
the immature form of neurotrophins (Roux and Barker, 2002). Although p75 does not contain a
catalytic motif, p75 interacts with several proteins in its intracellular domain promoting the
activation of the nuclear factor-kB (NF-kB) and the c-Jun kinase (JNK) as well as other
signaling pathways, regulating both the survival and growing of neurites, as well as cell death

and inhibition of axonal growth (Ibanez and Simi, 2012; Kraemer et al., 2014).

2. Brain-derived neurotrophic factor in the central nervous system

BDNF and its receptor TrkB, are widely expressed in peripheral and central neurons through
the embryonic, postnatal and adult stages (Park and Poo, 2013). BDNF has been described as a
regulator of synaptic transmission (Kang and Schuman, 1995), learning and memory (Alonso et
al., 2002; Egan et al., 2003), neurogenesis (Benraiss et al., 2001), survival, dendritic and axonal
growth on cortical and hippocampal neurons (Gonzalez et al., 2016; Huang and Reichardt,
2003). In addition, defects in BDNF/TrkB signaling has been described in different
neurodegenerative and neuropsychiatric disorders (Hashimoto et al., 2002; Zuccato and
Cattaneo, 2009). The density of dendritic arborization determines the number of synaptic inputs,
therefore it is critical for assembling the central nervous system (CNS) (Jan and Jan, 2010).
Deletion of TrkB in the adult CNS induces dendritic retraction and neurodegeneration of cortical
neurons (Xu et al., 2000). In addition, conditional deletion of BDNF from neocortex in
embryonic stages using CRE-mediated recombination showed that cortical neurons from layer
2/3 developed normally with normal size and dendrites, but they later shrank in size and
exhibited a reduction of dendritic complexity at 3 weeks after birth (Gorski et al., 2003). The

signaling pathways that regulate BDNF-induced dendritic branching include the activation of
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PI3K/AKT (Protein Kinase B) and ERK1/2 signaling pathways. On the other hand, PLCy
activity appears to be dispensable for increasing dendritic branching, but it is required to induce

hippocampal long-term potentiation (Dijkhuizen and Ghosh, 2005; Minichiello et al., 2002).

While the mechanisms underlying changes in gene expression induced by BDNF/TrkB
signaling have not been completely established, it has been described that one of the
transcription factors mediating BDNF transcriptional regulation is cAMP response element-
binding protein (CREB) (Finkbeiner et al., 1997; Xing et al., 1998). In cortical neurons, BDNF
induces CREB phosphorylation in the serine 133 by at least two pathways: one that depends on
the release of intracellular Ca™ and the activation of CAMKIV and another that depends on the
activation of the RAS/ERK/RSK pathway (Finkbeiner et al., 1997). CREB is a major mediator
of neurotrophin—mediated transcriptional responses, such as early gene c-fos and Arc, in cortical
neurons. In addition, CREB is required for BDNF-induced dendritic branching of hippocampal
neurons (Kwon et al., 2011; Gonzales et al, 2019). However, how the activation of this
transcription factor is connected with changes in dendritic branching is poorly understood. In
that context, Kwon and cols have shown that BDNF increases the expression of the guanine
deaminase Cypin in a CREB-dependent manner, and hence Cypin may regulate dendritic
branching by direct binding to tubulin heterodimers and promoting microtubule polymerization
(Akum et al., 2004; Kwon et al., 2011). Furthermore, CREB regulates both TrkB and BDNF
expression by binding to CRE-binding sites in their promotors (Deogracias et al., 2004; Tao et
al., 1998), suggesting that the activation of CREB by BDNF can induce a positive feedback loop

to increase the transcription of genes related to dendritic arborization.
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To coordinate neuronal growth, in addition to the transcription of specific mRNA the
concomitant translation of key proteins should be regulated. Local translation is a pivotal
mechanism to control protein expression in dendrites and axons. In neurons, BDNF, insulin and
IGF-1 have been shown to enhance translation by activating the mammalian target of rapamycin
(mTOR) signaling pathway (Garza-Lombo and Gonsebatt, 2016; Kumar et al., 2005; Wang and
Proud, 2006). mTOR is a serine/threonine kinase that regulates protein translation, in part, by
phosphorylation of p70 ribosomal S6 protein kinase 1 (S6K1/2) and the inhibitor of translation
4E-BP1, which increase the translation of a subset of mRNAs containing a 5’CAP in the 5’
untranslated region of the mRNA (Lipton and Sahin, 2014; Panja et al., 2009). mTOR signaling
control dendrite size and shape and is involved in the regulation of spine morphology in a
BDNF-dependent manner via PI3K/Akt pathway (Kumar et al., 2005). Several lines of evidence
suggest that BDNF increases the local translation of a subset of mRNAs in dendrites, including
proteins related to CNS plasticity (Leal et al., 2014; Ravindran et al., 2019; Schratt et al., 2004;
Takei et al., 2004). Indeed, BDNF induces novel synthesis of Arc and CaMKII proteins in
dendrites and synaptic boutons by a mechanism that involve the activation of mTOR and 4E-
BP1 phosphorylation (Takei et al., 2004). Additionally, using genome-wide screen and
quantitative RT-PCR validation, it was demonstrated that translation of proteins involved in
synapsis such as CaMKII, GIluR1, NR1/3 and Homer 2 are also regulated by a rapamycin-

sensitive mechanism in a BDNF dependent manner (Schratt et al., 2004).

On the other hand, the coordinate action of actin filaments and microtubules and the upstream
signaling that regulates their dynamics is critical to promotes neuronal growth (Kalil and Dent,
2014; Van Aelst and Cline, 2004). In this context, it has been shown that TrkB phosphorylates

key proteins that regulate the actin dynamic, such as Tiam1, the GEF of the small GTPase Racl,



29

which promotes actin polymerization, and the Rho GTPase Cdc42. In addition, BDNF/TrkB
also modulates microtubule dynamics, by phosphorylation of different proteins that regulates
microtubule polymerization, like the transmembrane scaffold protein Ankyrin Repeat-rich
Membrane Spanning (ARMS) or Kidins220 via PI3K/Akt, which interact with MAPIA,
MAPI1B and MAP2 increasing the microtubule stabilization (Chen et al., 2012; Wu et al., 2009).
Thus, BDNF may exert its regulatory effect locally in dendrites through the activation of
intracellular signaling that includes component of actin and microtubule cytoskeleton associated

proteins, regulating directly the morphological changes in neurons.

The early effects of BDNF, such as filopodia dynamic or synaptic plasticity, results from the
post-translation modification such as protein phosphorylation or cytoskeleton arrangement,
while the long-term effects, such us dendrite growth or long-term potentiation, arise from
modification of transcription and translation. Despite of the effort done to understand the
mechanisms of BDNF-mediated dendritic growth, very little information is available about how

BDNF regulates this process.

3. Neurotrophin signaling via the endosomal pathway

After secretion, neurotrophins bind their cognate receptors, this complex rapidly activates
signaling pathways in the plasma membrane and undergoes internalization. For quite some time,
endocytosis of the neurotrophin/receptor complex was considered to be a mechanism solely
involved in the downregulation of signal transduction. However, it is now well established that
the internalization and post-endocytic trafficking of receptors are essential for signaling and

neuronal function. The internalization of receptors would determine the availability of the
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receptor in the cellular surface, the location and therefore, the duration of the neurotrophic signal

(Bronfman et al., 2007; Cosker and Segal, 2014).

The endocytic process for growth factor receptors can be broadly classifies as being clathrin
dependent or clathrin independent. In clathrin dependent endocytosis, receptors and their ligand
are recruited to clathrin-coated pits via adaptor proteins. Among them, the BAR domain proteins
are critical for early membrane deformation, and the sorting adaptor AP2 that recognizes and
sorts the diverse variety of cargoes for endocytosis (Rao et al., 2012). Furthermore, the GTPase
dynamin is required for fission of the clathrin-coated vesicles from the plasma membrane to the
formed endosome. On the other hand, there are at least eight clathrin-independent mechanisms
(Doherty and McMahon, 2009). Among them, micropinocytosis for internalization of larger
areas of membrane, a process that involves ruffling of the plasma membrane and requires Racl,
pincher and actin cytoskeleton, and it has been described to be required for Trk signaling

(Philippidou et al., 2011; Valdez et al., 2007).

All clathrin-dependent and clathrin-independent pathways of internalization are thought to
converge on peripheral early endosomes (Doherty and McMahon, 2009). From there, some
components are either rapidly recycled back to the plasma membrane, transported to lysosomes
or more slowly recycled through the recycling endosome. Among the proteins that coordinates
the dynamics of intracellular trafficking, we found the large Rab family of small GTPases. Rabs
control the progression of growth factor receptor endocytosis, beginning with initial

internalization at the plasma membrane, and continuing through successive steps of membrane
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maturation and cargo transport in the cell (Stenmark, 2009). To date, eleven Rabs have been

identified in yeast and over seventy in mammal cells.

Rab GTPases function as molecular switches, cycling between GTP-bound and GDP-bound
state. This switch is controlled by guanine nucleotide exchange factors (GEFs), which trigger
the binding of GTP, and GTPase-activating proteins (GAPs), which accelerate hydrolysis of the
bound GTP to GDP. Rab proteins are localized on specific intracellular compartments and are
thus often used as markers for organelles. Particularly for neurotrophic signaling, three Rabs
have important roles: Rab5 which regulates the fusion, dynamic and sorting of early endosomes,
Rab7 which regulates the late endosomal trafficking to the degradative route and Rab11, which
regulates the recycling of receptor and molecules to the plasma membrane (Bucci et al., 2014;
Deinhardt et al., 2006; Escudero et al., 2019; Lazo et al., 2013; Moya-Alvarado et al., 2018;
Park et al., 2004). For example, the early endosome positive for Rab5, frequently contain the
adaptor proteins, phosphotyrosine interacting with PH domain and leucine zipper 1 (APPL1) or
Early Endosome Antigen 1 (EEA1) (Kalaidzidis et al., 2015; Wandinger-Ness and Zerial, 2014).
APPL1, in particular, has been implicated in both TrkA and TrkB signaling, because it serves
as platform for the assembly of signaling complexes regulating the MAPK and Akt pathways
(Fu et al., 2011; Lin et al., 2006). The early endosome can subsequently sort the cargo into the
late endosome/lysosome pathway or the recycling pathway. Rab7 is the marker of late endosome
and constitutes the intermediate compartment between the early endosome and lysosome
(Huotari and Helenius, 2011). In the last years, Rab7 has been in the spotlight by its role in the
retrograde transport of endosomes containing Trk receptors (Deinhardt et al., 2006; Saxena et

al., 2005; Zhou et al., 2012). The active form of Rab7 bind it effector Rab Interacting Lysosomal
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Protein (RILP), to engage in retrograde transport by binding to dynein (Johansson et al., 2007).
Furthermore, these organelles are positive for Lampl, a lysosomal marker, and CD63, a
multivesicular marker. This last one was recently reported by the Ginty’s group as the carrier
for TrkA retrograde transport in axons of sympathetic neurons containing not only
phosphorylated TrkA receptor, but also other signaling molecules (Ye et al., 2018). On the other
hand, after internalization, Trk receptors are able to recycle to the plasma membrane, process
regulated by Rabl1. In hippocampal neurons, TrkB phosphorylation promotes an increase of
Rab11-GTP levels in dendrites and an accumulation of TrkB in this compartment. As a
consequence, TrkB levels in dendrites are increased, sensitizing neurons to BDNF and
promoting dendritic branching (Lazo et al., 2013). In addition, in mature neurons, Rabll
facilitate the translocation of TrkB in postsynaptic density favoring long-term potentiation

(Huang et al., 2013; Song et al., 2015).

4. Long-distance neurotrophic signaling in the nervous system

Due to the polarized morphology of neurons distal dendrites and axons must be communicated
to the cell body for proper neuronal homeostasis. This is achieved by bidirectional transport of
organelles such as mitochondria, lysosomes and endosomes, among others organelles
(Bronfman et al., 2014). There are two main classes of molecular motors that coordinate the
transport of cargoes to the minus and plus ends of microtubules. The kinesins are a large family
of proteins that coordinates the transport to the plus end of microtubules, thereby moving
materials in an anterograde manner to the distal process of axons in neurons (Hirokawa et al.,

2010), whereas cytoplasmic dynein is a protein complex that moves cargoes to the minus end
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of microtubules, thus moving materials in a retrograde fashion from neuronal distal process to
the cell body (Kardon and Vale, 2009). Ligand binding of neurotrophins, promotes Trk
internalization of ligand-receptor complexes into signaling endosomes, carrying activated Trk
receptor and signaling molecules (Cosker and Segal, 2014; Scott-Solomon and Kuruvilla, 2018).
Several studies have shown that endocytosis of TrkB is required for survival, dendritic
arborization and cell migration (Zheng et al., 2008; Zhou et al., 2007), suggesting that

endosomal signaling has a role in the physiological response induced by TrkB activation.

TrkB receptors are located in both the somatodendritic compartment as well as in neuronal
axons, and neurotrophins are released in dendrites and axons (Matsuda et al., 2009) as well as
by the target tissues in the peripheral nervous system (Kuruvilla et al., 2004). Therefore, over
the years several groups have investigated the cellular and molecular mechanism that allow the
intracellular communication of active neurotrophin receptors in distal processes of the neurons

with the nucleus.

The signaling endosomes are originated from the plasma membrane when neurotrophin bind
their receptor and trigger their endocytosis. Internalization of receptors is a key process not only
for long distance propagation of neurotrophic signal, but also for engaging intracellular
interactor enabling the activation of distinct signaling pathways (Villarroel-Campos et al.,
2018). Long-distance signaling from the target tissues to induce physiological effect in the soma
has been well described in the peripheral nervous system for NGF/TrkA signaling (Harrington
and Ginty, 2013; Ye et al., 2003). At the cellular level, internalization and retrograde transport

of NGF/TrkA complex are required for the promotion of neuronal survival (Ye et al., 2003).
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Distal NGF stimulation of dorsal root ganglia neurons (DRG) or sympathetic neurons in
compartmentalized cultures trigger the phosphorylation and activation of TrkA. Then, the
endocytosed NGF/TrkA complex is retrograde transported by the molecular motor dynein
(Heerssen et al., 2004) in a Rab7 positive endosome (BasuRay et al., 2010; Ye et al., 2018).
After activation and internalization, the NGF/TrkA complex in signaling endosomes reaches the
cell body promoting the phosphorylation of the transcription factor CREB (Riccio et al., 1997).
Phosphorylation of CREB upregulates the B-Cell lymphoma 2 protein (Bcl-2) expression
promoting neuronal survival (Riccio et al., 1999). During development, upon target innervation
NGF enhances the expression of TrkA in sympathetic neurons, establishing a positive feedback
loop that enhances prosurvival signals. Besides, the release BDNF and NT4 act as paracrine
apoptotic cues that induce death of neighboring cells through p75 (Deppmann et al., 2008;
Escudero et al., 2019). In addition to the well stablish role of the retrograde signaling in the
survival of peripheral nervous system, NGF signaling also modulates synapse formation and
maintenance, directly promoting aggregation of postsynaptic protein complex in dendrites
(Lehigh et al., 2017; Sharma et al., 2010), dendritic arborization (Bodmer et al., 2011; Ruit and

Snider, 1991; Voyvodic, 1989), and local axon growth (Bodmer et al., 2011).

Compared to the knowledge gathered through the years for the role of NGF/TrkA-long distance
signaling. The long-distance effects of BDNF, in the CNS are far less studied and the
contribution of BDNF-mediated retrograde signaling to the transcriptional and morphological
changes induced in central neurons have not been investigated in vertebrates (Gonzalez et al.,
2016). For instance, in vivo experiments in retinal ganglion cells (RCG) of Xenopus laevis optic

tectum, have shown that tectal stimulation with BDNF promotes a potentiation of retinotectal
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synapses in a retrograde dependent manner. Moreover, it was observed that this process is
dependent on the activity of TrkB and PLCy. Suggesting that there is a synaptic modification
that may be causally linked to structural modification of RGC dendrites after hours of BDNF
stimulation (Du and Poo, 2004; Lom et al., 2002). On the other hand, in mammals Jaffrey’s lab
using compartmentalized cultures in microfluidic chambers of central neurons showed that the
long distance signaling of BDNF, from dendrites, promotes transcriptional activation,
increasing the synthesis of the activity-regulated cytoskeletal protein (Arc) (Cohen et al., 2011).
Arc 1s an immediate-early gene, whose protein is required for synaptic plasticity induced by
BDNF (Ying et al., 2002) and its synthesis is regulated by CREB and mTOR (Takei et al., 2004;
Ying et al., 2002). Furthermore, Zu-Hang group had shown that snapin mediates the recruitment
of dynein to TrkB positive endosomes regulating the activation of CREB and dendritic
arborization, supporting the role of TrkB signaling endosomes (Zhou et al., 2012). In addition,
they showed that there is a correlation between axonal retrograde transport of TrkB-mCherry
and dendritic branching, suggesting that axonal signaling of BDNF and TrkB can promotes

dendritic arborization in cortical neurons.

Despite the knowledge we have gathered about how the activities of endosomal GTPases
regulates BDNF signaling to increase dendritic branching in CNS neurons. It is unknown
whether BDNF can regulate the early sorting endosome activity and if the activity of these
endosomes are required for proper long-distance signaling mediated by TrkB. Furthermore, due
to the relevance of the BDNF signaling on the synaptic potentiation and dendritic growth, it is

key to elucidate the physiological role of the long-distance signaling of BDNF from axons and
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to evaluate the contribution of the endosomal pathway and the TrkB downstream signaling

pathways in this process.
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HYPOTHESIS

In this thesis, we evaluated two different but related hypothesis;

Hypothesis 1. BDNF signaling up-regulates the activity and mobility of Rab5-positive

endosomes in neuronal cell bodies and dendrites.

Hypothesis 2. The axonal retrograde transport of BDNF/TrkB signaling endosomes depends on
Rab5 activity and increases CREB-dependent dendritic branching requiring the TrkB

downstream signaling of PI3K and PLCy.



38

GENERAL AIMS

General aim 1. To study whether BDNF signaling regulates the activity and mobility of Rab5-

positive endosomes.

General aim 2. To evaluates whether BDNF/TrkB signaling endosomes increases CREB-

dependent dendritic branching and whether this process requires Rab5, PI3K and PLCy activity.
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SPECIFIC AIMS

General aim 1: To study whether BDNF signaling regulates the activity and mobility of Rab5-
positive endosomes.
1.1 To study the effect of BDNF on Rab5 and Rab11 mobility and transport in dendrites
and cell body.
1.2 To evaluate whether BDNF increase Rab5 activity in dendrites and somas

1.3 To evaluate whether BDNF increase Rab5 and Rabl11 mRNA levels.

General aim 2. To evaluates whether BDNF/TrkB signaling endosomes increases CREB-
dependent dendritic branching and whether this process requires Rab5, PI3K and PLCy activity.
2.1 To evaluate whether BDNF signaling in axons increases dendritic arborization in
cell bodies in a TrkB-dependent manner.
2.2. To evaluate whether BDNF signaling in axons increases dendritic arborization in a
CREB-dependent manner.
2.3 To study the role of signaling endosome in BDNF long-distance signaling.
2.4 To study the role of PI3K-mTOR pathway in BDNF long-distance signaling.

2.5 To study the role PLCy in BDNF long-distance signaling.
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CHAPTER I

In this chapter, we approached General aim 1 and the following specific aims:

1.1 To study the effect of BDNF on Rab5 and Rab11 mobility and transport in dendrites and

cell body.
1.2 To evaluate whether BDNF increase Rab5 activity in dendrites and somas

1.3 To evaluate whether BDNF increase Rab5 and Rab11 mRNA levels.

Published in Front Cell Neurosci. 2018 Dec 17;12:493. doi: 10.3389/fncel.2018.00493
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ABSTRACT

Neurotrophin receptors use endosomal pathways for signaling in neurons. However, how
neurotrophins regulate the endosomal system for proper signaling is unknown. Rabs are
monomeric GTPases that act as molecular switches to regulate membrane trafficking by binding
a wide range of effectors. Among the Rab GTPases, Rab5 is the key GTPase regulating early
endosomes and is the first sorting organelle of endocytosed receptors. The objective of our work
was to study the regulation of Rab5-positive endosomes by BDNF at different levels, including
dynamic, activity and protein levels in hippocampal neurons. Short-term treatment with BDNF
increased the colocalization of TrkB in dendrites and cell bodies, increasing the vesiculation of
Rab5-positive endosomes. Consistently, BDNF increased the number and mobility of Rab5
endosomes in dendrites. Cell body fluorescence recovery after photobleaching of Rab-EGFP-
expressing neurons suggested increased movement of Rab5 endosomes from dendrites to cell
bodies. These results correlated with the BDNF-induced activation of Rab5 in dendrites,
followed by increased activation of Rab5 in cell bodies. Long-term treatment of hippocampal
neurons with BDNF increased the protein levels of Rab5 and Rabl1 in an mTOR-dependent
manner. While BDNF regulation of Rab5a levels occurred at both the transcriptional and
translational levels, Rabl1a levels were regulated at the translational level at the time points
analyzed. Finally, expression of a dominant-negative mutant of Rab5 reduced the basal
arborization of nontreated neurons, and although BDNF was partially able to rescue the effect
of Rab5DN at the level of primary dendrites, BDNF-induced dendritic branching was largely
reduced. Our findings indicate that BDNF regulates the Rab5-Rabl1 endosomal system at
different levels and that these processes are likely required for BDNF-induced dendritic

branching.
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INTRODUCTION

Brain-derived neurotrophic factor (BDNF) is a well-known neurotrophin that belongs to a small
family of secreted proteins that includes nerve growth factor (NGF), neurotrophin-3 (NT3) and
neurotrophin-4 (NT4) (Park and Poo, 2013). BDNF regulates many facets of the central neurons,
including neuronal survival and differentiation, neuronal growth, synaptogenesis and plasticity
and maintenance of neuronal circuits. BDNF is the most widely expressed neurotrophic factor
in the brain and exerts its function by binding to the tropomyosin-related kinase receptor TrkB
and the p75 neurotrophin receptor (p75). In addition, BDNF is secreted in an activity-dependent

manner by autocrine and paracrine mechanisms (Bronfman et al., 2014).

The neuronal growth effects mediated by BDNF are mainly mediated by its tyrosine kinase
receptor TrkB (Gonzalez et al., 2016). For example, BDNF binding to TrkB increases the
branching of cortical and hippocampal neurons in dissociated cultures and organotypic slices
(Horch and Katz, 2002). In addition, BDNF regulates the survival and migration of cortical
neurons (Zheng et al., 2008; Zhou et al., 2007). These effects are induced by the activation of
downstream signaling pathways after BDNF/TrkB receptor interaction. After binding BDNF,
TrkB dimerizes and undergoes autophosphorylation at specific tyrosine residues of the
intracellular domain. These phosphotyrosines are docking sites for adaptor proteins that lead to
the activation of several signaling cascades including the mitogen-activated protein kinases
(MAPKS3s), such as ERK1/2, ERKS5 and p38, in addition to the phosphatidylinositol-3-kinase
(PI3K)-Akt-mTOR pathway, phospholipase-C (PLC)-y-Ca™* and the small GTPases of the Rho

family Cdc42/Rac/RhoA (Huang and Reichardt, 2003; Minichiello, 2009).
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Different lines of investigation have shown that internalization and postendocytic trafficking of
Trk receptors determine their signaling properties and thus functional outcomes in neurons
(Bronfman et al., 2014; Cosker and Segal, 2014). For example, Trk receptors ensure localized
signaling responses to extracellular cues in axons (Ascano et al., 2012) and enhance downstream
signaling to regulate neuronal differentiation (Zhang et al., 2000) and dendritic arborization
(Lazo et al., 2013). Additionally, BDNF signals are retrogradely transported from dendrites to
the soma to regulate gene expression (Cohen et al., 2011). Internalization of BDNF/TrkB is
required for the sustained activation of PI3K and ERK signaling pathways and neurite outgrowth
(Kumar et al., 2005; Zheng et al., 2008). Additionally, after internalization, endocytosed TrkB
recruits microtubule-associated molecular motors such as dynein and neuronal kinesin KIF21B,
which have both been described to contribute to the directionality of BDNF/TrkB endosomes in

dendrites (Ayloo et al., 2017; Ghiretti et al., 2016).

The Rab monomeric GTPases are the main regulators of postendocytic trafficking of endocytic
receptors. Rabs act as key regulators of vesicular trafficking by controlling the transport,
anchoring and coupling of vesicles through effector binding. Among these effectors are the
molecular motors and the SNARES, which generally join the Rabs in their GTP-bound state
(Grosshans et al., 2006; Stenmark, 2009). In fact, Rabs are mediators of TrkB endosomal
signaling (Lazo et al., 2013; Sui et al., 2015; Zhou et al., 2012). In the literature, more than 60
members of the GTPase Rab family have been described (Stenmark, 2009). Rab5, Rab7 and
Rab11 are among the key GTPases known to be involved in BDNF/TrkB signaling (Lazo et al.,

2013; Zhou et al., 2012).

After internalization, tyrosine kinase receptors enter the early or sorting endosomes, whose
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biology is regulated by Rab5 (Goh and Sorkin, 2013). Independent of the internalization
mechanism of receptors, Rab5 tightly regulates the homotypic fusion of endosomes, forming
the early or sorting endosome (Stenmark, 2009). There, receptors are sorted to the recycling
pathway, which is regulated by Rabl1, or to the late endocytic pathway regulated by Rab7

(Bronfman et al., 2014).

Studies from our laboratory and others have established that BDNF/TrkB regulates the activity
and dynamics of Rabl1-positive endosomes; in turn, Rabl1 is required for BDNF-induced
dendritic branching and local signaling in dendrites and synapses (Huang et al., 2013; Lazo et
al., 2013; Song et al., 2015; Sui et al., 2015). Thus, transit through the early recycling pathway
of TrkB receptors is a key step in BDNF signaling in neurons. However, whether BDNF/TrkB
regulates Rab5 activity and dynamics in dendrites is unknown. Several lines of evidence indicate
that Rab5-positive endosomes are required for proper neuronal morphology. Genetic
experiments in Drosophila have shown that dynein and Rab5 are required for dendritic
arborization in larvae (Satoh et al., 2008). On the other hand, Rab5 activity is regulated by TrkA
in PC12 differentiation assays (Liu et al., 2007). Here, we first studied the short-term effects of
BDNF treatment (5-30 min) on Rab5 dynamics and activity and then the long-term effects of
BDNF treatment (4-24 h) on Rab5 and Rab11 protein and mRNA levels. We found that BDNF
increases the number and dynamics of Rab5-positive endosomes in dendrites. Indeed,
fluorescence recovery after photobleaching (FRAP) experiments showed that BDNF increases
the recovery of Rab5-positive vesicles in the soma, which correlates with the increased activity
of somatic Rab5, suggesting that BDNF increases the activation and movement of dendritic
endosomes to cell bodies. Long-term treatment of hippocampal neurons with BDNF increased

the protein levels of both Rab5 and Rab11 in an mTOR-dependent manner. In addition, BDNF
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also regulated mRNA levels of rab5 (but not the mRNA levels of rab11). Both, Rab5 and Rabl11
activity was required for proper morphological changes induced by long-term BDNF (48 h)
treatment of neurons. Of note, in contrast to Rab11, reduced Rab5 activity impacted the basal
levels of primary dendrites. BDNF was partially able to rescue this effect, but reduced Rab5
activity halted the full dendritic arborization induced by BDNF. Altogether, these results suggest
that BDNF regulates the early recycling pathway at different levels to induce dendritic

branching.
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METHODOLOGY

All experiments were carried out in accordance with the approved guidelines of CONICYT
(Chilean National Commission for Scientific and Technological Research). The protocols used
in this study were approved by the Biosecurity and Bioethical and Animal Welfare Committees
of the P. Catholic University of Chile. Experiments involving vertebrates were approved by the

Bioethical and Animal Welfare Committee of the P. Catholic University of Chile.

Materials. Minimum essential medium (MEM, 11700-077), Dulbecco's Modified Eagle's
Medium (DMEM, 12800-017), Hank’s balanced salt solution (HBSS, 14065-056), neurobasal
medium (21103-049), OptiMEM (11058-021), Lipofectamine 2000 (11668-027), glutamine,
B27 (17504-044), horse serum (HS, 16050-122), penicillin/streptomycin (15140-148), and
trypsin (15090-046) were obtained from Invitrogen (Life Technologies, CA, US). Fetal bovine
serum (FBS) HyClone (SH30071.03) was from GE Healthcare Life Science. Poly-L-lysine
(P2636), AraC, Glutathione-Sepharose 4B (GE17-0756-01) and isopropyl B-D-thiogalactoside
(IPTG, 16758) were from Sigma (MO, US). BDNF was purchased from Alomone Labs
(Jerusalem, Israel). TrkB-Fc was acquired from R&D Systems (688TK, MN, US). Anti-BIII
tubulin antibody, mouse anti-Flag (F3165), Mowiol 4-88 and the inhibitor actinomycin D
(A1410) were purchased from Sigma (St. Louis, MO, US). Protease-free bovine serum albumin
(BSA) was purchased from Jackson ImmunoResearch (West Grove, PA, US). A MAP2
antibody was purchased from Upstate-Millipore (Billerica, MA). Protein-phosphatase inhibitors
were from Thermo Fisher Scientific. The inhibitors cycloheximide (239763) and rapamycin

(553210) were purchased from Calbiochem (Darmstadt, Germany). Mouse anti-glutathione-S-
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transferase (GST) (Ab92) and mouse anti-Rab5 (ab18211) were purchased from Abcam. Rabbit
anti-Rab11 (715300) was purchased from Invitrogen. The Flag-TrkB plasmid was a gift of Dr.
Francis Lee (Weill Cornell University, NY, US), EGFP-Rab5 and EGFP-Rab5DN were gifts of
Dr. Victor Faundez (Emory University, GA, US), EGFP- Rab11DN was a gift of Dr. Rejji
Kuruvilla (John Hopkins University, MD, US), and pGEX-GST-Rabaptin5 was donated by Dr.

Vicente Torres (University of Chile, Chile).

Hippocampal neuron primary culture. Embryonic hippocampal neurons from rats of either
sex (embryonic days 17-19) were dissected as described previously (Shimada et al., 1998; Fan
et al., 2004) in HBSS. After disaggregation, neurons were resuspended in MEM supplemented
with 10% HS, 20% D-glucose, and 0.5 mM glutamine and were seeded on coverslips or plastic
plates coated with poly-L-lysine (I mg/ml). For morphological experiments, 7000 cells/cm’
were seeded on coverslips. For protein or mRNA experiments, 15000 cells/cm” were seeded on
plastic plates. After 4 h, the culture medium was replaced with neurobasal medium
supplemented with 2% B27 and 1X glutamax. Proliferation of nonneuronal cells was limited
using cytosine arabinoside at 3 days in vitro (DIV). The animals were obtained from the animal
facilities of Pontificia Universidad Catolica de Chile and euthanatized under deep anesthesia

according to the bioethical protocols of our institution.

Analysis of the levels of messenger RNA (mRNA) in hippocampal neurons after BDNF
stimulation. Hippocampal neurons at 9 DIV were incubated for 90 min in neurobasal media for
depletion of endogenous trophic factors and then were treated with 50 ng/mL BDNF for 4 or 12

h. Total RNA was extracted from primary neurons by using TRIzol and purified using the
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RNeasy kit (Qiagen, Hilden, Alemania) according to the manufacturer’s instructions. cDNA
was prepared by reverse transcription of 1 pg of total RNA with random primers using Maloney
Murine Leukemia Virus Reverse Transcriptase (M-MLV RT, Promega). The resulting cDNAs
were amplified by using Brilliant II SYBR Green qPCR (Stratagene) with an Mx3000P
thermocycler (Stratagene). All mRNA expression data were normalized to f-actin, thp and pjk-

-AACt
2

1 expression in the corresponding sample (Santos and Duarte, 2008). Finally, analysis was

performed. Oligonucleotide sequences for the primers used are shown in Table 1.

Gene Primer (5’ to 3°)
rab5a F: GGCTAATCGAGGAGCAACAA
R: ACAAAGCGAAGCACCAGACT
arc F: GGAGGGAGGTCTTCTACCGT
R: CTACAGAGACAGTGTGGCGG
[-actin F: CCCGCGAGTACAACCTTCT
R: CGTCATCCATGGCGAACT
thp F: CTGTTTCATGGTGCGTGACGAT
R:AAGCCCTGAGCATAAGGTGGAA
pgk-1 F: TGCTGGGCAAGGATGTTCTGTT
R:ACATGAAAGCGGAGGTTCTCCA
rablla F: AAAGTTACCCTGCTGCCTGG
R: CTGCCAGGAAAGGAGACTGG

Table 1. Primers used to evaluate the mRNA levels of Rab5a, Arc, B-actin, TBP and PGK-1. F
and R correspond to Forwards and Reverse primers, respectively

Western blot analyses. To study Rab5a and Rab11a protein levels, neurons were depleted with
neurobasal media in the presence or absence of 5 uM actinomycin D (for Rab5a) or 25 uM
cycloheximide (for Rab5a and Rabl1a) with 50 ng/mL BDNF for 24 h or were treated in the
presence or absence of 200 nM rapamycin for 60 min and then stimulated for 4 and 12 h with
50 ng/mL BDNF in the presence or absence of the drug. Next, cells were lysed with lysis buffer

150 mM NaCl, 50 mM Tris-HCI pH 8.0, 2 mM EDTA, 0.1% SDS and 1% Triton X-100
p
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containing protease and phosphatase inhibitors. Standard SDS gel electrophoresis and Western
blotting procedures were used to analyze the cell extracts using anti-Rab5a (1:1000), anti-

Rabl1a (1:1000) and anti-B-III tubulin (1:1000) antibodies.

Immunoendocytosis of Flag-TrkB and colocalization. Neurons were transfected with Flag-
TrkB and EGFP-Rab5 using Lipofectamine 2000 and the manufacturer’s instructions when
cultures were at 7 DIV. Forty-eight hours later, neurons were incubated for 90 min in neurobasal
media for depletion of endogenous trophic factors and treated with mouse anti-Flag antibodies
conjugated to an Alexa Fluor 555 fluorochrome (20 pg/mL). After 30 min, the cells were washed
with PBS at 37°C and stimulated with 50 ng/mL BDNF for 5 or 15 min, fixed and compared
with noninternalized controls (cells not treated with BDNF). Images of neurons were acquired
using confocal microscopy, processed with deconvolution algorithms, and then colocalization
of Flag-TrkB with EGFP-Rab5 was analyzed by calculating Manders correlation index (M1)

(Bolte and Cordelieres, 2006).

Live-cell imaging of EGFP-Rab5. Neurons were transfected with EGFP-Rab5 as described
above. After 24 h, the cells were depleted with neurobasal media during 180 min. Then, the cells

were transferred to a Tyrode media (124 mM NaCl, 5 mM KCl, 2 mM CaCly, 1 mM MgCly,

30 mM D-glucose and 25 mM HEPES, pH 7.4). Live-cell imaging was performed on a Nikon
Eclipse C2 confocal microscope equipped with a live-cell temperature controller (LCI cu-501)
and digital camera connected to a computer with Software NIS-Elements C. Images of a single
neuron transfected with EGFP-Rab5 were acquired using a 60X objective at intervals of 7.3 s
for 5 min to establish the basal level of distribution and dynamic. After 5 min, neurons were

stimulated with 50 ng/mL BDNF, allowing 3 min for diffusion of the ligand, and we started an



51

additional 30 min of capture.

Quantification of the number of endosomes-like vesicles containing EGFP-Rab5 in dendrites
was performed by comparing the fraction of total dendritic Rab5 that was found in structures
larger than 0.2 pm®. Images of the video were segmented with ImagelJ, and the number of
endosome-like vesicles was quantitated in 30-um segments of primary dendrites.

Analysis of the mobility of Rab5-positive endosomes was performed by comparing the
distribution of fluorescence in the same dendrite at different time points (0, 5, 15, 30 min). We
quantified the number of particles moving more than 5 pm as a mobile fraction in nonstimulated

neurons (control) and in neurons treated with BDNF for 5-30 min.

Live-cell imaging and fluorescence recovery after photobleaching (FRAP) of EGFP-Rab5.
The neurons were transfected with EGFP-Rab5 at 8 DIV. After 24 h, the cells were depleted
from B27 for 180 min in neurobasal media. Then, the cells were transferred to a Tyrode media
supplemented with TrkB/Fc (200 nM), and live-cell imaging was performed on a Nikon Eclipse
C2 confocal microscope equipped with a live-cell temperature controller (LCI cu-501). Images
of a single neuron transfected with EGFP-Rab5 were acquired using a 60X objective at intervals
of 4 s for 5 min each at 5, 15 and 30 min to establish the basal level. After a brief wash with
Tyrode media, neurons were stimulated with 50 ng/mL BDNF, allowing 3 min for diffusion of
the ligand, and we started an additional 30 min of capture for intervals of 4 s for 300 s each at
5, 15 and 30 min. For the FRAP assay, a prebleach image was acquired at 2% laser power, after
which a selected area was bleached at 100% laser power with 10 successive bleach scans

separated by 1 s, assisted by the microscope software. Postbleach recovery images were
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acquired every 7.3 s for 300 s. Postacquisition image processing was performed using Imagel.
Adjustment and analyses were performed on the videos as brightness/contrast adjustments to all
pixels in the images and as manual tracking of objects across multiples frames, respectively
(Snapp et al., 2003). To quantify the percentage of endosome-like vesicles in the cell bodies of
neurons transfected with EGFP-Rab3, first a threshold of the photobleached zone was applied.
Prior to bleaching, a quantification was performed using the same selected region of interest
(ROI). Then, the number of vesicles that recovered fluorescence associated with EGFP-Rab5

was quantified at 0, 5, 15 and 30 min after photobleaching.

Microscopy detection and quantification of active Rab5 in dendrites and cell bodies. The
fusion protein RabSBD-GST was produced in BL21 E. coli, transformed with a pGEX-GST-
Rabaptin5 plasmid and stimulated for 4 h with IPTG. The RabSBD-GST protein was purified
from bacteria lysate using glutathione-Sepharose beads. For use as a probe, the protein was
eluted in a solution of reduced glutathione. Similar methods have been described previously for
other GTPases such as GST-FIP3 (Lazo et al.,2013). To test the protein as a probe, hippocampal
neurons at 8 DIV were transfected with EGFP-RabSDN, EGFP-Rab5CA or EGFP; in addition,
nontransfected neurons were stimulated with 50 ng/mL BDNF for 5 or 30 min, fixed with
paraformaldehyde (PFA), permeabilized and blocked in 3% fish gelatin in incubation buffer (50
mM Tris-Cl, 50 mM NacCl, 5 mM MgCl,, 0.5 mM DTT, I mM EDTA, 0.25 M sucrose and 0.2%
Triton X-100, pH 7.2) for 45 min. The neurons were then incubated overnight with ~10 pg/mL
Rab5BD-GST in incubation buffer at 4°C. After 2 brief washes in HBSS, the neurons were fixed
again in PFA, washed in PBS and then a standard immunofluorescence assay with rabbit anti-

GST (1:500) and mouse anti-MAP2 (1:1000) was performed.
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The neurons to be quantified were selected based on the MAP2 labeling to avoid the specific
selection of a neuron with high or low levels of RabSBD-GST. Three primary dendrites and the
cell body were identified, and the integrated intensity was measured (intensity of the signal
standardized by the area) per cell body and associated dendrites. The background was calculated
from images of neurons treated with GST, and this baseline was calculated for and subtracted

from each dataset.

Stimulation and measurement of dendritic arborization induced by BDNF. Hippocampal
neurons (7 DIV) were transduced with EGFP, EGFP-Rab5DN or EGFP-Rab11DN adenoviruses
and stimulated with 50 ng/mL BDNF in culture medium. After 48 h, dendritic arborization was
analyzed by Sholl analysis (Sholl, 1953) and by counting the number of branching points as
described previously (Lazo et al., 2013). For analysis of dendritic branching, the neurons were
immunostained with anti-MAP2. Dendrites were visualized by confocal microscopy using a
Zeiss Axiovert 2000 inverted microscope equipped with a laser scanning module and Pascal 5
software (Carl Zeiss). Images were acquired using a 63X objective at 1024 X 1024-pixel
resolution along the z-axis of whole cells. Z-stacks were integrated, and the images were
segmented to obtain binary images. Ten concentric circles with increasing diameters (10 pm
each step) were traced around the cell body, and the number of intersections between dendrites
and circles was counted and plotted for each diameter. The adenovirus vector work was
performed under biosafety level 2 conditions using a Labculture Class II, Type A2 cabinet

(ESCO, Singapore). Analysis was performed using the ImageJ program.

Statistics. For statistical analysis, the GraphPad Prism 7 program was used. Multiple
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comparisons were performed with ANOVA with Bonferroni’s posttest. To determine if two sets

of data were significantly different from each other the Student’s t-test was applied.
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RESULTS

BDNF increases the colocalization of TrkB with RabS-positive endosomes, increasing its

vesiculation and mobility in dendrites.

Neurotrophins use the early endosomal route, regulated by the Rab5 monomeric GTPase, to
signal and regulate different physiological processes (Ascano et al., 2012; Deinhardt et al., 2006;
Lazo et al., 2013). However, to date, there are no studies addressing the functional relationship
of Rab5-positive endosomes with BDNF signaling. To address this issue, we analyzed the
dynamics and activity of Rab5 endosomes upon short-term administration (5-30 min) of BDNF.
First, we studied whether TrkB and Rab5 colocalize after BDNF treatment by cotransfecting
hippocampal neurons with EGFP-Rab5 and Flag-TrkB tagged on its NH2 domain. As reported
previously for the colocalization of Rabl1 and TrkB, we performed immunoendocytosis by
labeling the surface expression of TrkB in the absence or presence of BDNF (Lazo et al., 2013).
We observed that on neurons that were not stimulated with BDNF, the TrkB receptors were
dispersed to the periphery of the cell bodies and dendrites in large patches (Fig 1A). In addition,
EGFP-Rab5 was concentrated in the cell body, although it was possible to identify some Rab5-
positive endosomes in the dendrites (Fig 1A). After stimulation with BDNF, the EGFP-Rab5
distribution was more vesiculated, and there was an apparent increase in the presence of EGFP-
Rab5 in dendrites. TrkB distribution also appeared more vesiculated after 15 min of BDNF
treatment (Fig 1 A). In addition, BDNF increased the colocalization of TrkB-positive endosomes
with EGFP-Rab5 endosomes in cell bodies in a time-dependent manner (Fig 1B), as well as in
dendrites (Fig 1C). Interestingly, after 5 min of BDNF treatment, the colocalization of TrkB and

Rab5 in dendrites was already the same as at 15 min of stimulation. However, in the soma, the
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colocalization was increased after 15 min of treatment compared to that at 5 min (Fig 1B and
C). These results suggest that BDNF increases TrkB and Rab5 colocalization and changes the

dynamics of Rab5 in the dendrites and somas of hippocampal neurons.
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Figure 1. Endocytosed TrkB receptors colocalize with Rab5 after BDNF stimulation in
dendrites and cell bodies of hippocampal neurons. Hippocampal neurons (7 DIV) were
cotransfected with Flag-TrkB and EGFP-Rab5 (green). After 48 h, neurons were incubated with
anti-Flag antibodies (red) at 4°C for 30 min. TrkB internalization was stimulated with BDNF at
37°C for 5 or 15 min and then the neurons were fixed and observed by confocal microscopy.
(A) In nonstimulated neurons, TrkB receptors are localized in the plasma membrane, and Rab5
is located within the neurons (time 0). After BDNF stimulation, TrkB receptors show an
intracellular distribution and colocalize with Rab5. (B) Quantification of colocalization of TrkB-
Flag with EGFP-Rab5 in cell bodies using Manders correlation index. (C) Quantification of
colocalization of Flag-TrkB with EGFP-Rab5 in primary dendrites using Manders correlation
index. N = 30 neurons from 3 different experiments. The results are expressed as the mean +
SEM. *** p <(0.001 by ANOVA with Bonferroni’s post-test.
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To further study whether BDNF regulates Rab5-positive endosomes, we studied the dynamics
of EGFP-Rab5 in transfected hippocampal neurons by time-lapse microscopy of living cells
before and after 5 min of BDNF stimulation. We found an increase in the number of Rab5-
positive endosomes (Fig 2A and B), defined as dark vesicles using a threshold analysis in
Imagel, without changing the total EGFP-Rab5-associated fluorescence (Fig 2C). Additionally,
the mobility of Rab5 after BDNF treatment was increased, measured as endosomes that moved
more than 5 uM in a time lapse of 300 s, shown as red lines in the kymograph (Fig 2D and F).
Interestingly, the movement of EGFP-Rab5 is biased to the retrograde direction, as reported
before in the literature (Ayloo et al., 2017; Kollins et al., 2009), a process that was not changed

with the addition of BDNF (Fig 2E).
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Figure 2. BDNF increases the number and mobility of Rab5-positive endosomes in
dendrites. (A) Representative image illustrating changes in the number of Rab5-positive
endosomes in nonstimulated conditions (control) and after 5 min of BDNF treatment (BDNF)
in the same neuron. EGFP-Rab5 endosomes are observed as dark spots within dendrites. A
zoomed-in image of the dendrite is shown in the lower part, indicating that BDNF increases the
number of RabS5-positive endosomes in dendrites (arrowheads). Scale bar, 10 pm. (B)
Quantification of the number of endosomes in 30 pm? of dendrites in nonstimulated neurons
(control) and after BDNF treatment (5 min). Endosomes were segmented by a fluorescence
threshold and then quantified using Imagel software. A total of 40 dendrites from 6 neurons
were included in the study from 3 independent experiments. (C) Quantification of the
fluorescence intensity of EGFP-Rab5 in the dendrites of neurons in the nonstimulated and
BDNF conditions. (D) Quantification of mobile and static particles in dendrites expressed as a
percentage based on the total number of particles per condition. Endosomes that traveled 5 pm
or more after 300 s of recording were considered mobile endosomes. (E) Quantification of
anterograde and retrograde mobile particles in dendrites expressed as a percentage of the total
number of particles in each condition. (F) Representative image of a Z-projection of dendrites
in the nonstimulated and BDNF conditions, showing the change in the mobile fraction of EGFP-
Rab5. In the lower part is the kymograph of each neurite during the 300 s recording. In red are
the endosomes considered to be mobile vesicles. Scale bar, 5 pm. The results are expressed as
the mean + SEM. *p <0.5; or ***p < 0.001 by Student’s t-test.

BDNF increases the recovery of vesicular Rab$ after photobleaching in the cell body, a

process that correlates with increased RabS$ activity.

To better understand the effect of BDNF on the mobility of EGFP-Rab5 endosomes in dendrites,
we performed FRAP assays of hippocampal neurons stimulated with BDNF for 5 min. When a
dendrite was photobleached, two populations of endosomes where observed: static (white and
cyan arrowheads) and mobile (yellow arrowheads) (Fig 3A, B and Supplementary Video 1).
Immediately after photobleaching, there was a recovery of cytoplasm-associated fluorescence,
as shown with the blue arrow (Fig 3A). Then, an endosome derived from the static endosome,
shown as the cyan arrowhead (blue arrow), recovered the fluorescence of the static

photobleached endosome (yellow and white arrowheads in Fig 3A).
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Figure 3. Evaluation of EGFP-RabS movement by time-lapse microscopy after
photobleaching in hippocampal neurons treated with BDNF. (A) Representative image of
FRAP performed in primary dendrites of hippocampal neurons treated with BDNF. The
recovery was evaluated during 300 s. Images were taken every 7.3 s. Representative individual
frame of time-lapse performed in a neuron expressing EGFP-Rab5. The image shows both
cytosolic-associated EGFP-Rab5 and vesicular-associated EGFP-Rab5 fluorescence (green) in
dendrites prior to FRAP (0 s), during FRAP (35 s) and after photobleaching (until 75 s). The
blue arrow shows nonvesicular (or soluble) EGFP-Rab5 fluorescence recovery. The white
arrowhead indicates a static endosome that is photobleached (35 s), which is recovered after 40
s by recruiting a mobile endosome, which is indicated with the yellow arrowhead. The cyan
arrowhead shows a static endosome that generates the endosome labeled with a yellow
arrowhead. Scale bar, 10 um. (B) Kymograph of the endosome movement event shown in A. In
between the yellow lines is located the endosome recovered (indicated by the white arrowhead
in A) by a retrograde-transported endosome, which is indicated by the yellow arrowhead in A.
The black arrow indicates the moment in which the photobleaching was performed (10 s).
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Consistently, when the soma-associated fluorescence was bleached, it was possible to observe
vesicles moving retrogradely towards the soma, as shown in the panels of Fig 4 and
Supplementary Videos 2 and 3. Altogether, these results suggest that by increasing the number
and mobility of Rab5-positive endosomes, as shown in Fig 2, BDNF increases the retrograde

transport of Rab5-positive endosomes to the soma.
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Figure 4. Retrograde transport of EGFP-Rab5 endosomes from dendrites to the cell body.
(A) Cell body and primary dendrite of a hippocampal neuron before (upper panel) and after
photobleaching (lower panel). (B) Representative image of a time-lapse recording of EGFP-
Rab5-associated fluorescence after photobleaching indicating the trajectories of four vesicles
positive for EGFP-Rab5 performed in a primary dendrite and soma of a hippocampal neuron
stimulated with BDNF. (C) Representative image of the initial, medial and final point of the
trajectories shown in B. The vesicles whose trajectories were labeled in B are indicated with
arrowheads of the same color of the trajectory. The numbers inside the panels indicate the
seconds after photobleaching. Scale bar, 10 um.
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To study this possibility, we utilized FRAP assays of the complete cell bodies, including the
initial segments of the dendrites, and studied the recovery of EGFP-Rab5 fluorescence in the
soma of the cell bodies of cells treated with or without BDNF for 30 min. We noticed that there
were two components in the EGFP-Rab5-associated fluorescence that were recovered after
photobleaching. One accounted for the fluorescence associated with cytoplasmic EGFP-Rab5,
and the other accounted for the fluorescence of EGFP-Rab5 associated with vesicles (Fig 3A,
blue arrow and yellow arrowhead). When we quantified the FRAP in the cell body of EGFP-
Rab5-transfected neurons, we did not observe changes in the kinetics of fluorescence recovery
in neurons treated with BDNF compared to control neurons (Fig 5B). However, we observed
that after BDNF stimulation, the recovery of Rab5-positive endosomes was faster than that in
the control condition (Supplementary Videos 4 and 5). Therefore, we applied a threshold to each
image obtained after photobleaching, as indicated in Fig 5A, and quantified the fluorescence
associated with EGFP-Rab5-positive vesicles. For these experiments, we considered the initial
number of vesicles before the photobleaching as 100% of particles and then quantified the
number of visible vesicles in the cell body after 5, 15 and 30 min of BDNF stimulation. We
found that BDNF increased the number of vesicles in a time-dependent manner compared to the
number observed in nontreated neurons (Fig SA, yellow box in zoom, and Fig 5C). In addition,
we repeated this protocol in neurons expressing EGFP-Rab11, and we observed that BDNF did
not increase the recovery of EGFP-Rabll fluorescence in the cell bodies (Fig 5D and
Supplementary Fig 1). Because EGFP-Rab11 fluorescence in the cell bodies appeared to be less
vesicular and less defined than EGFP-Rab5 fluorescence, we were unable to quantify discrete
Rabl1 endosomes (Supplementary Fig 1). Our experiments suggest that BDNF increases the

transport of Rab5 endosomes towards the cell body.
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Figure 5. BDNF increases the recovery of RabS-positive endosomes after photobleaching.
(A) FRAP was performed in cell bodies of hippocampal neurons (time 0), and recovery was
evaluated after 5, 15 and 30 min of photobleaching. Representative individual frame of a
recording performed in a neuron expressing EGFP-Rab5. Recording was performed under
control conditions or after BDNF treatment. The image shows endosome-like Rab5 particles in
the cell body prior to FRAP (-1 min), during FRAP (0 min) and after FRAP (5, 15, 30 min). The
white square indicated in the picture shows a zoomed-in image. On the right, a threshold image
of the zoomed image (left) shows the endosomes quantified in C. (B) Time course of
fluorescence recovery after FRAP of EGFP-Rab5-associated fluorescence in the photobleached
soma. Black squares indicate the control neurons (n = 7) and gray squares the BDNF-stimulated
neurons (n = 7). (C) The graph indicates the percentage (100% fluorescence was established at
I min before FRAP) of endosome-like particles quantified (at t = 0, 5, 15 and 30 min) after
FRAP. The black squares indicate the values obtained for the control neurons (n = 7), and gray
squares indicate stimulated BDNF neurons (n = 7). (D) Time course of fluorescence recovery
after FRAP of EGFP-Rabl1-associated fluorescence in the photobleached soma. Black squares
indicate the control neurons (n = 5) and gray squares the BDNF-stimulated neurons (n = 6).
Four independent experiments were performed. Scale bar, 10 um. The results are expressed as
the mean + SEM. ****p <(.0001; by two-way ANOVA with Bonferroni’s post-test.
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To assess whether the increased TrkB/Rab5 colocalization and Rab5 mobility in dendrites and
somas correlate with increased Rab5 activity after BDNF stimulation, we studied the
distribution of active Rab5 in sifu using the GST-fused with the Rab5 binding domain of
Rabaptin5 (RabSBD-GST), which specifically recognizes the GTP-bound active form of Rab5
(Wu et al., 2014). Using Rab5BD-GST as a probe of active-endogenous Rab5 (Rab5-GTP),
followed by staining with an antibody against GST, we found that the treatment of neurons with
BDNF for 5 and 30 min increased the amount of Rab5-GTP in the cell bodies and dendrites of
hippocampal neurons in a time-dependent manner, with no changes in the levels of endogenous
Rab5 measured by Western blotting (Fig 6A, B, C and E). In cell bodies, there was a significant
increase in Rab5 activity after 30 min of BDNF stimulation that was not due to increased levels
of Rab5 protein by BDNF treatment (Fig 6B and E). However, in dendrites, we observed
increased levels of Rab5-GTP after only 5 min of BDNF stimulation (Fig 6D), similar to the
results for TrkB and Rab5 colocalization in dendrites and cell bodies (Fig 1). As negative and
positive controls for this experiment, we used hippocampal neurons transfected with a Rab5
dominant-negative (Rab5DN) or a Rab5 constitutively active (Rab5CA) mutant, respectively.
Neurons expressing RabSDN displayed significantly lower RabSBD-GST labeling than neurons
expressing Rab5CA (Fig 6D). Altogether, these results suggest that BDNF increases the activity
of Rab5 in the soma and dendrites of hippocampal neurons in a spatial- and time-dependent

manner.
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Figure 6. BDNF increases the activity of Rab5. (A) Neurons were nonstimulated (control time
0 min) or stimulated with BDNF for 5 min (BDNF 5 min) and 30 min (BDNF 30 min).
Representative image of MAP2 immunostaining (red) and RabSBD-GST (green). The white
box indicates the region shown in the amplified photos of the cell body in the left panel and the
dendrite shown in the right panel. Scale bar, 10 um. (B) Quantification of fluorescence intensity
in the cell body. (C) Quantification of fluorescence intensity in primary dendrites of control
neurons and neurons treated for 5 min and 30 min with BDNF. The results for the soma and
dendrites were normalized to the values of control neurons (time 0 min). A total of 28-29 cell
bodies and 66-87 dendrites were included from 4 independent experiments. (D) Quantification
of fluorescence intensity in the cell bodies of 7 DIV neurons transfected with EGFP, EGFP-
Rab5DN or EGFP-Rab5CA. The results are expressed as the mean + SEM. * p < 0.05; ** p <
0.01; *** p <0.001; **** p <0.0001 by ANOVA with Bonferroni’s posttest. (E) The Rab5a
and B-III tubulin levels of hippocampal neurons (9 DIV) stimulated with BDNF for 30 min.
Lower part, quantification of the Rab5 levels of three independent experiments. The results are
expressed as the mean + SEM by Student’s t-test.
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Long-term treatment of hippocampal neurons with BDNF results in increased protein

levels of Rab5 and Rabl1.

BDNF signaling increases protein levels by increasing transcription in a CREB-dependent
manner downstream of PLC-gamma and ERK1/2 or translation in a mTOR-dependent manner
downstream of PI3K and ERK1/2 signaling (Gonzalez et al., 2016). Therefore, we studied the
effect of long-term administration of BDNF (4-24 h) on Rab5 and Rabl11 protein levels. First,
we studied whether the administration of BDNF for 4 or 12 h regulated the levels of the rab5a
and rablla genes. We found that BDNF increased the levels of rab5a in a time-dependent
manner; an approximately 4-fold increase in rab5a was observed after 4 h of BDNF treatment
(Supplementary Fig 2A), whereas after 12 h of BDNF stimulation, the levels of rab5a decreased
to approximately 0.5-fold over the levels of the control (Supplementary Fig 2B). Conversely,
the level of rablla was unchanged by BDNF treatment at any of the time points studied
(Supplementary Fig 2A and 2B). In this context, we first evaluated whether BDNF increases the
protein levels of Rab5 after 24 h of BDNF treatment. We found that BDNF increased the level
of Rab5a in approximately 20% of hippocampal neurons (Fig 7A) in a transcription- and
translation-dependent manner, which is consistent with the results presented in Fig 7B and C,
showing that actinomycin D and cycloheximide reduced the levels of Rab5 after BDNF
treatment. Since BDNF increases protein translation in an mTOR-dependent manner (Takei et
al., 2004), we evaluated whether the increase in Rab5a protein levels was sensitive to rapamycin,
an mTOR pathway inhibitor (Schratt et al., 2004). We observed that 4 h of BDNF treatment did
not affect the protein levels of Rab5; however, the presence of rapamycin decreased the increase
in Rab5 protein levels caused by 12 h of BDNF treatment to the basal level (Fig 7D and E).

These results indicate that BDNF regulates Rab5 protein levels by increasing or stabilizing its
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mRNA and by increasing its translation in an mTOR-dependent manner.
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Figure 7. BDNF increases the protein levels of Rab5a. The Rab5a and B-III tubulin levels in
hippocampal neurons (9 DIV) stimulated with BDNF for 24 h (A) in the presence or absence of
Actinomycin D (B) or cycloheximide (CHX) (C). Bottom panel, densitometric quantification of
the Ra5a levels normalized to the B-III tubulin levels. The data represent 5 independent
experiments. The results are expressed as the mean + SEM. *p < 0.05; **p <0.01 by ANOVA
with Bonferroni’s posttest. (D-E) RaSa levels after 4 h (D) or 12 h (E) of treatment with
rapamycin (Rapa) in the presence or absence of BDNF. Bottom panel, densitometric
quantification of the Ra5a levels normalized to the B-III tubulin levels. The data represent 4
independent experiments. The results are expressed as the mean + SEM. *p < 0.05; **p < 0.01

by ANOVA with Bonferroni’s post-test.
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We also analyzed the protein levels of Rab11 upon BDNF treatment. Similar, to the findings for
Rab5, BDNF increased the level of Rab11 after 24 h of treatment; this effect was abolished by
cycloheximide (Fig 8A and B). In contrast, 4 h of BDNF treatment did not affect the protein
level of Rab11 (Fig 8C), while 12 h of BDNF treatment increased the level of Rab11 to values
similar to 24 h of treatment (Fig 8D). In addition, the BDNF effect on the Rab11 protein levels
(12 h treatment) was diminished by rapamycin (Fig 8D). All together, these results indicate that
BDNF regulated the levels of both the Rab5 and Rab11 GTPases at the translational level in an

mTOR-dependent manner.
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Figure 8. BDNF increases the protein levels of Rab11a. The Rabl1a and B-III tubulin levels
in hippocampal neurons (9 DIV) stimulated with BDNF for 24 h (A) in the presence or absence
of cycloheximide (CHX) (B). Bottom panel, densitometric quantification of the Ra5a levels
normalized to the B-III tubulin levels. The data represent 5 independent experiments. The results
are expressed as the mean + SEM. *p <0.05; **p <0.01 by ANOVA with Bonferroni’s posttest.
(C-D) Rallalevels after 4 h (C) or 12 h (D) of treatment with rapamycin (Rapa) in the presence
or absence of BDNF. Bottom panel, densitometric quantification of the Ral 1a levels normalized
to the B-III tubulin levels. The data represent 4 independent experiments. The results are
expressed as the mean + SEM. *p < 0.05; by ANOVA with Bonferroni’s post-test.
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Long-term treatment of hippocampal neurons with BDNF results in increased dendritic

branching that is impaired by reducing the activity of the Rab5 and Rab11 proteins.

It is well known that BDNF induces an increase in dendritic branching both in vivo and in vitro
(Gonzalez et al., 2016). To evaluate whether Rab5 activity is required for BDNF-induced
dendritic branching in hippocampal neurons, we stimulated neurons expressing EGFP or the
dominant-negative mutant of Rab5 (EGFP-Rab5DN) with BDNF for 48 h. We found that the
expression of EGFP-Rab5SDN produced a change in the morphology of the somato-dendritic
arbor in comparison with neurons that only expressed EGFP (Fig 9A). Using Sholl analysis and
the quantification of branching points, we found that the expression of Rab5SDN reduces the
branching points compared to the control condition (Fig 9A-C). Although neurons expressing
Rab5DN responded to BDNF by increasing the number of primary dendrites, they were not able
to respond to the same extent as neurons expressing EGFP and treated with BDNF, which
showed an increase in branching points in addition to an increase in the number of primary
dendrites (Fig 9 C). These results are somehow different from those observed when neurons
express a dominant-negative mutant for Rabll (Rabl11DN). Similar to our previous
observations (Lazo et al., 2013), neurons expressing Rabl1DN have a similar number of
dendrites to neurons expressing EGFP. However, they did not respond to BDNF (Fig 9 D-F).
These results indicate that Rab5 activity is required for the maintenance of dendritic arbors in
vitro, and although EGFP-Rab5-expressing neurons responded to BDNF by increasing the
number of primary dendrites, Rab5 activity is required to observe the effect of BDNF on the

branching of higher level dendrites.
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Figure 9. The expression of dominant-negative mutants of Rab5 (RabSDN) decreases
BDNF-induced dendritic branching in hippocampal neurons. (A) Representative image of
hippocampal neurons (7 DIV) transduced with adenovirus EGFP (in A at the left) or with a
dominant-negative mutant of Rab5 fused to EGFP (Rab5DN in A at the right) and stimulated
with BDNF for 48 h. After fixation, the neurons were labeled with anti-MAP2, observed by
fluorescence microscopy and subjected to morphometric analysis. (B) Sholl analysis of the
arborization profiles of neurons expressing EGFP and RabSDN-EGFP in the presence or
absence of BDNF. (C) Quantification of the branching points of neurons that overexpressed
Rab5DN or EGFP and exposed to BDNF. N = 27-34 neurons from 3 different experiments. (D)
Representative image of hippocampal neurons (7 DIV) that were transduced with adenovirus
EGFP (in D at the left) or a dominant-negative mutant of Rab11 fused to EGFP (Rab11DN in
A at the right) and stimulated with BDNF for 48 h. After fixation, the neurons were labeled with
anti-MAP2, observed by fluorescence microscopy and subjected to morphometric analysis. (E)
Sholl analysis of the arborization profiles of neurons expressing EGFP and Rab1 1DN-EGFP in
the presence or absence of BDNF. (F) Quantification of the branching points of neurons that
overexpressed Rab11DN or EGFP exposed to BDNF. N = 16-19 neurons from 3 different
experiments. The results are expressed as the mean + SEM. * p < 0.05; ** p < 0.01; *** p <
0.001 by two-way ANOVA with Bonferroni’s post-test.
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DISCUSSION

Several lines of evidence have consistently shown that the internalization and transit of Trk
receptors through the endocytic pathway are required for proper signaling and neuronal function
(Bronfman et al., 2014; Cosker and Segal, 2014). The mechanism by which neurotrophin
receptors use the endosomal pathway for signaling in neurons is well documented. For example,
“signaling endosomes” containing ligand-bound neurotrophin receptors have been extensively
described for axon-to-nucleus communication in peripheral neurons (Bronfman et al., 2003;
Delcroix et al., 2003; Harrington et al., 2011). Additionally, BDNF signaling endosomes have
been described to have a role in dendrite-to-nucleus communication in central neurons (Cohen
et al., 2011). However, how neurotrophins regulate the endosomal system for proper signaling
is just beginning to be understood (Cosker and Segal, 2014). Rabs are monomeric GTPases that
act as molecular switches to regulate membrane trafficking. They achieve this function by
binding a wide range of effectors that include SNARES, signaling molecules and molecular
motors. Among the Rab GTPases, Rab5 is the key GTPase regulating early endosomes and the
first endocytic station of endocytosed receptors (Stenmark, 2009). Of note, several lines of
evidence have shown that there is crosstalk between Rab5 activity and tyrosine kinase signaling
receptors (Chiariello et al., 1999; Jozic et al., 2012; Ong et al., 2014). Our aim was to study the
regulation of the Rab5-positive endosomes in relation to BDNF and at different levels, including
dynamics, activity and protein levels in hippocampal neurons. We found that BDNF increased
the colocalization of TrkB in dendrites and cell bodies, increasing the vesiculation of Rab5-
positive endosomes in the somatodendritic compartment. These findings correlated with the
increased mobility of Rab5 endosomes in dendrites and increased the movement of Rab5

endosomes from dendrites to the cell body. Consistently, BDNF induced an early activation of
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Rab5 in dendrites (5 min) followed by increased activation of Rab5 in cell bodies (30 min).
Long-term treatment of hippocampal neurons with BDNF (12-24 h) increased the protein levels
of Rab5 and Rab11 in an mTOR-dependent manner. Finally, expression of a dominant-negative
mutant of Rab5 reduced the basal arborization of nontreated neurons and BDNF-induced
arborization. We propose that BDNF increases the activity of Rab5 in dendrites to foster local
dendritic growth and to increase BDNF signaling propagation to the cell soma.

We have previously shown that BDNF/TrkB increases the activity of Rabl1 in dendrites of
hippocampal neurons by increasing local recycling and thus signaling of BDNF (Lazo et al.,
2013). Rab5 regulates the fusion of endocytosed vesicles to form early endosomes where
receptors are sorted to the recycling pathway that is regulated by Rabl11. Here, we show that
BDNF signaling also regulates the activity of Rab5, suggesting that BDNF in dendrites increases
the activity of both GTPases to increase the early recycling pathways for local signaling. One
intriguing aspect of our research, however, is that the mobility of both endosomes was
oppositely regulated by BDNF. While BDNF decreases the mobility of Rabl1 to allow local
recycling (Lazo et al., 2013), it increases both the number and mobility of Rab5-positive vesicles
in dendrites (current study). The movement of Rab5 vesicles increased in both the anterograde
and retrograde directions. However, Rab5 movements were biased to the retrograde direction,
consistent with a study indicating that 60% of microtubules are oriented with the minus end
towards the soma in mammalian cells (Ayloo et al., 2017). It is possible that while anterograde
movement of Rab5-positive vesicles is required for dendritic growth, retrograde movement of
Rab5 resulted in increased levels of Rab5-positive vesicles in the cell body. Consistently, we
showed by live-cell microscopy that Rab5-positive endosomes moved from primary dendrites

to the cell body. While performing live-cell microscopy of dendritic EGFP-Rab5 transfected
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neurons after photobleaching, we observed that Rab5-associated fluorescence recovered in the
same place, in addition to the observed mobile vesicles (Fig 3), suggesting that we monitored
both stationary and mobile early endosomes. Altogether, our research suggests that BDNF
defines a different population of Rab5 early endosomes that sort components to the recycling
pathway for local recycling, and another population engages in long-distance trafficking to the
soma or to distal dendrites. It is possible that a coordinated action of actin-based motors
regulates local trafficking of signaling receptors since both Rab5 and Rabl1 interact with
myosin proteins to coordinate local membrane trafficking (Masters et al., 2017; Schafer et al.,
2014; Sui et al., 2015).

Different lines of evidence have shown that both dynein and neuronal kinesin KIF21B engage
TrkB-BDNF for long-distance trafficking in dendrites (Ayloo et al., 2017; Ghiretti et al., 2016).
On the other hand, active Rab5 has been described to bind the Hook-interacting protein complex,
which interacts with dynein and dynactin to regulate the retrograde transport of axonal proteins
in neurons (Guo et al., 2016). Additionally, there is evidence that dynein and dynactin contribute
to 85-98% of long-inward translocation of Rab5 early endosomes in HeLa cells (Flores-
Rodriguez et al., 2011). Of note, dynein-mediated transport of Rab5-positive early endosomes
is required for dendritic branching in Drosophila melanogaster dopamine neurons (Satoh et al.,
2008). These results are consistent with our findings showing that Rab5 activity is required for
the stability of dendrites and BDNF-mediated dendritic branching in hippocampal neurons (Fig
7). Altogether, these results suggest that microtubule-associated molecular motors, most likely
dynein, drive the long-distance movement of Rab5 endosomes from dendrites to the soma in
response to BDNF, which is a process required for dendritic branching. This process might be

important in dendrite-to-nucleus communication as suggested by the results showing that
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dendritic BDNF increases expression of the immediate early genes c-fos and Arc in the cell
bodies of both hippocampal and striatal neurons (Cohen et al., 2011; Liot et al., 2013).

We also observed that BDNF increases Rab5 vesiculation and the number of Rab5-positive
endosomes in dendrites, a process that correlates with increased vesicles containing active Rab5.
Fusion and fission events are required for proper early endosome function and sorting of
endocytosed receptors and ligands (Skjeldal et al., 2012). Rab5 regulates these process by
regulating fusion of newly endocytosed receptors to form the early or sorting endosomes; from
there, fission events allow sorting into the endocytic pathways (Driskell et al., 2007). It is
possible that BDNF increases fusion and fission events to increase the vesiculation of Rab5 in
dendrites, or increases the recruitment of cytosolic inactive Rab5 to newly formed or preexisting
endosomes (Fig 10). However, direct evidence of these phenomena remain to be analyzed by a
more refined technique such as fluorescence resonance energy transfer as performed by

Verboogen to visualize SNARE trafficking and fusion (Verboogen et al., 2017).

Like other Rab proteins, Rab5 activity and localization is regulated by GEFs, GAPs and
different effectors (Stenmark, 2009; Zerial and McBride, 2001). Different extracellular cues
have been described to regulate Rab5 activity. For instance, in PC12 cells, NGF activation of
TrkA recruits RabGAPS, which inactivates Rab5, producing a delay in the maturation of
signaling endosomes and prolonging signaling and neurite outgrowth in PC12 cells (Liu et al.,
2007). Consistently, expression of a dominant-negative Rab7 in PC12 cells enhances NGF-
mediated signaling (Saxena et al., 2005) while it abolishes axonal retrograde transport of TrkB-
positive endosomes in motor neurons (Deinhardt et al., 2006). On the other hand, in cortical
neurons, semaphorin 3A increases the activity of Rab5 in axons to promote growth cone collapse

(Wu et al., 2014), suggesting that the activation of Rab5 might induce different outcomes
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depending on the extracellular cues, the signaling pathways activated and the neuronal processes
that are regulated. We observed that BDNF increases Rab5 activity and that these processes are
required for BDNF-dependent dendritic arborization, suggesting that in hippocampal neurons,
BDNF-mediated activation of Rab5 is required for proper signaling, contrary to the results
observed in PC12 cells (Liu et al., 2007). One question that arises is how BDNF regulates the
activity of Rab5. There are no antecedents that could lead us to hypothesize a direct effect of
TrkB signaling on Rab5 activity. However, we could speculate that by phosphorylating Rab5,
BDNF modulates its interaction with GEFs, thus increasing its activation. In support of this
speculation is the fact that different kinases including ERK 1, a BDNF/TrkB downstream kinase,
phosphorylate Rab5 (Chiariello et al., 1999), and Rinl, a GEF for Rab5, has been associated
with other RTKSs to increase Rab5 activity (Hunker et al., 2006). The activation of Rab5 should
be a tightly regulated process, and we observed that the activation of Rab5 induced by BDNF is
time dependent without promoting sustained activation. Sustained activation of Rab$5 in axons
disrupts retrograde axonal trafficking of NGF signals in basal forebrain cholinergic neurons,
suggesting that Rab5 activity must be tightly regulated for proper neuronal function (Xu, et al.,
2016). Overactivation of Rab5 could be deleterious for neurons. Indeed, we have observed that
expression of RabSCA induces neurodegeneration in hippocampal cultures (data not shown), a
phenomenon that it is not observed when hippocampal neurons are transduced with Rab11CA
(Lazo et al., 2013).

Our results indicate that both Rab5 and Rab11 activity are required for BDNF-induced dendritic
branching, indicating that the transit and correct endosomal sorting of BDNF receptors are
required for proper signaling. For example, retrolinkin, a receptor that tethers vesicles, interacts

with endophilin A1, a protein involved in generating endocytic necks, which is recruited to the
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early endosomal compartment in response to BDNF (Burk et al., 2017). Both proteins are
required for BDNF early endocytic trafficking and spatiotemporal regulation of BDNF-induced
ERK activation (Fu et al., 2011).

Finally, we found that BDNF increases both the mRNA and proteins levels of Rab5a in an
mTOR-dependent manner. The activation of mTOR kinase has been described as a key
signaling pathway regulating the translation of proteins mediated by BDNF (Leal et al., 2014).
Specificity is achieved because BDNF, in addition to regulating translation, induces a specific
miRNA-dependent repression (specific miRNA downregulation) and stabilizes the Dicer-TRBP
complex, increasing global maturation of miRNA (Ruiz et al., 2014). The fact that the protein
levels of Rab5 and Rabl1 are upregulated by BDNF in an mTOR-dependent manner suggests
that the specific growth program initiated by BDNF acts as a positive feedback loop to increase
BDNF- and Rab5-Rab11-dependent dendritic growth. Indeed, mTOR activation is required for
dendritic arborization of central neurons (Jaworski et al., 2005) and, consistently, both Rab5 and
Rabl11 activity is required for BDNF-induced neuronal growth.

Our results and those of others allow us to propose a model (Fig 10) addressing the functional
role between the early recycling pathway regulated by Rab5-Rab11 and BDNF/TrkB signaling
in neurons. We propose that BDNF is able to regulate the endosomal system by regulating the
activity of Rab5 and Rabl11 in a time- and space-dependent manner. This process allows both
increased local signaling in dendrites and increased signaling in cell bodies. While this model
predicts two different populations of recycling endosomes (dendritic Rab11 endosomes versus
the perinuclear cell body Rabl1 recycling endosome), the early endosomal pathway might be

coordinating dendritic and cell body signaling.
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Figure 10. Model summarizing the functional relationship between the early recycling
pathway and BDNF/TrkB signaling. (A) In dendrites, BDNF increases the activity and
reduces the mobility of Rabl1-endosomes, fostering the local recycling of TrkB in dendrites
and increasing local BDNF signaling (Lazo OM, et al 2013). On the other hand, BDNF
transiently increases the activity of Rab5, a process that increases the number and mobility of
Rab5 endosomes in dendrites. Since Rab5 early endosomes are upstream of Rabl1 recycling
endosomes, increased activity of Rab5 may, on the one hand, foster the Rabl1-dependent
recycling of TrkB in dendrites and, on the other hand, increase the transport of Rab5 endosomes
to the soma. (B) In the soma, increased activity of both Rab5 (this paper) and Rab11 (Lazo OM,
et al 2013) by BDNF may increase the cell body recycling of TrkB, increasing the long-lasting
signaling of BDNF required for dendritic growth. Increased activity of the TORC1 complex by
BDNF increased the protein levels of Rab5 and Rabl11 acting as a positive feedback loop that
contributes to BDNF-induced dendritic branching.
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Altogether, our results suggest that Rabs are key proteins that regulate BDNF signaling, and
further research is required to better understand the mechanism that leads to BDNF-mediated
activation of Rab5 and Rabl1 and how this process is coordinated with molecular motors for

both local and long-distance signaling of BDNF.
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SUPPLEMENTARY FIGURES
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Supplementary Figure 1. FRAP in the cell body of EGFP-Rab11. FRAP was performed in
cell bodies of hippocampal neurons (time 0), and recovery was evaluated after 5, 15 and 30 min.
Representative individual frames of a recording performed in a neuron expressing EGFP-Rab11.
Recording was performed in control conditions or after BDNF treatment. The panel shows
EGFP- Rabl11 endosomes in the cell body before FRAP (-1 min), just after FRAP (0 min) and
after 5, 15, 30 min of FRAP.
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Supplementary Figure 2. BDNF stimulation increases rabSa but not rabl11a mRNA levels.
A total of 8-9 DIV hippocampal neurons were stimulated with BDNF (50 ng/mL) for 4 h (A) or
12 h (B). mRNA levels of rab5a, rablla and arc were analyzed by qPCR. Expression levels
were normalized by B-actin, Tbp and Pgk-1 mRNA levels. Arc mRNA levels were evaluated as

a positive control of BDNF stimulation. Quantification was done of relative levels of mRNA
-Ct

with 2, showed as a fold changes of nonstimulated neurons (black dashed line). The results
are expressed as the mean + SEM, from 3 independent experiments. *<0.5; by Student’s T-test.
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CHAPTER II

In this chapter, we approached General aim 2 and the following specific aims:

2.1 To evaluate whether BDNF signaling in axons increases dendritic arborization in cell
bodies in a TrkB-dependent manner.

2.2. To evaluate whether BDNF signaling in axons increases dendritic arborization in a
CREB-dependent manner.

2.3 To study the role of signaling endosome in BDNF long-distance signaling.

2.4 To study the role of PI3K-mTOR pathway in BDNF long-distance signaling.
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ABSTRACT

Brain Derived Neurotrophic Factor (BDNF) is broadly express in many circuits of the central
nervous system (CNS) and binds TrkB and p75 to trigger different signaling pathways,
including ERK1/2 and PI3K-mTOR, to induce dendritic growth and synaptic plasticity. When
binding to BDNF, TrkB and p75 are endocytosed to signaling endosomes to continue signaling
inside the cell. Whether BDNF/TrkB-p75 signaling endosomes in axons are regulating long-
distance signaling to cell bodies to modify neuronal morphology is unknown. Here, we studied
the functional role of BDNF/TrkB-p75 signaling endosomes and BDNF signaling pathways in
long-distance regulation of dendritic growth using compartmentalized cultures of rat and mouse
cortical neurons derived from p75™°™™ knock-out or TrkBF®'®* knock-in mice. By applying
BDNF to distal axons we showed the capacity of axonal BDNF to increase dendritic arborization
in cell bodies. This process depended on TrkB, but not p75 activity. Dendritic arborization
induced by axonal BDNF signaling required both nuclear CREB activation and translation of
newly synthesized proteins in a CREB and PI3K-mTOR dependent-manner. Indicating that
PI3K-mTOR pathway in cell bodies promotes the translation of newly synthesized transcripts.
Interestingly, PI3K activity was not required in the axons for long-distance responses. Although,
BDNF/TrkB increases Rab5 activity and the activity of Rab5 and dynein were required for
BDNF-long distance signaling. All together, these results show that BDNF/TrkB in axons
regulates the endosomal pathway allowing long-distance control of dendritic growth. Our results

suggest a role of BDNF-TrkB signaling endosomes wiring circuits in the CNS.
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INTRODUCTION

During development, neurons grow specific dendritic threes which is a key process for the
establishment of proper central nervous system (CNS) connectivity (Jan and Jan, 2010). After
birth, dendrites and synapsis undergo plastic changes that are required for physiological
processes such as learning and memory. The morphology of the dendritic arbor is maintained
and/or undergoes plastic changes in a process that requires activity-dependent transcription
factors (TFs), protein translation and extracellular signaling molecules (Sutton and Schuman,
2006; Wong and Ghosh, 2002; Yap and Greenberg, 2018). A well-known activity regulated
gene is the member of the neurotrophin family of growth factors, brain-derived neurotrophic
factor (BDNF), whose expression is required for the maintenance of dendrites of adult striatal
and cortical neurons (layer II and III) (Gorski et al, 2003; Horch et al, 1999). Furthermore,
BDNF increases dendritic branching of cortical and hippocampal neurons in dissociated cultures
and in organotypic slices (Cheung et al., 2007; Horch and Katz, 2002). BDNF binds to both
receptors the tyrosine kinase receptor B (TrkB) and the pan neurotrophin receptor p75 (Huang
and Reichardt, 2003; Yan et al., 1997). However, the growth promoting action of BDNF is
specifically associated to TrkB; consistently, a mutant mouse with inducible deletion of TrkB
receptors exhibit a significant reduction of dendritic arbor and neurodegeneration in cortical

neurons (Xu et al., 2000).

The neuronal growth mediated by TrkB activation in neurons is triggered by signaling pathways

such as ERK1/2 and PLCy that activate the TF, cAMP response element CRE-binding protein
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(CREB) (Finkbeiner et al., 1997; Xing et al., 1998, Gonzalez et al 2019), mediating activity-
dependent transcription (Flavell and Greenberg, 2008; Yap and Greenberg, 2018). Also, the
activation of the class 1 phosphoinositide 3-kinase (PI3K)/Akt/ and the mammalian target of
rapamycin (mMTOR) (Dijkhuizen and Ghosh, 2005; Minichiello et al., 2002) contribute to this
process. Several lines of evidence suggest that BDNF increases the local translation of a subset
of mRNAs in dendrites in a mTOR dependent manner, including proteins related to CNS
plasticity (Leal et al., 2014; Ravindran et al., 2019; Schratt et al., 2004; Takei et al., 2004). Thus,
mTOR controls dendrite size and shape in a BDNF-dependent manner via PI3K/Akt pathway

(Kumar et al., 2005).

Ligand binding of BDNF promotes TrkB internalization of ligand-receptor in endocytic
organelles. A wealth amount of evidences has shown that a complex of neurotrophins and
neurotrophin receptors continue signaling inside the cell in a specialized organelle named
signaling endosomes, where it encounters specific signaling adaptors (Grimes et al, 1996;
Bronfman et al, 2014; Debaisieux et al, 2016). Consistently, several studies have shown that
endocytosis of TrkB is required for survival, dendritic arborization and cell migration (Zheng et
al., 2008; Zhou et al., 2007), suggesting that endosomal signaling has a role in the physiological
responses to TrkB. In line with these results, we have shown that BDNF/TrkB signaling
increases the activity and mobility of key Rab GTPases regulating endosomal trafficking,
particularly Rab5 (early-endosomes) and Rab11 (recycling endosomes) and in turns the activity
of these GTPases are required for BDNF-induced dendritic branching in a CREB-dependent

manner (Lazo et al 2013; Moya-Alvaro et al 2018; Gonzalez et al 2019).
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Due to the polarized morphology of neurons, distal dendrites and axons must be communicated
to the cell body for proper neuronal homeostasis. This is achieved by bidirectional transport of
organelles in a process that requires microtubule associated molecular motors (Bronfman et al.,
2014; Hirokawa et al, 2010; Terenzio et al, 2017). It has been shown, that BDNF is retrograde
transported in axons of cortical neurons (Olenick et al., 2019; Zhou et al., 2012). Furthermore,
endosomes containing activated TrkB are associated with the dynein adaptor snapin and, the
disruption of snapin/dynein interaction decreases dendritic arborization (Zhou et al., 2012).
However, few studies have addressed the long-distance effects of BDNF in the CNS (Cohen et
al., 2011; Lom et al., 2002)). On the other hand, long-distance communication of neurotrophins
from target tissue to cell bodies has been described in the peripheral nervous system (Harrington
and Ginty, 2013; Ye et al., 2003; Cosker and Segal, 2014; Scott-Solomon and Kuruvilla, 2018)).
Mechanistically speaking, the favorite hypothesis, due to the large body of evidences, is that
signaling endosome originating in synaptic terminals propagate distal neurotrophin signals to
the nucleus for transcriptional regulation, process mediated by TFs such as CREB (Riccio et al,
1997; Watson et al, 1999; Haihong et al, 2003). In that context, our lab and others have described
that CREB is phosphorylated in the nucleus of cortical neurons when BDNF is added
exclusively to the axons of compartmentalized neuronal cultures (Bronfman et al., 2014;
Deinhardt et al., 2006; Zhou et al., 2012), suggesting that CREB may mediate long-distance

signaling by BDNF.

Here, we used compartmentalized cultures of rat and mouse cortical neurons using microfluidic

chambers to study the mechanism of long-distance BDNF signaling in CNS neurons. We show
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that axonal stimulation with BDNF promotes dendritic growth in neuronal cell bodies. This
effect was mainly dependent on TrkB, and although p75 down-regulation affected the basal
morphology of neurons it did not affect long-distance BDNF responses. As previously reported,
axonal BDNF increases activation of CREB and CREB activity was required for long-distance
BDNF dendritic growth. Both process dependent on dynein mediated transport of activated
TrkB and Rab5 activity, suggesting that the process requires TrkB signaling endosomes
transport.  Interestingly, PI3K activity was required only in the cell body compartment to
promote dendritic arborization and mTOR activation induced by axonal BDNF signaling.
Consistently, the increase in the activity of CREB and mTOR induced by BDNF stimulation in
axons promotes somatodendritic protein synthesis. Our finding suggests that there is a functional
role of BDNF/TrkB signaling endosomes in regulating long-distance dendritic growth in central

neurons.
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METHODOLOGY

Primary culture of cortical neurons. Embryonic cortical neurons from rats (embryonic days
17-19) were obtained from the animal facilities of the Pontificia Universidad Catolica de Chile
and euthanatized under deep anesthesia according to the bioethical protocols of our institution.
The rat or mouse brain cortex were dissected and dissociated into single cells in HBSS (Hank s
Balance Salt Solution; Thermo-Fisher, cat# 14025134). After disaggregation, neurons were
resuspended in MEM/Horse Serum (Thermo-Fisher, cat# 16050122) and were seeded on
microfluidic chambers at a low density (40-50 x 10° cells/chamber) or in mass culture with a
density of 25 x 10° cells/well in 12 mm coverslips or 1.8 x 10° cell/ 60 mm plate. After 4 h, the
culture medium was replaced with neurobasal medium (Thermo-Fisher, cat# 21103049)
supplemented with 2% B27 (Life Technologies, cat# 17504044), 1x glutamax (Thermo-Fisher,
cat# 35-050-061) and 1x pen/strep (Thermo-Fisher, cat# 15140-122). Proliferation of non-
neuronal cells was limited by the use of cytosine arabinoside (0.25 pg/mL AraC; Sigma-Aldrich,
cat# C1768) when MEM/HS was replaced to neurobasal (Gonzalez et al, 2019; Taylor et al.,

2003).

Microfluidic devices. The molds to prepare the compartmentalized chambers was provided by
Prof Eran Perlson from Tel Aviv University (Gluska et al, 2016). The microfluidic chambers
were prepared with syldgard™ 184 silicone elastomer base (Poirot, cat# 4019862), according
to the manufacturer's instructions. Two days before performing primary cultures, glass

coverslips (25 mm) were incubated with poly-D-lysine (0.1 mg/mL, Corning, cat# 354210). The
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next day, poly-D-lysine was washed and a microfluidic chamber with 400 um microgrooves
was place on the coverslip. Then, inside of the chamber a solution of laminin (2 pg/mL in water,
Invitrogen, cat# 23017015) was added. The same day that the primary culture was performed,
the laminin solution was changed to DMEM/HS media (Dulbecco Minimum Essential Medium

supplemented with 10% horse serum, 1x glutamax and 1x antibiotic/antimycotic, Thermo-

Fisher, cat# 15240062).

Quantification of dendritic arborization induced by BDNF. Cortical neurons (6 DIV) were
transfected with 0.5 ug of the plasmid driving the expression of EGFP (CA, USA) using 0.8 uL
of lipofectamin 2000 (Invitrogen, cat#11668-019) in 30 uL of optimem (Thermo-Fisher, cat#
11058021). After 2 hours, the optimem with the plasmids was replaced for neurobasal media
supplemented with 2% B27, 1x Glutamax and 1x pen/Strep for 1 hour. The cell body
compartment was incubated with neurobasal medium supplemented with TrkB-Fc (100 ng/mL,
B&D system, 688TK) for all treatments. The drugs were incubated in the cell body compartment
or axonal compartment as follow. In the cell body compartment; INM-PP1 (1 uM, Cayman,
cat# 221244-14-0), KG501 (10 puM, Sigma-Aldrich, cat# 70485), LY294002 (10 uM,
Calbiochem, cat# 440202). In the axonal compartment: K252a (0.2 uM, Tocris, cat# 1683),
INM-PP1 (1 uM), LY294002 (10 uM), Ciliobrevin D (20 uM, Calbiochem, cat# 250401). After
1 hour, BDNF (50 ng/mL, Alomone, cat# B-250) was added to the axonal compartment together
with the subunit B of the choleratoxin fluorescently labelled (Ctb, 1 pg/mL, Thermo-Fisher,
cat# C34777). After 48 h, neurons were washed with PBS 37 °C and then fixed with fresh 4
% paraformaldehyde (Sigma-Aldrich, cat# 158127) in PBS (PFA-PBS) at 37°C for 15 minutes,

then the chamber is removed and the neurons were permeabilized and blocked with 5% BSA
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(Jackson, cat# 001-000-162) and 0.5% Triton X-100 (Sigma-Aldrich, cat# 234729) in PBS and
then incubated with anti-MAP2 ((1:500), Merk-Millipore, cat# AB5622) in incubation solution
(3% BSA with 0.1% Triton X-100 in PBS), after washes (3x buffer) neurons were treated with
a donkey anti-mouse Alexa 647 (Molecular probes, cat# A-31571), 1:500, in incubation
solution and mounted for fluorescence microscopy visualization using Mowiol 4-88

(Calbiochem, cat# 475904).

Dendritic arborization was analyzed in cortical neurons labelled with Ctb and transfected with
EGFP and labeled with MAP2. Primary dendrites, branching points and Sholl’s analysis (Sholl,
1953) were quantified (see below). For visualization, confocal microscopy using a Nikon
Eclipse C2 confocal microscope equipped with a digital camera connected to a computer with

Software NIS-Elements C was used. Images were acquired using a 60x objective at 1024x1024

pixel resolution along the z-axis each 0,5 um of whole cells, 5-7 optical slices. Z-stacks were
integrated, and the images were segmented to obtain binary images. Ten concentric circles with
increasing diameters (5 um each step) were traced around the cell body, and the number of
intersections between dendrites and circles was counted and plotted for each diameter. Analysis
was performed using the Image] plugin developed by the Anirvan Gosh Laboratory
(http://biology.ucsd. edu/labs/ghosh/software). The number of total primary dendrites and

branching points of all dendrites was manually counted from the segmented images.
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Evaluation of protein phosphorylation by immunofluorescence. Cortical neurons (5-6 DIV)
were incubated with Ctb555 (Ctb, 1 pg/mL) overnight. For all treatments, 6-7 DIV cortical
neurons were incubated with neurobasal medium supplemented with TrkB-Fc (100 ng/mL) in
the cell body compartment. The drugs were incubated in the cell body compartment or axonal
compartment as follow. In the cell body compartment; LY294002 (10 uM), Torin 1 (0.25 uM,
Tocris, cat# 4247). In the axonal compartment: Ciliobrevin D (20 uM). After 1 hour, BDNF (50
ng/mL) was added to the axonal compartment together with Ctb647 (1 pg/mL, Thermo-Fisher,
cat# C34778). After the time point indicated in the figure, samples were fixed with 4 % PFA
containing phosphatase inhibitor (1x, Thermo-Fisher, cat# A32957) in PBS during 15 min.
Blockage and permeabilization was done with blocking solution (5% BSA, 0.3% Triton X-100,
1x phosphatase inhibitor in PBS) for 1 hour. The antibodies were incubated overnight (4°C) in
incubation buffer (BSA, 3%, Triton X100, 0.1%, in PBS). The antibodies used were: anti-
phospho CREB, 1:500, (S133, Cell Signaling cat# 9198), anti-phospho S6 ribosomal protein
1:100 (S235/236, Cell Signaling, cat# 2211S), anti-phospho 4E-BP1, 1:500 (S65, Cell
Signaling, cat# 9456S). The secondary antibody used was a donkey anti rabbit Alexa488
((1:500), Molecular Probes, cat# A-21206) and was incubated for 90 minutes in BSA (3%),
Triton X100 (0.1%) in PBS. The samples were incubated with Hoechst 33342 (5 pg/mL,
Invitrogen, cat# 62249) for nuclei visualization. We visualized the entire neuron in the cell body
compartment with confocal microscopy using a Nikon Eclipse C2 confocal microscope

equipped with a digital camera connected to a computer with Software NIS-Elements C.

Images were acquired using a 60x objective at 1024x1024 pixel resolution along the z-axis. Five

to seven optical section of 0,5 um thick were considered from a whole cell.
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Neuron cell viability evaluation through TUNEL assay. For detection of fragmented DNA,
6 DIV cortical neurons were exposed to KG501 (10 uM) in the cell body compartment and
Ctb555 (1 pg/mL) in the axonal compartment, during 48 hrs in neurobasal supplemented with
B27. As a positive control Oligomycin A (10 uM, Sigma-Aldrich, cat# 75351) was incubated
in the cell body compartment during 5 min. Neurons were washed with PBS and fixed in 4%
PFA in PBS for 15 min at room temperature. After that, neuron-attached coverslips were washed
in PBS three times for 5 min each. For permeabilization, neurons were placed onto ice-cold
citrate/triton solution (0.1% citrate; 0.1% triton X-100) and kept for 2 min on ice, then coverslip
were washed twice to remove permeabilization solution and incubated with
labeling TUNEL mix (Kit for In Situ Cell Death Detection Kit, Fluorescein, Roche cat#
11684795910) for 1h at 37°C. The samples were incubated with Hoechst (5 pg/mL). TUNEL
assay was analyzed by fluorescence and/or confocal microscopy and total Hoechst nuclear

staining as well as TUNEL positive apoptotic nuclei were counted by using the Image J.

Immunoendocytosis of Flag-TrkB in microfluidic chambers to evaluate retrograde
transport of TrkB from axons to dendrites. Cortical neurons (5 DIV) were transfected with
0.5 ug of the plasmid Flag-TrkB (gift from Prof. Francis Lee, NYU, USA) using 0.8 uL of
lipofectamin 2000 in 30 uL optimen per chamber. After 48 hours, cortical neurons (7 DIV) were
incubated at 4°C for 10 minutes and then treated with an anti-Flag antibody, 1:750, (Sigma-
Aldrich, cat#F3040) for 45 minutes only in the axonal compartment at 4 °C. After, cortical
neurons were washed briefly with warm neurobasal and were incubated with BDNF (50 ng/mL)
in the axonal compartment for 180 minutes. Finally, samples were fixed with 4 % PFA with

phosphatase inhibitor in PBS during 15 min. Blockage and permeabilization was done with
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blocking solution (5% BSA, 0.3% Triton X-100, 1x phosphatase inhibitor in PBS) for 1 hour.
The antibodies anti phosphorylated TrkB Y816 ,1:200, (Sigma-Aldrich, cat# ABN1381) or anti-
Rab,1:250, (Abcam, cat# AB18211) were incubated overnight (4 °C) in incubation buffer (BSA,
3%, Triton X100, 0.1%, in PBS). The secondary antibody used was a donkey anti rabbit
Alexa488, 1:500, and donkey anti-mouse Alexa555, 1:500, (Invitrogen, cat# A-31570) was
incubated for 90 minutes in incubation buffer. We visualized entire neuron in the cell body
compartment and the microgrooves compartment with confocal microscopy using a Nikon
Eclipse C2 confocal microscope equipped with a digital camera connected to a computer with

Software NIS-Elements C. Images were acquired using a 60x objective at 1024x1024 pixel

resolution along the z-axis each 0,5 pm of whole cells, 5-7 optical slices.

Microscopy detection and quantification of active Rab5 in dendrites and cell bodies. The
fusion protein RabSBD-GST (gift from Prof. Vicente Torres, University of Chile, Chile) was
produced in BL21 E. coli, transformed with a pGEX-GST-Rabaptin5 plasmid and stimulated
for 4 hours with IPTG (Promega, cat# V3955). The RabSBD-GST protein was purified from
bacteria lysate using glutathione-Sepharose beads (Sigma-Aldrich, cat# GE17-0756-01). For
use as a probe, the protein was eluted in a solution of reduced glutathione (Sigma-Aldrich, cat#
G4251) (Moya-Alvarado 2018). Seven DIV Neurons were preincubated with K252a (0.2 uM)
during 1 hour in the axonal compartment, then, axonal compartment was stimulated with BDNF
(50 ng/mL) or Ctb555 (1 pg/mL) for 30 minutes, fixed with 4 % PFA in PBS for 15 minutes,
permeabilized and blocked in 3% fish gelatin (Sigma-Aldrich, cat# G704) in incubation buffer
(50 mM Tris-Cl, 50 mM NacCl, 5 mM MgCl,, 0.5 mM DTT, 1 mM EDTA, 0.25 M sucrose and

0.2% Triton X-100, pH 7.2) for 45 min. Then, neurons were incubated overnight with ~10
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pg/mL RabSBD-GST in incubation buffer at 4°C. After 2 brief washes in HBSS, neurons were
fixed again with 4% PFA in PBS, then samples were permeabilized and blocked with 3% fish
gelatin (Jackson, cat# 001-000-162) and 0.5% Triton X-100 (Sigma-Aldrich, cat# 234729) in
PBS and then incubated with anti-GST, 1:500, (Thermo-Fisher, cat# 8-326) and anti- B-III
Tubulin, 1:750, (Sigma-Aldrich, Cat T8578) in incubation solution (3% fish gelatin with 0.1%
Triton X-100 in PBS), after washes (3x buffer) neurons were treated with donkey anti-rabbit
Alexa488, 1:500, and donkey anti-mouse Alexa647, 1:500, in incubation solution and mounted

for fluorescence microscopy visualization.

To avoid biases in the selection of a neuron with high or low levels of RabSBD-GST, neurons
were selected according to the B-III tubulin labelling for quantification. We visualized the
proximal part to the microgrooves of axonal compartment with confocal microscopy using a
Nikon Eclipse C2 confocal microscope equipped with a digital camera connected to a computer

with Software NIS-Elements C. Images were acquired using a 60x objective at 1024x1024

pixel resolution along the z-axis. Three to five optical sections of 0,25 pm thick were considered
per axons and 30 pm length of axons were quantified for anti-GST fluorescence. The
background was calculated from images of neurons treated with GST, and this baseline was

calculated for and subtracted from each dataset.

Evaluation of the somatodendritic TrkB activity in compartmentalized cultures using

F616A F616A

cortical neurons derived from the TrkB mice. Cortical neurons derived from TrkB
(6 DIV) mice were incubated in the axonal compartment with Ctb555 (1 pg/mL) overnight.

Then, neurons were washed with neurobasal. In the control and BDNF treatments, cultures were
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depleted of B27 (neurobasal, with 1x glutamax) during 1 hour and next maintained with more
volume of media in the CB in the presence of TrkB-Fc (100 ng/mL). The axonal compartment
(AC) was treated with BDNF (50 ng/mL) for 3 hrs. For inhibition of TrkB activity in the cell
bodies compartment (CB), the cultures were depleted from media during one hour in the
presence of INM-PP1 (1 puM) in the CB, but with more media in the AC to avoid the leak of
INM-PP1 to the AC. Next, neurons were incubated in the presence or absence of BDNF (50
ng/mL) in the AC with more volume in the AC and the CB compartment continued with INM-
PP1 (1 uM) and TrkB-Fc (100 ng/mL) for 3 hours. When the activity of TrkB was inhibited in
the AC, neurons were depleted from media during one hour in the presence of INM-PP1 (1 pM)
in the AC, then cells were incubated with BDNF (50 ng/mL) in the AC in the presence of 1NM-
PP1 and TrkB-Fc during 3 hours with more volume in the CB. For all conditions, the CB was
incubated during the experiment with TrkB-Fc (100 ng/mL) in neurobasal without B27. After 3
hours of BDNF treatment, neurons were washed with PBS 1X and cell were fixed with 4 % PFA
in PBS during 15 minutes at room temperature. Finally, an immunofluorescence against
phospho proteins was performed as described above. Phospho TrkB (Y816; 1:200) and phospho
CREB (S133, 1:500) was evaluated. To evaluate phospho TrkB and phospho CREB levels, we
visualized entire neuron in the cell body compartment with confocal microscopy using a Nikon
Eclipse C2 confocal microscope equipped with a digital camera connected to a computer with
Software NIS-Elements C. Images were acquired using a 60x objective at 1024x1024 pixel
resolution along the z-axis of whole cells. Dots associated to Phospho-TrkB levels in the cell

body were quantified from Ctb positive cells and normalized to the size of cell body

compartment. Phospho CREB levels were evaluated as described above.
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Evaluation of the TrkB activity and downstream signaling in non-compartmentalized

F616A - . .
mice. Cortical neurons derived

cultures using cortical neurons derived from the TrkB
from TrkB™'** (7 DIV) mice were depleted from media during 1 hour in the presence or absence
of INM-PP1 (1 uM). Then neurons were treated as follow: control: vehicle 1 hour. BDNF:
incubation of BDNF (50 ng/mL) during 30 minutes, next were rinse twice with PBS 1x and
incubated with vehicle for 30 minutes. INM-PP1 (Pre): neurons were incubated with BDNF in
the presence of INM-PP1 during 1 hour. INM-PP1 (Post): neurons were stimulated with BDNF
during 30 minutes, next were rinse twice with PBS 1x and incubated with INM-PP1 during 30
minutes. Next, TrkB and Akt activity were evaluated by westernblot and CREB, 4E-BP1 and
S6 ribosomal protein (S6r) were evaluated by immunofluorescence. For westernblot, cells were
lysed with RIPA buffer (0.1 % SDS, 0.5 % NP40, 10 mM Tris-HCI (pH7.5), | mM EDTA, 150
mM NaCl, 0.5 % deoxicolic acid) containing protease and phosphatase inhibitors. Standard SDS
gel electrophoresis and Western blotting procedures were used to analyze the cell extracts using
anti-phosphorylates pTrkB (Y816, 1:1000), TrkB (1:1000, BD bioscience cat#610101). pAkt
(S437, 1:1000, Cell signaling cat#9271), Akt (1:1000, Cell signaling cat#9272) and GAPDH
(6C5, 1:1000, Santa Cruz cat#sc-32233) antibodies. For immunofluorescence, neurons were
washed with PBS 1X and cell were fixed with 4 % PFA in PBS during 15 minutes at room
temperature. Finally, an immunofluorescence against phospho proteins was performed as
described above. Anti-phospho CREB (S133; 1:500) Anti-phospho S6 ribosomal protein
(S235/236, 1:100), Anti-phospho 4E-BP1 (S65, 1:500) and anti- B-III tubulin (1:750). we
visualized entire neuron in the cell body compartment with confocal microscopy using a Nikon

Eclipse C2 confocal microscope equipped with a digital camera connected to a computer with

Software NIS-Elements C. Images were acquired using a 20x objective for pPCREB and 60x
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objective for 4E-BP1 and Sér at 1024x1024 pixel resolution along the z-axis of whole cells.

Evaluation of protein synthesis by Click-iT chemistry and Arc immunofluorescence.
Compartmentalized cortical neurons (6 DIV) were incubated in the AC with Ctb488 overnight.
At 7 DIV neurons were washed with warm PBS 1x, then incubated with DMEM without
methionine (Life Technologies, cat# 21013024), supplemented with glutamax 1x and L-cystine
(0.201 mM, Sigma-Aldrich, cat#C7602) for 60 minutes. The media was changed to DMEM
supplemented with Click-iT AHA (0.1 mM, Thermo-Fisher, Click-iT cat# C10269; AHA
cat#C10102) (standardization was done with AHA 0.2 mM, 0.1 mM, 0.05 mM and 0.02 mM),
for 5 hours. In addition, the AC of neurons was treated with BDNF (50 ng/mL) and the cell body
compartment was incubated with TrkB-Fc (100 ng/mL) and Torin 1 (0.25 uM) or KG501 (10
uM). Neurons were fixed with 4 % PFA in PBS for 15 minutes. Then, the protocol was
completed according to the manufacturer's instructions using alkyne alexa fluor 555 (2.5 uM,
Invitrogen, cat# A20013) to conjugate with AHA. Finally, immunofluorescence against Arc

(1:300, Abcam, cat# AC118929) was performed as described above for MAP2 immunostaining.

BDNF-avi production and purification. HEK293FT cells were cultured in DMEM, 4.5 g/l
glucose, 10% FBS, 1% penicillin/streptomycin. For transfection, HEK293FT cells were grown
in 20 plates of 15 cm to ~70% confluency. Cells were changed to 25 ml of DMEM-high glucose
without serum. For transfection, 30 ng of pcDNA3.1-BDNFavi plasmids DNA (gift from Prof.
Chengbiao Wu, UCSD, USA) was added to one ml of DMEM-high glucose media and then 90
pg PEI (45 pL, Polysciences Inc, cat# 23966-1) were added. The mixture was incubated at room

temperature for 25 min and was added into the media by dropwise method. Transfected
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HEK293FT cells were incubated at 37 °C, 5% CO, for 48 hour post transfection and then, the
media was collected for protein purification.

Media was harvested and adjusted to 30 mM phosphate buffer, pH 8.0, 500 mM NaCl, 20 mM
imidazole (Sigma-Aldrich, cat# 15513) and a cocktail of protease inhibitors (Sigma-Aldrich,
cat# P8340). After incubation on ice for 15 min, media was cleared by centrifugation at 9500
rpm for 45 min using a Hettich 46R centrifuge. Ni-NTA resins (Qiagen) were rinsed twice with
the washing buffer (30 mM phosphate buffer, pH 8.0, 500 mM NaCl, 20 mM imidazole and a
cocktail of protease inhibitors). Ni-NTA resins (Qiagen, cat# 30250) were added to the media
at a concentration of 0.3 ml Ni-NTA/100 ml media and incubated for 180 minutes at 4 °C. The
media/Ni-NTA slurry were loaded onto a column and the captured Ni-NTA resins were washed
with 10 ml wash buffer and eluted with 1 ml elution buffer (30 mM phosphate buffer, pH8.0,
500 mM NacCl, 300 mM imidazole, protease inhibitors). The purity and concentration of BDNF-
avi was assessed by Western blot using a standards curve of BDNF (Alomone, cat# B250), and

anti-BDNF antibody (1:500, Alomone, cat# ANT-010).

BDNF-avi biotinylation. Purified BDNF-avi was dialyzed with Sanderson water for 15
minutes. To biotinylate the BDNF-avi protein, an enzymatic reaction was performed. BDNF-
avi (600-800 ng) were incubated with biotinylation buffer (50 mM Bicine, 10 mM MGAcO, 50
uM D-Biotin) in the presence of 10 mM ATP and BirA-GST (BirA 1:1 BDNF-avi) during 1
hour at 30°C with 600 RPM agitation. Then, 10 mM ATP and BirA-GST were added again and

the incubation was allowed for one additional hour at 30°C with 600 RPM agitation.

BDNF-bt coupling to streptavidin quantum dots and visualization in microfluidic devices.

To bind BDNF-bt to streptavidin quantum dots -655, (Thermo-Fisher, cat# Q10121MP)
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(BDNF-QD), 1 uL of QD-655 was added to 10 pL of BDNF-bt (approx. 3 ng/ uL) and taken to
a final volume of 20 pL with neurobasal media. Then, the mixture was incubated at room

temperature in an orbital rocker for 30 minutes.

To evaluate the spatial location of BDNF-QD within cells, cortical neurons were depleted with
neurobasal media during 1 hour in the presence or absence of LY294002 (10 uM) or Ciliobrevin
D (20 uM). Then, the AC was incubated with BDNF-QD (2 nM) in the presence or absence of
LY294002 or Ciliobrevin D for 4 hours. Neurons were fixed with 3 % PFA in PBS for 15
minutes at room temperature, washed with PBS and mounted in mowiol. We visualized the
proximal part of the microgrooves to the cell bodies compartment with epifluorescence
microscopy using a Nikon Eclipse C2 confocal microscope equipped with a digital camera
connected to a computer with Software NIS-Elements C. Three to five optical sections (3-5)
of 0,25 um thick were considered per axons. Images were acquired using a 100x objective at
1024x1024 pixel resolution along the z-axis. The number of BDNF-QD or QD alone were

quantified in 90 pm? region of axons located in the microgrooves.

Statistical analysis. The results are expressed as the average + standard error of the mean
(SEM). Sholl’s analysis curves were compared with two-way repeated measures ANOVA,
followed by Bonferroni’s multiple comparisons. Student’s t-test or one-way ANOVA followed
by appropriated multiple comparisons test was performed depending on the number of groups
used in each experiment. Details about specific test used, level of significance and number of
replicates are indicated in each figure legends. Statistical analyses were performed using

GraphPad Prism 7 (Scientific Software).
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RESULTS

BDNF axonal signaling promotes dendritic branching in a TrkB-dependent manner.

Using an in-vitro model of microfluidic chambers we evaluated whether the axonal stimulation
of BDNF promotes dendritic arborization using three different approaches; rat cortical neurons
incubated with the tyrosine kinase inhibitor K252a (Tapley et al., 1992), cortical neurons
derived from TrkB"®'®* knockin mice (Chen et al., 2005), and cortical neurons derived from p75
KO mice (Lee et al., 1992). To evaluate morphological changes in neurons, we transfected
compartmentalized cultures of cortical neurons (6 DIV) with plasmids driving the expression of
EGFP and then we performed MAP2 immunostaining after neuronal fixation (Fig.1A). To
identify the neurons that projected their axons to the axonal compartment (AC), we used the
subunit B of the cholera toxin fluorescently labelled (Ctb). Ctb, is internalized and retrogradely
transported in neuronal axons and accumulates in the Golgi apparatus in neuronal cell bodies
(Escudero et al, 2019) (Fig. 1A and Supplementary Fig. 1A). The axonal treatment of Ctb allows
us to control the true compartmentalization of the microfluidics chambers, just cultures that
show Ctb accumulation in the Golgi apparatus and not all over the neurons were considered for
analysis (Supplementary Fig. 1B). Also, quantifications were performed just in neurons that
were labelled by Ctb. Since BDNF is mainly released from dendrites (Matsuda et al., 2009), the
selectivity of BDNF axonal stimulation was achieved by incubating with the TrkB-Fc chimera
the neuronal somas in the cell body compartment (CB) (Shelton et al., 1995). TrkB-Fc

neutralizes the activity of endogenous BDNF released by neurons, indeed when TrkB-Fc was
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not included in the CB compartment there was an increase in the basal level of dendritic

arborization (Fig 1B, Supplementary Fig.1C).
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Figure 1. BDNF added to axons promotes dendritic branching in a TrkB-dependent
manner. (A) Representative images of two compartmentalized microfluidic chambers after
BDNF/Ctb555 incubation in the axonal compartment. Cortical neurons were seeded in
microfluidic chambers of 400 um long and 15 pm width microgrooves. Left panel, EGFP
immunofluorescence showed in white. Right panel, EGFP in green, MAP2 in blue and Ctb555
in red. Ctb555 in the cell body and co-staining with MAP2 is shown in magenta, in light blue
are labelled neurons co-stained with EGFP/MAP2/Ctb555 indicates neurons projecting their
axons through the microgrooves (yellow arrow). (B) Experimental design to study BDNF
retrograde signaling. At Six DIV neurons were transfected with a plasmid driving the expression
of EGFP. The cell bodies compartment (CB) was incubated with TrkB-Fc (100 ng/mL). The
axonal compartment (AC) was stimulated with BDNF (50 ng/mL) in addition to the
fluorescently-labelled B subunit of choleratoxin (Ctb555) in presence or absence of different
inhibitors. Treatments with BDNF and TrkB-Fc were performed for 48 hours to evaluate
dendritic arborization. Finally, neurons were fixed, and immunofluorescence was performed
against MAP2. (C) Representative images of rat cortical neurons in the CB (red indicated
Ctb555) from compartmentalized cultures treated in the axons with DMSO (control), K252a
(200 nM), BDNF (50 ng/mL) or BDNF and preincubated with K252a (D-F). Quantification of
primary dendrites (D), branching points (E) and Sholl analysis (F), from neurons labelled with
EGFP/MAP2/Ctb555 for each experimental condition. n= 40-45 neurons from 3 independent
experiment. (G) Representative images of mouse TrkB"™'®* cortical neurons in the CB (red
indicated Ctb555) from compartmentalized cultures treated in the axons with DMSO (control),
INM-PP1 (1 um), BDNF (50 ng/mL), or BDNF pretreated with INM-PP1. (H-J) Quantification
of primary dendrites (H), branching points (I) and Sholl analysis (J), from neurons labelled with
EGFP/MAP2/Ctb555 in the four different experimental conditions as described in G. Scale bar
20 um. n= 40-45 neurons from 3 independent experiment. *p<0.05, **p< 0.01, ***p< 0.001,
++p<0.01 NM-PP1 vs INM-PP1+BDNF. Statistics was done by one-way ANOVA test
followed by Bonferroni post-test for multiple comparisons (D, E, H and I). Two-way ANOVA
with Bonferroni post-test for multiple comparisons (F and J). Results are expressed as + SEM.

Following the above-mentioned experimental design, we found that BDNF added to axons was
able to increase primary dendrites, branching points and the overall dendritic arbor in the cell
body of rat (Fig. 1C-F) or mice (Fig. 1G-J) cortical neurons. Also, we found that this effect
required axonal TrkB signaling. The treatment of rat cortical cultures with K252A in axons
abolished axonal BDNF effect (Fig. 1C-F). Consistently, the treatment of axons with INM-PP1

of compartmentalized neuronal cortical cultures, derived from TrkB'** knockin mice
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abolished axonal BDNF effect in neuronal morphology (Fig. 1G-J) in the same line with the

results observed with K252A in rat-derived cortical cultures.

To evaluate the contribution of p75 to the dendritic arborization induced by BDNF, we used

OexonHI

cortical neurons derived from p75 K mice. Using the same experimental design described

for Figure 1A we prepared cultures derived from p75 KO (p75™"), heterozygous (p75™)

0™ (p75") mice. We observed that the number of branching points

and homozygous p75 K
induced by axonal stimulation with BDNF was unchanged by the p75 genotype (Fig. 2A-C).
However, we observed that the absent of p75 changes the basal morphology of the dendritic
arbor. While neurons possessed a smaller number of primary dendrites, there was an increased
number of distal dendrites (Fig. 2D). Consistently, with the result presented in Fig 2A-C, axonal

I .
O™ to similar levels

BDNF was able to increase the number of primary dendrites in p75 K
compared to neurons derived from p75™" littermates derived from p75 KO™™" heterozygotes

(Fig.2E). All together, these results indicate that BDNF in axons of cortical neurons increases

the dendritic arbor in a TrkB activity dependent-manner.
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Figure 2. BDNF increases dendritic arborization in a p75-independent manner. (A)
Representative images of p75 KO™"" cortical neurons in the CB (red indicated Ctb555) from
compartmentalized cultures of p75™", p75™" or p75™ treated with BDNF (50 ng/mL) in axons.
Quantification of primary dendrites (B) and branching points (C) from neurons labelled with
MAP2/Ctb555 in the different mouse genotypes as described in A. (D) Sholl analysis of cultures
treated with TrkB-Fc in the CB compartment (non-stimulated) condition from each genotype.
(E) Sholl analysis of cultures treated with TrkB-Fc in the CB compartment and BDNF in the
AC from each mouse genotype. n= 40-50 neurons from 3 1nde}f)endent mice, in 2 independent
experiments. *p<0.05, **p< 0.01, ***p< 0.001, ++p<0.01 p75” vs p75™". Statistics was done
by one-way ANOVA test followed by Bonferrom post-test for multiple comparisons (B and C).
Two-way ANOVA with Bonferroni post-test for multiple comparisons (D and E). Results are
expressed as + SEM.
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CREB activity is required for BDNF long-distance signaling

Several groups have shown that axonal BDNF signaling promotes nuclear CREB
phosphorylation in different neuronal models (Deinhardt et al., 2006; Watson et al., 1999; Zhou
et al., 2012); however, the physiological relevance of CREB activation in this process has not
been evaluated. In order to evaluate CREB activation, we used a well-described polyclonal
antibody against phosphorylated CREB at serine 133 (Lonze et al, 2002; Gonzales et al, 2019)
and we performed a time course of CREB phosphorylation induced by axonal BDNF treatment.
With this aim, at 5 DIV we incubated Ctb555 in the axonal compartment overnight, to identify
all the neurons that projected their axons. At 6 DIV, we added BDNF together with Ctb647 at
different time points to parallel bulk retrograde transport with the visualization of CREB
phosphorylation (Fig. 3A). BDNF induced an increase of nuclear CREB phosphorylation as
soon as 30 minutes, with two peaks one at 30 and a second peak at 180 minutes. Although,
Ctb647 accumulation was observed at early times points of BDNF treatment, we observed

robust Ctb647 accumulation mainly at 180 minutes (Fig. 3B).

To corroborate that CREB activity was required for dendritic arborization, we stimulated axons
with BDNF of cortical neurons incubated with KG501 in the cell body compartment for 48
hours. KG501 is a small molecule that disrupt the interaction between CREB and CREB Binding
Protein (CBP) (Best et al., 2004), (Fig. 3D). Interestingly, the presence of KG501 produces a
small decrease, but not statistically significant, of the basal dendritic arborization. However,
KG501 abolished the increase of dendritic arborization induced by the treatment of axons with

BDNF (Fig. 3F, G and H). In addition, we evaluated whether p75 was required for
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phosphorylation of CREB upon BDNF stimulation. Consistently with the results observed in
Fig. 2, the absence of p75 did not impacted in BDNF-induced CREB phosphorylation (Fig.

Supplementary 2 A and B). Indicating that, in our model, p75 is not required for BDNF-induced

CREB phosphorylation.
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Figure 3. CREB activity is required for axonal BDNF induced long-distance dendritic
arborization. (A) Schematic representation of the protocol to evaluate CREB phosphorylation
induced by axonal BDNF. Five DIV cortical neurons were retrograde labeled with Ctb555 (in
red) overnight (A’). Next, the culture medium was changed to serum-free medium for 90
minutes and stimulated with BDNF (50 ng/mL) for 5, 30, 90, 120 and 180 minutes along with
Ctb647 (in blue) in the axons (A”). Finally, the cultures were fixed and activated CREB was
visualized by phospho CREB (pCREB, S133) immunofluorescence performed in CB. (B)
Representative figures of nuclear pCREB immunostaining in control neurons and stimulated
with BDNF in axons for different times points as indicated in A. Scale bar 10 pm. (C)
Quantification of fluorescence (arbitrary units, A.U) of pCREB in the nucleus in the presence
or absence of BDNF. Just neurons positive for Ctb555 were included in the analysis. n= 30-40
neurons from 2 independent experiment. *p<0.05, **p< 0.01, ***p< 0.01 vs control; + p<0.05
vs BDNF 90 and 120 min. Results are expressed as + SEM. Statistics was done by one-way
ANOVA test followed by Bonferroni post-test for multiple comparisons. (D) Experimental
design to study the requirement of CREB activation for axonal BDNF-induced dendritic
arborization. The CB was incubated with TrkB-Fc (100 ng/mL) and KG501 (10 uM) for 1 hour.
Then, the AC was stimulated with BDNF (50 ng/mL) for 48 hours in the presence of Ctb555 in
the axons in the presence or absence of KG501 in the CB. Finally, neurons were fixed and
immunofluorescence was performed against MAP2. (E) Representative images of neurons in
the CB (red indicates Ctb555) from compartmentalized cultures treated with DMSO (control),
KG501, BDNF or BDNF in the presence of KG501 CB. Scale bar 20 pm. (E-H) Quantification
of primary dendrites (F), branching points (G), Sholl analysis (H), from neurons labelled with
EGFP/MAP2/Ctb555 in each experimental condition. n= 30-35 neurons from 3 independent
experiment. *p<0.05, **p< 0.01, ***p< 0.001. Statistics was done by one-way ANOVA test
followed by Bonferroni post-test for multiple comparisons (F and G). Two-way ANOVA with
Bonferroni post-test for multiple comparisons was used for Sholl analysis. Results are expressed
as £ SEM.(I) To control for cell death induced by the KG501 drug, we performed experiments
as indicated in D by after fixation cell were staining for DNA fragmentation using Tunel (in
green). Just neurons labelled with Ctb555 were considered. As a positive control Oligomycin
(10 uM) treatments as indicated in methods was used. (J) Quantification of Tunel positive cells.
Scale bar 20 um. n=2 chambers per condition from 3 independent experiments. *p=0.05. Results
are expressed as £ SEM. Statistics was done by one-way ANOVA test followed by Bonferroni
post-test for multiple comparisons.
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Since CREB has been widely described as mayor regulator of neurotrophins-induced survival
in PNS neurons (Bonni et al., 1999; Lonze and Ginty, 2002), we assessed whether, in our
conditions, KG501 had any effect on neuronal survival using the Tunel assay. We found that
after 48 hours of treatment, KG501 did not affected neuronal survival. As a positive control, we
used oligomycin A, an inhibitor of oxidative phosphorylation in the mitochondria, that induces
apoptotic cell death (Fig. 3I and J). Taken together, our result suggests that axonal BDNF
promotes CREB phosphorylation and that CREB-dependent transcription is required for long-

distance dendritic branching induced by BDNF.

The transport of endocytic organelles by the molecular motor dynein is required for BDNF

long-distance signaling.

In axons, long-range retrograde transport of organelles and signaling molecules is performed by
the minus-end microtubule molecular motor dynein (Hirokawa et al., 2010). Several groups
have shown that in central neurons, BDNF and TrkB are efficiently retrogradely transported
(Olenick et al., 2019; Zhou et al., 2012). To further confirm that this process is dynein
dependent, we monobiotinylated BDNF in vifro and we labelled it with streptavidin quantum-
dots (QD) for in vivo imaging (Stuardo et al, 2019). We found that BDNF-QD was efficiently
targeted to the retrograde transport pathway (Supplementary Figure 3) and that this process was
reduced in about 80% by inhibition of dynein with Ciliobrevin D (CilioD), a specific inhibitor
of dynein ATP activity (Sainath and Gallo, 2015) (Fig. 4A and B). To evaluate whether axonal
dynein inhibition reduced the transport of axonal TrkB signaling, we evaluated nuclear

phosphorylation of CREB and dendritic arborization induced by axonal BDNF stimulation in
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the presence or absence of CilioD in axons (Fig 4C). First, we evaluated the extend of CREB
phosphorylation in the nucleus upon axonal BDNF stimulation. With this aim, we incubated the
axonal compartment overnight with Ctb555 to identify all the neurons that projected their axons,
then at the next day we incubated the axonal compartment with BDNF and Ctb647 in the
presence or absence of CilioD (Fig. 4C and D). The presence of CilioD in the axons decreased
CREB phosphorylation at 30 minutes in almost a 40% (Fig. 4D and E) and at 180 minutes
completely abolish CREB phosphorylation (Fig. 4D and F) induced by BDNF axonal
stimulation in addition to the accumulation of Ctb647 (in magenta) (Fig. 4D). Consistently with
the result presented in Figure 3, reduced CREB phosphorylation induced by dynein inhibition
(48 hrs treatment) negatively regulated dendritic arborization induced by axonal BDNF (Fig.

4G - ).
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Figure 4. Dynein activity is required for phosphorylation of CREB and dendritic
arborization induced by BDNF. (A) Schematic representation of protocol to evaluate
retrograde transport of BDNF. Biotinylated BDNF conjugated to Streptavidin quantum dot 655
(QD) (2 nM) was incubated in the AC for 4 hrs in the presence or absence of Ciliobrevin D (20
puM). Then, after washed, neurons were fixed and the accumulation of BDNF-QD was evaluated
in the proximal compartment of the microgrooves (MG). As a control, non-conjugated QDs
were used. Representative images of BDNF-QD (dots in green) of the proximal region of MG
in each condition. (B) Quantification of QD positive vesicles in the proximal region of MG
every 900 pm per each condition. Scale bar 10 um. N= 36 microgrooves from 3 independent
experiment were analyzed. (C) Experimental design to study dynein dependent axonal BDNF
signaling in compartmentalized cortical neurons. Five DIV cortical neurons were retrograde
labeled with Ctb555 (in red) over-night. The next day, the culture medium was changed to
serum-free medium for 90 minutes in the presence or absence of Ciliobrevin D in the AC. Then,
AC was stimulated with BDNF (50 ng/mL) for 30 and 180 minutes along with Ctb647 (in blue)
in the axon in the presence or absence of Ciliobrevin D. Finally, the cultures were fixed and
phosphoCREB (pCREB, S133) was visualized by immunofluorescence. (D) Representative
images of nuclear pCREB in neurons stimulated or non-stimulated with BDNF, Ctb555 (in red)
and Ctb647(in blue) added to axons in the presence or absence of axonal Ciliobrevin D. Scale
bar 10 um. (E-F) Quantification of the fluorescence (Arbitrary Units, A.U.) associated with
pCREB immunostaining in the nucleus of neurons labeled with Ctb555 and stimulated with
BDNF during 30 minutes (E) or 180 min (F). n= 83-111 neurons from 3 independent
experiment. (G) Six DIV cortical neurons were transfected with EGFP, then the CB was treated
with TrkB-Fc (100 ng/mL) and the AC was treated with Ctb555 and BDNF (50 ng/mL) with or
without Ciliobrevin D (20 puM) during 48 hours. Finally, neurons were fixed and
immunofluorescence was performed against MAP2. Representative images of the neuronal
morphology of neurons labelled with Ctb555 (in red) and treated in the AC during 48 hours
from compartmentalized cultures with DMSO (control), Ciliobrevin D, BDNF or BDNF and
pretreated with Ciliobrevin D. (H-J) Quantification of primary dendrites (H), branching points
(I), Sholl analysis (J), from neurons labelled with EGFP/MAP2/Ctb555 in each experimental
condition as indicated in G. Scale bar 20 um. n= 34-65 neurons from 3 independent experiment.
*p<0.05, **p< 0.01, ***p< 0.001, ****p<0.0001. Results are expressed as + SEM. Statistics
was done by one-way ANOVA test and Bonferroni post-test for multiple comparisons (E, F, H
and I). Statistical comparison of the Sholl analysis was done by two-way ANOVA with
Bonferroni post-hoc test for multiple comparisons.

Several lines of research have suggested that signaling endosomes requires a Rab5-dependent
sorting step for retrograde transport of neurotrophin receptors (Deinhardt et al, 2006; Escudero
et al, 2019; Goto-Silva et al, 2019). To study whether BDNF/TrkB long-distance signaling

requires Rab5 activity, we first studied whether endocytosed TrkB co-localized with
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endogenous Rab5. Cortical neurons in microfluidic devices were transfected with a plasmid
driving the expression of TrkB NH2-tagged with the Flag epitope (Flag-TrkB) and we incubated
distal axons with a Flag-specific monoclonal antibody in the presence of BDNF for 30 or 180
minutes. Then, we evaluated if the Flag staining colocalized with endogenous Rab5 endosomes
using a specific antibody against Rab5. We observed that 30 minutes of BDNF treatment was
not enough to observe an extensive accumulation of Flag-TrkB in the microgrooves, required
to analyzed co-localization (Supplementary figure 4A). Therefore, we performed longer time
exposure with BDNF (180 min) and we analyzed the TrkB and Rab5 co-localization in axons
in the axonal compartment as well as in the microgrooves, were TrkB staining corresponded to
retrogradely transported TrkB receptor (Supplementary fig. 4A and Fig.5A). Interestingly, we
observed that in the axonal compartment 60% of Flag-TrkB dots colocalized with Rab5 positive
vesicles. This colocalization decrease to a 40% in the microgrooves (Fig. 5B), suggesting that

during its transport TrkB-positive endosomes matures to another type of endosomes.

The active form of Rab5 recruits different adaptors allowing early endosomes to interact with
molecular motors such as dynein and myosins, or SNAREs proteins allowing the fusion of
vesicles and endosomal kinases allowing the synthesis of phosphatidylinositols (Christoforidis
et al,, 1999; Olenick et al., 2019; Wandinger-Ness and Zerial, 2014; Satoh et al, 2008).
Previously, we have shown that BDNF promotes Rab5 activation in dendrites and cell bodies
of hippocampal neurons (Moya-Alvarado et al., 2018). To assesses whether in axons, BDNF
also promotes the activation of Rab5 in compartmentalized cortical neurons, we used the
glutathione-S-transferase (GST)-fused Rab5 binding domain of RabaptinS (Rab5BD-GST).

This protein specifically recognizes the GTP-bound active form of Rab5 (Wu et al., 2014) and
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by using an antibody against GST we have measured the Rab5-GTP levels in situ by
immunofluorescence (Moya-Alvarado et al, 2018). With the same methodology, we found that
the treatment of axonal compartment of cortical neurons with BDNF for 30 minutes increased
the amount of Rab5-GTP in the axons (Fig. 5 C and D). To corroborate that the activation of
Rab5 is TrkB specific, we incubated the axonal compartment with K252a or Ctb. We observe
that K252a abolished BDNF-induced Rab5 activation and the addition of Ctb did not increased
Rab5 activity (Fig. 5D and supplementary fig. 4B), both results suggest that BDNF specifically
increases the Rab5 activity in a TrkB-dependent manner in axons. Finally, to evaluate whether
there is a functional role of Rab5 in long-distance signaling mediated by BDNF, we evaluated
nuclear CREB phosphorylation induced by axonal BDNF in compartmentalized neurons
transduced with RabSDN adenoviruses. We observed that the presence of a dominant negative
form of Rab5 prevented axonal BDNF-CREB induced phosphorylation (Fig. SE and F).
Altogether, our results indicate that BDNF long-distance signaling requires TrkB internalization

to a Rab5-early positive endosome for dynein-dependent retrograde transport.
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Figure 5. Rab$ activity is required for CREB phosphorylation induced by BDNF in axons.
(A) Representative image of Flag-TrkB and Rab5 co-localization in the axonal compartment
and microgroove compartment of neurons stimulated with BDNF (50 ng/mL) during 180
minutes. In the lower part, there is a zoom of the yellow square images shown in the upper part
of the panel. In the right panel, in white the fluorescence associated with Flag-TrkB and in the
left panel, the fluorescence associated with the co-localization of TrkB with Rab5
immunostaining in the AC or MG. Scale bar 10 um. (B) Quantification of Flag-TrkB and Rab5
co-localization expressed as percentage. Results are expressed as + SEM. *p<0.05. Statistics
was done by student’s t-test (C) Representative image of RabSBD-GST (green) and BIII-
Tubulin (blue) of the axonal compartment of cortical neurons non-stimulated or stimulated with
BDNF (50 ng/mL, 30 minutes) in the presence or absence of K252a (200 nM). Scale bar 20 um.
(D) Quantification of the fluorescence intensity (relative to the control) in the axonal
compartment in each condition. n=24-53 axons from 4 independent experiments. (E) Cortical
neurons infected with EGFP or EGFP-Rab5DN for 48 hours and then stimulated with BDNF
(50 ng/mL) in the axonal compartment. Representative image of phosphorylated CREB
(pCREB) in the cell body of neurons in the control or treated with BDNF. EGFP (red), pCREB
(green) and Ctb555 (cyan). Scale bar 20 pm. (F) Quantification of pCREB in the nucleus of
neurons in the different experimental conditions. n=24-34 neurons from 2 independent
experiment. Results are expressed as + SEM. *p<0.05, ****p< (0.0001. Statistics was done by
one-way ANOVA test and Bonferroni post-test for multiple comparisons
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Somatodendritic activity of axonal TrkB is required for long-distance signaling triggered

by BDNF in axons.

Several articles have shown that BDNF in axons is processively transported in the retrograde

direction accumulating in cell bodies (Olenick et al., 2019; Zhou et al., 2012; Xie et al, 2012).

To our knowledge, there are no evidence that active TrkB reaches the cell body and continues
signaling allowing CREB activation. We and others have shown that CREB activation requires
Erk1/2 signaling (Finkbeiner et al, 1997; Gonzalez et al, 2019); therefore, it is possible that
active Erk in the axons is transported in a complex with dynein and not in signaling endosomes
together with active TrkB. Such a mechanism has been described before in the PNS for axonal-
injury signals (Perlson et al, 2005). To evaluate whether axonal-derived active TrkB is required
for BDNF axonal signaling, we performed two different approaches. First, a pulse and chase
experiment to visualize active TrkB in endosomes and then we used compartmentalized cultures
derived from the TrkB"®'** knockin mice to inhibit TrkB activity using the inhibitor INM-PP1
in cell bodies. First, we transfected cortical neurons in microfluidic devices with the Flag-TrkB
plasmid and then we treated distal axons with Flag-specific antibody at 4°C (40 min), washed
and treated the axon with or without BDNF for 3 hours at 37°C. After fixation, we evaluated the
co-localization of Flag immunostaining with an antibody against phosphorylated TrkB (pTrkB)
in the microgrooves in the proximity to the axonal compartment (distal microgrooves), in the
microgrooves in the proximity with the cell bodies compartment (proximal microgrooves) and

in the cell body compartment (CB) (Supplementary Fig. 5A). In the distal microgrooves, we
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observed that the Flag-TrkB protein is retrogradely transported in absent of stimulation, but
BDNF increases its retrograde transport (Supplementary Fig. 5B). In the proximal
microgrooves, little Flag labeling is observed in the absence of axonal BDNF, but there is a
large labelling for Flag-TrkB in the presence of axonal BDNF. There, some vesicle co-localized
with both pTrkB and Flag-TrkB (Supplementary Fig. 5C). Colocalization of pTrkB with Flag-
TrkB was even more obvious in the close proximity to the somas (Supplementary Fig. 5 D and
E). These results suggest that axonal BDNF induces the retrograde transport of TrkB and that

retrogradely transported TrkB is active in neuronal cell bodies.

To further corroborate that active TrkB in axonal-derived endosomes is required for the
propagation of axonal BDNF signaling into the cell body, we used neuronal cortical cultures
derived from the TrkB"*'** mice. We first sought to characterize whether INM-PP1 turned off
the activity of TrkB and BDNF-dependent CREB phosphorylation and Akt/mTORCI1 activation
by Western blot and immunofluorescence in non-compartmentalized neurons. We stimulated
the neurons with BDNF for 30 minutes and then, we incubated with INM-PP1 or DMSO for
additional 30 minutes. The purpose was to corroborate that the INM-PP1 is able to reduce the
activity of TrkB and its downstream signaling pathways after the receptor has been activated.
As a control, we preincubated the neurons with INM-PP1 for 1 hour to prevent the activation
of TrkB (Supplementary Fig.6A) and as we expected, the preincubation of neurons with 1NM-
PP1 prevented the activation of TrkB and Akt. Finally, we observed that the treatment with
INM-PP1 after BDNF stimulation decreased the phosphorylation of TrkB and Akt by Western
blot (Supplementary Fig.6B and C). Consistently, by immunofluorescence, we observed that

this treatment decreases the nuclear phosphorylation of CREB and the phosphorylation of 4E-
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BP1 and 6S ribosomal protein (Sér), two proteins downstream of TORC1 activation induced by
BDNF (Supplementary Fig 6D and E). These results indicate that INM-PP1 is able to turn off
the TrkB receptor after its activation and that the TrkB receptor activity is required to sustain

TrkB-signaling pathways.

Subsequently, we directly tested whether we could reduce the TrkB activity in the cell body
after axonal stimulation of BDNF in TrkB®'®* mice-derived neurons. Somatodendritic TrkB
activity was tested after treating with INM-PP1 in the cell body compartment or in the axonal
compartment. BDNF applied in the axonal compartment increases the immunostaining for
endogenous phosphorylated TrkB in the cell bodies compartment (Fig. 6A). Consistently with
the observations in non-compartmentalized neuronal cultures, the presence of INM-PP1 in the
axonal compartment completely abolished the accumulation of phosphorylated TrkB in cell
bodies (Fig. 6B and C). On the other hand, the presence of INM-PP1 in the cell body decreased
the amount of active TrkB in cell bodies after axonal stimulation with BDNF (Fig. 6B and C).
These results suggest that INM-PP1 turned off the phosphorylation of endosomal TrkB after
arriving to the cell body. To further corroborate this possibility, we studied the phosphorylation
of CREB after the stimulation of axons with BDNF in the presence or absence of INM-PP1 in

FOI6A mice. We found that

cell bodies of compartmentalized cultures derived from TrkB
somatodendritic TrkB activity was required for CREB phosphorylation induced by axonal
BDNF stimulation (Fig. 6D and E). These results together with the observations presented in
this research suggested that BDNF is transported together with TrkB in signaling endosomes to

the cell body where the complex continues signaling.
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Figure 6. Somatodendritic activity of axonal TrkB is required for BDNF long-distance
signaling of BDNF. (A-A’’) Schematic representation of the Erotocol used for stimulating
neurons. (A) At 6 DIV AC of cortical neurons from TrkB"™'** was incubated with Ctb555
overnight. Next day (7 DIV) there was two types of treatments: (A’) Neurons were depleted of
B27 supplement during 1 hour in the presence of INM-PP1 (1 puM) in the CB, with the flux
toward the CB. Then, the CB was treated with TrkB-Fc (100 ng/mL) with INM-PP1 and the
AC was treated with or without BDNF (50 ng/mL) during 3 hours. (A’”) Neurons were depleted
of B27 supplement during 1 hour in the presence or absence of INM-PP1 (1 uM) in the AC,
with the flux toward the AC. Then the CB was treated with TrkB-Fc, and the AC was incubated
with or without BDNF in the presence or absence of INM-PP1 during 3 hours. Finally, neurons
were fixed and an immunofluorescence against phosphoTrkB (pTrkB, Y816) or phosphoCREB
(pCREB, S133) was performed. (B) Representative images of pTrkB in the CB compartment of
Ctb positive neurons treated as described in A. (C) Quantification of pTrkB levels in the cell
body of each treatment as indicated in B. n=3 independent experiment. (D) Representative
image of cortical neurons immunostained for pCREB stimulated with BDNF in the axonal
compartment for 3 hrs in the presence or absence of INM-PP1 in the CB (INM- PP1/BDNF)
or AC (INM-PP1 + INM-PP1) respectively. (E) Quantification of pCREB levels in Ctb positive
neurons of each condition. n=78-86 neurons from 3 independent experiment. **p< 0.01, ***p<
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0.001. vs control. Results are expressed as + SEM. Statistics was done by one-way ANOVA test
and Bonferroni post-test for multiple comparisons.
Somatodendritic PI3K/Akt/mTOR activity is required for BDNF long-distance signaling.

BDNF-mediated dendritic arborization is achieved by activating the PI3K/Akt/mTOR signaling
pathway increasing local translation (Dijkhuizen and Ghosh, 2005; Kumar et al., 2005). In
addition, PI3K has been shown to mediated retrograde NGF-signaling in sympathetic neurons
(Kuruvilla et al., 2000). On the other hand, it was reported that Rab5/APPL1 endosomes were
positive for TrkB and Akt (Goto-Silva et al., 2019), suggesting that axonal PI3K/Akt signaling
may contribute to long-distance dendritic arborization induced by BDNF. With this aim, we
incubated the AC of compartmentalized cortical neurons with BDNF in the presence or absence
of LY294002, a potent general PI3K inhibitor (Fig. 7A). Surprisingly, the presence of
LY294002 in axons did not affect the dendritic arborization induced by axonal BDNF (Fig. 7B-
E). Confirming previous results (Finsterwald et al; 2010), LY294002 was able to reduce BDNF-
induce dendritic arborization in non-compartmentalized cortical cultures, indicating that
LY294002 was active in cortical neurons (Supplementary Fig. 7). Also, inhibition of PI3K
activity in the axons did not reduced the transport of BDNF-QD (Fig. 7F and G). Indicating that
PI3K activity is not required for retrograde transport of BDNF axonal signaling. To this end, we
investigated whether PI3K signaling in the somatodendritic compartment was required for
axonal BDNF-induced dendritic arborization by treating the CB compartment of
compartmentalized cultures with LY294002 (Fig. 7H). We observed that the presence of
LY294002 in the CB inhibited the dendritic arborization induced by BDNF (Fig. 7I-L),
suggesting that PI3K activation in cell bodies is required for long-distance signaling induced by

BDNF in axons.
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Figure 7. Activation of PI3K activity in the cell bodies and not in the axons (AC) was
required for dendritic arborization induced by axonal BDNF. (A) Schematic representation
of the protocol to stimulate compartmentalized cortical neurons. Six DIV cortical neurons were
transfected with EGFP, then the CB was treated with TrkB-Fc (100 ng/mL) and the AC was
treated with Ctb555 and BDNF (50 ng/mL) with or without LY294002 (10 uM) during 48 hours.
Finally, neurons were fixed and immunofluorescence was performed against MAP2. (B)
Representative images of neurons in the CB (red indicated Ctb555) from compartmentalized
cultures treated with DMSO in the presence or absence of BDNF and LY294002 in AC. (C-E)
Quantification of primary dendrites (C), branching points (D), and Sholl analysis (E), from
neurons labelled with EGFP/MAP2/Ctb555 in the different experimental conditions as
described in B. Scale bar 20 pm. n= 29-48 neurons from 3 independent experiment. (F) The Ac
was treated with 2 nM of BDNF-QD for 4 hours in the presence or absence of LY294002 (10
uM) to promote the retrograde transport of BDNF. Then, neurons were fixed and the
accumulation of BDNF-QD was evaluated in the proximal compartment of the microgrooves
(MQ). Representative image of BDNF-QD (in green dots) accumulation in the proximal part of
MG in each treatment. Scale bar 10 um. (G) Quantification of QD positive vesicles in the
proximal region of MG every 900 um per each condition. Scale bar 10 pm. N= 36 microgrooves
from 3 independent experiment were analyzed. (H) Schematic representation of the protocol to
stimulate compartmentalized cortical neurons. Six DIV cortical neurons were transfected with
EGFP, then the CB was treated with TrkB-Fc (100 ng/mL) in the presence or absence of
LY294002 (10 uM) and the AC was treated with Ctb555 and BDNF (50 ng/mL) during 48
hours. Finally, neurons were fixed and immunofluorescence was performed against MAP2. (I)
Representative images of neurons in the CB (red indicated Ctb555) from compartmentalized
cultures treated in the CB with DMSO (control) or LY294002 and in the AC with or without
BDNF. Scale bar 20 pm. (C-E) Quantification of primary dendrites (C), branching points (D),
Sholl analysis (E), from neurons labelled with EGFP/MAP2/Ctb555. n=25-30 neurons from 3
independent experiment. *p<0.05, **p< 0.01, ***p< 0.001, +p<0.05 LY294002 wvs
LY294022/BDNF. Results are expressed as £+ SEM. Statistics was done by one-way ANOVA
test and Bonferroni post-test for multiple comparisons (C, D, G, J, and K). Statistical comparison
of the Sholls analysis were done by two-way ANOV A with Bonferroni post-hoc test for multiple
comparisons.

Once PI3K is activated, it phosphorylates PIP2 two PIP3 in membranes leading to the
recruitment of Akt and its phosphorylation by PKD. In turn, Akt activates the mTOR kinase
pathway by reducing the activity of the Rheb GAP leading to the activation of mTOR (Garza-

Lombo and Gonsebatt, 2016). First, to evaluate the activation of the mTOR pathway by BDNF
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in cortical neurons we stimulated non-compartmentalized cultures with BDNF during 1 hour in
the presence or absence of LY294002 (PI3K inihibitor), and Torinl, a specific inhibitor of
mTOR that will reduce the activity of both the TORC1 and TORC2 complex (Liu et al., 2010).
We observed by Western blot that BDNF promotes the phosphorylation of TrkB, Akt, S6r, and
4E-BP1 in cortical neurons and that the presence of LY294002 and Torinl fully inhibit the
phosphorylation of Akt, Sér and 4E-BP1 but not TrkB (Supplementary figure 8A) as expected.
Then, we evaluated whether the mTOR pathway is involved in increasing local translation of
protein upon arrival of pTrkB signaling endosomes to cell bodies. With this aim, using rat
compartmentalized cortical neurons, we evaluated in the neuronal cell bodies the time course of
4E-BP1 phosphorylation induced by axonal BDNF stimulation. We observed that BDNF
increases the phosphorylation of 4E-BP1 at 90 minutes with the higher level at 180 minutes
(Fig. 8A and B), and similar results were obtained with the phosphorylation of the S6r
(Supplementary Fig. 8B). To evaluate whether the activation of 4E-BP1 and Sé6r by axonal
BDNF was dependent on the somatodendritic activity of PI3K and mTOR, we treated
compartmentalized neurons with the LY294002 or Torinl inhibitors in the CB (Fig. 8C). The
somatodendritic 4E-BP1 phosphorylation induced by axonal BDNF was significantly reduced
by the presence of these inhibitors (Fig. 8D and E). Also, the treatment of axons with the dynein
inhibitor CilioD reduced the somatodendritic 4E-BP1 phosphorylation induced by axonal
BDNF (Fig. 8D and E). Similar results were obtained with phospho Sér (Supplementary Fig
8C). All together, these results indicate that BDNF/TrkB signaling endosome activates
PI3K/Akt/mTOR pathway in cell bodies suggesting that upon arrival to cell bodies, signaling

endosomes turns on protein translation.
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Figure 8. Axonal BDNF promotes mTOR activation in the cell body of compartmentalized
cortical neurons in a PI3K-dependent manner. (A) Representative images of phosphorylated
4E-BP1 (p4E-BP1) immunostaining (in green) and Ctb555 (in red). Six DIV compartmentalized
cortical neurons were incubated with Ctb555 overnight. At 7 DIV, neurons were treated in the
axonal compartment with BDNF (50 ng/mL) during 30, 60, 180 or 360 minutes. (B) Time-
course quantification of somatodendritic p4E-BP1 associated immunofluorescence in primary
dendrites. (C) Schematic representation of the protocol used to evaluate the effect of different
pharmacological inhibitors on the axonal BDNF-induced phosphorylation of 4E-BP1 in cell
bodies. Six DIV cortical neurons were pretreated with DMSO (control), LY294002 (10 pum;
LY), Torin 1 (0.25 pm; Torin) in the CB compartment or Ciliobrevin D (20 um; Cilio D) in the
AC for 1 hour. Then, BDNF was added during 180 minutes in the AC in the presence or absence
of these inhibitors. (D) Representative images of p4E-BP1 (in green) in somatodendritic
compartment of neurons stimulated with BDNF, in the presence or absence of different
inhibitors. (E) Quantification of somatodendritic p4E-BP1 in each treatment of neurons labeled
with Ctb555 (in red). Scale bar 20 pm. n= 31-36 neurons from 3 independent experiment.
*p<0.05, **p< 0.01, ***p< 0.001. vs control; +p<0.05 vs BDNF 90 and 360 min in B. Results
are expressed as = SEM. Statistics was done by one-way ANOVA test and Bonferroni post-test
for multiple comparisons.
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CREB and mTOR activities are required for protein synthesis in the somatodendritic

compartment.

The results presented above, indicating that BDNF in axons activates the phosphorylation of
CREB (Fig. 3) and the activation of mTOR (Fig. 8) suggested that BDNF/TrkB signaling
endosome activates the translation of newly synthesized transcripts. To test this hypothesis, we
used the metabolic labeling of newly synthesized protein using the click-IT chemistry that uses
the incorporation of AHA, a modified amino acid that resembles methionine (Dieterich et al.,
2010). In addition, to evaluate by immunofluorescence the level of de novo protein synthesis,
we evaluated the levels of Arc, an immediate-early gene, whose protein is required for synaptic
plasticity induced by BDNF (Ying et al., 2002) and it synthesis is regulated by CREB and mTOR
(Takei et al., 2004; Ying et al., 2002). First, we standardized the clickt-IT AHA methodology,
in non-compartmentalized neurons. With that aim, we stimulated the neurons with BDNF during
5 hours in the presence or absence of cycloheximide. As we expected, BDNF increased the
AHA fluorescence and the presence of cycloheximide completely reduced the fluorescence of
AHA (Supplementary Figure 9)(Dieterich et al., 2010). Using compartmentalized cultures, we
depleted the neurons media of methionine and B27 for 1 hour, next, we added AHA reagent in
all the chamber and BDNF exclusively in the AC during 5 hours in the presence or absence of
KG501 or Torinl in the CB (Fig. 9A). As shown in Figure 9, BDNF causes a significant increase
of both AHA incorporation in newly synthesized proteins and Arc levels in cell body and
dendrites (Fig. 9B-D). Remarkably, inhibition of CREB and mTOR, resulted in a significant

reduction in the AHA incorporation in newly synthesized proteins and Arc protein levels in the
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cell body induced by BDNF (Fig. 9B-D). All together, these results indicate that BDNF/TrkB

long-distance signaling turns on transcription and translation of specific mRNAs.
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Figure 9. Axonal BDNF promotes somatodendritic protein synthesis in a mTOR and
CREB dependent manner. (A) Schematic representation of the protocol to evaluate protein
synthesis. Six-7 DIV cortical neurons were incubated in free methionine media during 1 hour in
the presence or absence of KG501 (10 um) or Torin 1 (0.25 um) in the CB. Then, both the CB
and AC were incubated with AHA, but just the axonal compartment was stimulated with BDNF
(50 ng/mL) in the presence of Ctb488 during 5 hours. (B) Representative images of neurons
positive for Ctb488, AHA staining and Arc immunofluorescence of control condition and
stimulated with BDNF, in the presence or absence of KG501 and Torin 1. (C) Quantification of
AHA fluorescence in the primary dendrite of neurons labeled with Ctb488 in each different
treatment. (D) Quantification of Arc fluorescence in the somas of neurons labelled with Ctb488
in each different treatment. Scale bar 20 pm. n= 30-48 neurons from 3 independent experiment.
**%p<0.001. Statistics was done by one-way ANOVA test and Bonferroni post-test for multiple
comparisons.
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DISCUSSION

Long-distance communication of neurotrophins is well-described in the PNS, where targeted
derived-neurotrophins control survival and axonal growth of sympathetic neurons (Harrington
and Ginty, 2013; Ye et al., 2003; Cosker and Segal, 2014; Scott-Solomon and Kuruvilla, 2018;
Escudero et al, 2019). Whether long-distance signaling have a role in the physiology of the
CNS in mammals is not known. Using cultures of compartmentalized cortical neurons, we
showed that BDNF in axons is able to increase dendritic arborization in cell bodies in a TrkB-
dependent manner. Axonal BDNF increased nuclear CREB activation and translation of newly
synthesized proteins in a CREB and PI3K-mTOR dependent-manner. Interestingly, PI3 kinase
activity was not required in the axons for long-distance responses, contrary to the observation
in sympathetic axons about NGF transport and signaling (Kuruvilla et al., 2000). We also
provide several lines of evidences indicating that active TrkB, in signaling endosomes, is
responsible for axon to cell body responses. The transport of BDNF/TrkB axonal signaling
required Rab5 and dynein activity, suggesting that internalization through the early endosomal

pathway is a required sorting step for retrograde transport.

Neurotrophin signal transduction in neurons is a complex process because the polarized
morphology of neurons. Most neurons have long axons that can extend centimeters in the brain
and spinal cord or even meters in the peripheral nervous system. TrkB receptors are localized
in dendrites and axons in the plasma membrane and in intracellular vesicles throughout
development (Gomes et al., 2006). On the other hand, BDNF is secreted in an autocrine and

paracrine manner by the regulated-secretory pathway in the somatodendritic compartment and
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in dense core vesicles in axons (Matsuda et al., 2009; Lo et al, 2011). Thus, neurons have to
integrate both the local and long-distance neurotrophin signals. Examples of local responses
were described by Horch and Kats, where they showed that BDNF released from single cell
promotes dendritic growth in neighboring neurons (Horch and Katz, 2002). On the other hand,
BDNF long-distance effects were described for the retinal ganglion cells (RGC) of Xenopus
tadpoles, where long-distance BDNF stimulation enhances RGC dendritic arborization, while
local BDNF reduces it (Du and Poo, 2004; Lom et al., 2002). Furthermore, previous work in
mammal cells have shown that endosomal signaling of BDNF/TrkB is required for dendritic
branching in mammal neurons (Zheng et al., 2008, Zhou et al, 2012). All these results, support
the idea that long-distance signaling mediated by signaling endosomes regulates dendritic

arborization in mammalian cells.

As mentioned above BDNF is secreted in an autocrine manner and TrkB is located in axons and
dendrites; therefore, the experimental design performed in our study allowed to distinguish
between axonal BDNF signaling and somatodendritic signaling. The microfluidic devices used
to prepare compartmentalized cultures of cortical neurons possesses two chambers, separated
by 400 long microgrooves to allow fluidic isolation (Gluska et al, 2016). The cell bodies
compartment (CB) was kept with a larger volume compared to the axonal compartment (AC) in
most of the experiments. In addition, we incubated the CB with TrkB-Fc to capture all the
somatodendritic released of BDNF. Moreover, only the dendritic morphology of neurons that
projected their axons in the AC were included in the analysis, allowing us to study selectively

BDNF axonal signaling.
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Since BDNF can bind p75 and TrkB, we ought to analyze whether long-distance signaling was
dependent on TrkB signaling and the requirement for p75 expression in this process. We
observed that inhibition of TrkB signaling, using the INM-PP1 in compartmentalized cultures
derived from TrkB"®'** mice showed a reduction in dendritic arborization. Similar results were
obtained in compartmentalized cultures of rat cortical neurons treated with the drug K252a in
the axons, a drug that reduces tyrosine kinase activity. Suggesting that the activity of the TrkB
receptor is required for the long-distance signaling from axons in cortical neurons. Similarly,
long-distance signaling by BDNF and NGF also requires axonal signaling of Trks in sensory
and sympathetic neurons respectively. On the other hand, p75 signaling has been reported as
having opposing roles compare to Trks signaling since it can induce apoptosis or reduce axonal
branching when binding different ligands and receptors (Ibanez and Simi, 2012; Kraemer et al.,
2014). Besides, p75 negatively regulates dendrite complexity and spine density in hippocampal
neurons (Zagrebelsky et al., 2005). We observed that the absence of p75 produced a decrease of
basal dendritic arborization of cortical neurons in microfluidic devices, but the presence of
BDNF recover the dendritic complexity, and even increase the distal dendritic arbor, over 50
pm from soma, suggesting that p75 participates in the regulation of dendritic arborization, but

is not required for BDNF axonal signaling.

CREB is a TF that is endogenously expressed in neurons and it has a major role in activity-
dependent gene expression (Flavell and Greenberg, 2008; Yap and Greenberg, 2018) and plays
a central role in physiological brain processes such as learning and memory (Finkbeiner et al.,

1997; Xing et al., 1998; Lonze and Ginty, 2002). Indeed, mutations in several co-regulators or
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downstream TFs factors are associated with genetic diseases leading to autism and cognitive
disabilities (Lyu et al, 2016; Zhou et al, 2016; McGirr et al, 2016; Wang et al, 2018). CREB-
dependent gene expression is regulated by two different signaling pathways. The first one by
increasing the intracellular Ca™ and the activation of CaMKIV and the second depends on
activation of Ras/ERK pathway (Finkbeiner et al., 1997; Minichiello et al., 2002; Redmond et
al., 2002). Whether BDNF in axons is able to activate CREB in cell bodies was suggested before
in several studies (Deinhardt et al., 2006; Watson et al., 1999; Zhou et al., 2012); however, no
studies have addressed the physiological role of CREB activation by BDNF-long distance
signaling. In this work, we showed that CREB was required for BDNF-induced long-distance
dendritic arborization. Also, CREB activation was required to increase general protein synthesis

and the protein expression of Arc.

We performed a time course study of CREB activation after BDNF addition to axons and we
studied its dependence on dynein activity using the inhibitor Ciliobrevin D. We found a
sustained activation of CREB after 3 hours of BDNF addition to axons, results that are different
of what we have observed in non-compartmentalized cultures of hippocampal neurons. In
hippocampal neurons, addition of BDNF increases CREB phosphorylation after 15 minutes and
by 1 hour of stimulation, CREB phosphorylation is significantly downregulated (Gonzalez et al
2019). Of note, in compartmentalized cortical cultures, we found that CREB activation, after
30 minutes BDNF addition to axons was reduced by a 40% by axonal treatment with Ciliobrevin
D. On the other hand, 3 hours of BDNF stimulation, was reduced by an 80%, to a similar extend
to what BDNF-QD retrograde transport was reduced. It is possible to speculated that there is

and additional component that contributes to the early activation of CREB by axonal BDNF.
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Unpublished results of our lab have shown that BDNF in axons is able to increase intracellular
calcium levels (Chapter II1, this thesis). Long-distance calcium waves have been described after
axonal injury in the PNS (Cho et al., 2013). It is possible that there are two components that
allow CREB activation by axonal BDNF, fast propagating calcium waves followed by axonal
retrograde transport of signaling endosomes. Interestingly, it has been described that both rapid
and sustained CREB phosphorylation are required for proper transcription regulation
(Dolmetsch et al., 2001) suggesting that in neurons, retrograde BDNF-signaling may contribute
to sustained CREB phosphorylation for CREB-dependent maintenance of dendritic

arborization. However, more studies are required to support this hypothesis.

Upon ligand binding, TrkB receptors are internalized into endosomes that are retrograde
transported to neuronal cell bodies (Xie et al, 2012). Here, we showed that TrkB is active in the
somatodendritic compartment and the activity of the receptor is required in the cell body for
CREB phosphorylation. We used the drug 1INM-PP1 in the cell body to specifically decrease
TrkB activity. The fact that INM-PP1 reduced the activation of an already active TrkB
suggested that INM-PP1 binds the ATP binding site of receptor, reducing the tyrosine activity
of TrkB without affecting neurotrophin binding (Chen et al, 2005). There are two possibilities
that can explain our results. The first one is that TrkB is being phosphorylated and
desphosphorylated during its trajectory along the axon. Such a process, will allow INM-PP1 to
bind the ATP binding cassette of the receptor and prevents its phosphorylation. In the second
possibility, BDNF retrograde signaling promotes the phosphorylation of somatodendritic TrkB
receptors and this process is required to maintain CREB phosphorylation. In agreement with

this last idea, other groups have shown that retrogradely transported TrkA in sympathetic
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neurons accumulate in the somatodendritic compartment locally increasing the phosphorylation
of other TrkA receptors in dendrites and cell body (Lehigh et al., 2017; Yamashita et al., 2017).
The Rab monomeric GTPases are the main regulators of postendocytic trafficking of endocytic
receptors. After internalization, tyrosine kinase receptors enter to the early or sorting endosome,
whose biology is regulated by Rab5 (Goh and Sorkin, 2013). Independent of the internalization
mechanism of receptors, Rab5 tightly regulates the homotypic fusion of endosomes, forming
the sorting endosome (Stenmark, 2009). In the early endosome, the receptor is sorted to the
recycling pathway, which is regulated by Rab11 or to the late endocytic pathway regulated by
Rab7 (Bronfman et al., 2014). We observed that in the microgrooves almost 40% of TrkB
immunostaining colocalize with Rab5 immunostaining, suggesting that TrkB is internalized in
Rab5 positive endosomes and then sorted to endosomes negative for Rab5. These results
indicate that endosomal sorting and transport of signaling endosomes is an active process
requiring the active modulation of the endosomal and transport machinery, consistently, Erk1/2
signaling has been shown to be required for dynein-dependent transport of BDNF/TrkB positive
endosomes in axons (Mitchell et al, 2012). Moreover, we have shown that BDNF/TrkB
signaling is able to increase the activity of the Rabl1 and Rab5 GTPases in the dendrites of
central neurons (Lazo et al 2013; Moya-Alvarado et al 2018). In this work, we showed that
BDNF increases the activity of Rab5 in the axon in a TrkB-dependent manner, and consistent
with the idea that a Rab5-dependent sorting step is required for retrograde transport of TrkB
signaling endosomes, we found reduced phosphorylation of CREB when we reduced the activity
of Rab5 using a dominant negative mutant. Previously, in motoneurons it was shown that
neurotrophins receptors are retrogradely transported in endocytic organelle together with a

fragment of tetanus neurotoxin TeNT H(C). Rab5 is essential for an early step in sorting of



141

TeNT H(C) but was absent from axonally transported vesicles that were mainly Rab7 positive
(Deinhardt et al, 2006). Other authors, have found that retrograde transported TrkB receptors
co-localize with AP2-LC3 organelle, these organelles are not enriched for Rab7 (Kononenko et
al, 2017). Suggesting that authophagosomes may have a role for retrograde transport of
neurotrophin receptor (Kononenko et al, 2017). Also, in sympathetic neurons retrograde
transport of TrkA was associated with both Rab7-positive multivesicular bodies and Rabl1
positive endosomes (Bardford et al, 2018; Mengchen et al, 2018). Suggesting that there is a

diversity of Trks signaling organelles originating in the axons (Villarroel-Campos et al, 2018).

Endosome identity and function are specified not only for Rab proteins but also by the presence
of distinct phosphoinositide species (Schink et al., 2016). We observed that BDNF increases the
Rab5-GTP form in axons. When Rab5 is activated, it recruits effector proteins such as EEAI,
Rabex5 (Christoforidis et al, 1999) and phosphoinositide kinase class I PI3K (Goto-Silva et al.,
2019). Next, SAND-1/Monl acts as a disruptor of the loop of activation induced by Rabex5
and promotes the recruitment of Rab7 to the endosome (Poteryaev et al, 2010). Then, WDRO91,
a Rab7 effector, inhibits PI3K activity on early-to-late endosomes (Liu et al., 2017), allowing
the maturation and progression of signaling endosome pathway. All together, these data support
a role of TrkB signaling in supporting the transition from early to late endosome for retrograde

transport.

It is interesting that PI3K activity in axons does not play a role on retrograde transport of
signaling endosomes. As we discussed above, a role of PI3K was anticipated due to the role of

phosphoinositide accumulation in early endosomes regulating Rab5-Rab7 transition. This is
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different to the findings in sympathetic neurons for TrkA signaling, where PI3K activity was
required (Kuruvilla et al., 2000). Although, we found that LY294002 axonal treatment did not
reduced BDNF retrograde transport, still is possible that PI3K is required for signaling
endosome function since TrkB promotes Rab$5 activation in axons and Rab5-GTP recruits the
class I PI3K complex to early endosomes. Owing to, PI3K has a scaffolding protein activity,
that it is not inhibited by LY294002 or wortmannin (Bilanges et al, 2019). For example, p110f3
is a subunit of class I PI3K scaffolding proteins (Hirsch et al, 2009) and its reduction impairs
internalization of transferrin receptor and the epidermal growth factor receptor (EGFR). This
phenotype is rescue by the overexpression of the kinase dead p110f subunit (Ciriaolo et al,
2008; Jia et al, 2008). Moreover, the inhibition of PI3K with wortmannin or LY294002 did not
affect the proper retrograde transport of EGF receptor to the lysosomal compartment (Chen and
Wang, 2000), suggesting that the regulation of TrkB trafficking could be more similar to EGFR

retrograde transport than TrkA.

On the other hand, the increase on PI3K activity in the cell bodies was required for BDNF-long
distance signaling. Indeed, when PI3K activity was reduced in the cell bodies, the increase in
dendritic branching and activation of mTOR downstream pathways was completely abolished,
suggesting that kinase activity of PI3K in the cell body is required for BDNF/TrkB signaling
(Luikart et al, 2008). On the other hand, PI3K and Akt kinase activation promotes mTOR
phosphorylation induced by BDNF. It has been shown, that TrkB endocytosis is required for
PI3K/Akt signaling in neuronal cells (Zheng et al., 2008). In addition, in other cell model
TORCI is located in late endosomes where it activity is regulated by insulin signaling through

PI3K activity (Flinn et al., 2010; Sancak et al., 2008; Marat et al, 2017). Here, we found that
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BDNF axonal signaling promotes somatodendritic phosphorylation of 4E-BP1 and S6
ribosomal protein in a dynein dependent manner, suggesting that mTOR in cell bodies is

activated by signaling endosomes.

Using Click-iT AHA chemistry, we showed that axonal BDNF promotes protein synthesis in
the somatodendritic compartment. AHA incorporation is a method for pulse-labeling of new
synthesized proteins, that allow to examine changes in protein distribution and turnover when
coupled with proximity ligation assay (PLA) (Dieck et al., 2015). We observed that BDNF in
axons was able to turn on protein synthesis in the cell bodies in a CREB and PI3K/mTOR
dependent manner. These results were parallel by an increase in the protein levels of Arc. It is
known that the A4rc mRNA 1is anterograde transported to dendrites to be locally synthetized
(Steward and Worley, 2002), suggesting that axonal signaling may increase local translation in
dendrites. The fact that these effects were also dependent on CREB suggest that CREB-

dependent transcript are specifically translated upon signaling endosome arrival to cell bodies.

Our study demonstrates that BDNF axonal signaling promotes an increase on protein synthesis
in the somatodendritic compartment by increasing both, CREB and mTOR activation in an
endosomal-dependent manner. Consequently, the arriving of active TrkB to the cell body
promotes an increase in the dendritic arborization in a by the upregulation of CREB activity. It
is possible that the retrograde transport of long-distance signaling endosome will have an impact
of synaptic plasticity, since it has been shown in CNS neurons that BDNF in axons induces a
long-distance persistent long-term potentiation on dendrites of retinotectal synapsis in Xenopus

(Kang and Schuman, 1995; Du and Poo, 2004). Consistently, the activation of CREB has a key
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role in the activity-dependent gene expression, playing a central role in learning and memory
(Alonso et al., 2002; Egan et al., 2003). Therefore, our results suggest that BDNF signaling has

a direct role on the long-distance regulation of synaptic plasticity and neuronal growth.
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Supplementary Figure 1. Experimental design to study BDNF retrograde signaling in
compartmentalized cultures of cortical neurons. (A) Representative images of
compartmentalized cultures incubated with Ctb555 in the axonal compartment for 48 hrs.
Neurons were immunostained with Map2 (in green). Arrow shows neurons that projected their
axons to the AC. Arrowhead shows neurons that their axon is not projecting to the AC and
therefore are not labelled with Ctb555. (B) Representative image of microfluidic chamber that
are not well-compartmentalized (leaked, left panel) or that compartmentalization has been
achieve (non-leaked, right panel). In red, Ctb555. In green, Map2. Scale bar 50 um. (C) Sholl
analysis of dendritic arborization of rat cortical neurons stained with Ctb555 from
compartmentalized. The CB of chambers was incubated with or without TrkB-Fc (100 ng/mL),
and the AC was treated with or without BDNF (50 ng/mL) during 48 hours. Results are
expressed as + SEM. P<0.001, from 2 independent experiments. Statistical comparison of the
Sholls analysis were done by two-way ANOVA with Bonferroni post-hoc test for multiple
comparisons.
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Supplementary Figure 2. p75 is not required for CREB activation induced by BDNF in
cortical neurons. Seven DIV cortical neurons of p75™", p75™ or p75”" mice were treated with
BDNF during 30 min, washed and fix for immunofluoresce against phosphorylated CREB
(pCREB, S133) as indicated in methods. (A) Representative image of pCREB (in green) and
BIII-Tubulin (in red) of neurons stimulated with BDNF in each genotype. (B) Quantification of
pCREB fluorescence intensity in the nucleus of neurons derived from the 3 different p75
genotypes and with or without BDNF treatment. n= 30 neurons from 2 independent experiment.

Results are expressed as + SEM. ***p< 0.01. Statistics was done by one-way ANOVA test
followed by Bonferroni post-test for multiple comparisons.
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Supplementary Figure 3. BDNF-QD is retrogradely transported in axons of cortical
neurons. (A) Cortical neurons in microfluidic chambers were incubated in the axonal
compartment with 2 nM of BDNF-QD (Green dots). After 4 hours, the microgrooves proximal
compartment was video recorded during 2 minutes. Differential interference contrast image of
axons. Representative kymographs of QD-BDNF transport in cortical neurons. (B)
Quantification of the velocity of BDNF-QD obtained from in vivo recording of microgrooves.
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Supplementary Figure 4. Standardization of TrkB labeling with anti-Flag antibodies and
control of the methodology to measure in situ Rab5-GTP levels using the RabSBD-GST
protein. (A) Representative image of Flag-TrkB (Red) and endogenous Rab5 (Green) co-
localization in the axonal compartment and microgroove compartment of neurons stimulated
with BDNF (50 ng/mL) during 30 or 180 minutes. Images show both the microgroove
compartment (MQG) and the axonal compartment (AC). Scale bar 20 um. (B) Representative
image of GST staining of cortical neurons in non-stimulated conditions (left panel) and
Rab5BD-GST staining of cortical neurons stimulated with Ctb555 in the axonal compartment
(right panel).
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Supplementary Figure 5. Endosomal TrkB is active in the cell body after axonal
stimulation with BDNF. (A) Schematic representation of the protocol used to label axonal
TrkB. Five DIV compartmentalized cortical neurons were transfected with Flag-TrkB for 48
hrs. (A’) At DIV seven, the axonal compartment was incubated with anti-Flag antibodies for 40
min at 4 °C. (A’’) Then, neurons were incubated at 37°C in the presence and absence of BDNF
(50 ng/mL). Finally, immunofluorescence was performed against phosphorylated TrkB (Y816,
pTrkB) (in green) and anti-Flag (in red). (B and C) The schemes showed in the left panels
allows the identification of the localization of the axonal immunostainings showed in the right
panels. (B) Immunofluorescence of pTrkB and internalized TrkB in distal axons in the absence
(upper panel) or presence of BDNF (50 ng/mL) (lower panel). (C) Immunofluorescence of
pTrkB and internalized Flag-TrkB in proximal axons in the absence (upper panel) or presence
(lower panel) of BDNF. (D) Immunofluorescence of pTrkB and internalized Flag-TrkB in
compartmentalized neurons treated with BDNF in the axons as shown in A. Representative
images of neuron in BDNF condition in cell body compartment. In the right panel, a zoom of a
proximal dendrite of the neurons shown in the left panel. The arrows indicate the co-
colocalization of Flag (in red) and pTrkB (in green). Scale bar 5 um. (E) Graphs showing the
fluorescence intensity profile pixel by pixel on the white lines shown in the right panels in D.
Green line indicates the fluorescent profile of the pTrkB-associated fluorescence and the red
lines indicate the fluorescent profile of the Flag-TrkB associated fluorescence.
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Supplementary Figure 6. INM-PP1 is able to reduce TrkB activation in TrkB"'®* cortical

neurons. (A) Diagrams of the experimental designs used for stimulating neurons in non-
compartmentalized cultures. 7 DIV cortical neurons were depleted from media during 1 hour in
the presence or absence of INM-PP1 (1 uM). Then neurons were treated as follow: control:
vehicle 1 hour. BDNF: incubation of BDNF (50 ng/mL) during 30 minutes, next were rinse
twice and incubated with vehicle. INM-PP1 (Pre): incubation with BDNF in the presence of
INM-PP1 during 1 hour. INM-PP1 (Post): incubation with BDNF during 30 minutes, next were
rinse twice and incubated with INM-PP1 during 30 minutes. (B) Immunoblot of pTrkB (Y816),
TrkB, pAkt (S437), Akt and GAPDH from cortical neurons stimulated as indicated in A. (C)
Quantification of pTrkB levels normalizated with total TrkB. (D) Quantification of pAkt levels
normalizated with total Akt. n=3 independent experiments. (E) Representative image of cortical
neurons treated as indicated in A. In green is shown pCREB, p4E-BP1 or pS6, in red is shown
bIII tubulin. (F) Quantification of fluorescence (arbitrary units, A.U) of pCREB in the nucleus
of neurons. (G) Quantification of fluorescence (arbitrary units, A.U) of p4E-BP1 in the primary
dendrites. (H) Quantification of fluorescence (arbitrary units, A.U) of pS6 in primary dendrites.
n=49-72 neurons from 3 independent experiments. Results are expressed as + SEM. *p< 0.05;
*%p<0.01; ***p< 0.001. Statistics was done by one-way ANOVA test followed by Bonferroni
post-test for multiple comparisons.
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Supplementary Figure 7. The PI3K inhibitor 1.Y294002 reduced BDNF-induced dendritic
arborization in non-compartmentalized cortical neurons (A) Representative images of rat
cortical neurons from non-compartmentalized cultures treated with vehicle, LY294002 (10 uM),
BDNF (50 ng/mL) or BDNF and preincubated with LY294002. (B) Quantification of total
dendritic branching by Sholl analysis. n=25-32 from 2 independent experiment. **p<0.01;
*#%p<0.001 control vs BDNF; ++p<0.01 control vs LY294002. Results are expressed as + SEM.
Statistical comparison of the Sholl analysis was done by two-way ANOVA with Bonferroni
post-hoc test for multiple comparisons.
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Supplementary figure 8. Axonal BDNF promotes somatodendritic S6 ribosomal protein
phosphorylation in compartmentalized cultures. Western blot of 7 DIV non-
compartimentalized neurons treated with BDNF (50 ng/mL) in the presence or absence of
LY294002 (10 uM) or Torin 1 (0.25 uM) during 1 hour phospho TrkB (pTrkB, Y515), TrkB,
phosphor Akt (pAkt, S473), Akt total, phospho S6 ribosomal protein (pS6r, S235/236), phospho
4E-BP1 (p4E-BP1, T37/46), 4E-BP1 total and GAPDH was evaluated. (B) Representative
images of B-IlI-tubulin (in green) and pS6r (in red) of cortical neurons stimulated from the
axonal compartment with BDNF (50 ng/mL) during 180 min. Scale bar, 50 um. (C) Evaluation
of pSér (in green) in the somatodendritic compartment of neurons stimulated with BDNF (50
ng/mL) for 180 min, in the presence or absence of Ciliobrevin D (Cilio D, 20 uM) in the AC or
LY294002 (10 uM) in the CB. Scale bar 20 um. Results from 2 independents experiments.
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Vehicle Cicloheximide

Figure 9. Evaluation of de novo protein synthesis by Click-IT AHA of neurons stimulated
with BDNF. (A) Representative image 7 DIV cortical neurons in non-compartmentalized
culture incubated with DMEM without methionine for 1 hr. Then, media was changed for
DMEM with AHA (0.1 mM) in the presence of BDNF (50 ng/mL) and preincubated or not with
cicloheximide 10 uM.
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CHAPTER III

In this chapter, we approached General aim 2 and the following specific aim:

2.5 To study the role PLCy in BDNF long-distance signaling.
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Axonal PLCy activity is required for BDNF long-distance signaling
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ABSTRACT

We have shown that long-distance signaling induced by the activation of axonal TrkB by brain-
derived neurotrophic factor (BDNF) increases dendritic arborization in a CREB-dependent
manner. The binding of BDNF by TrkB triggers the activation of different signaling pathways,
including ERK1/2, PLCy and PI3K/mTOR, to induce dendritic growth and synaptic plasticity.
How TrkB down-streams pathways regulates long-distance signaling is unclear. Here, we
studied the role of PLCy-Ca™ in BDNF/TrkB-induced long-distance signaling using
compartmentalized cultures. We showed that dendritic branching and CREB phosphorylation,
induced by axonal BDNF stimulation, required the activation of the PLCy in the axons of
cortical neurons. Also, BDNF axonal stimulation increased Ca™ waives and both PLCy and
Ca'* were required for TrkB endocytosis, suggesting that axonal PLCy activation is required for

the generation of signaling endosomes.
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INTRODUCTION

Neurotrophins are extracellular cues that regulate multiples aspects of neuronal development,
such us cell survival, synapse maturation and neuronal growth (Huang and Reichardt, 2003).
Brain-derived neurotrophic factor (BDNF) with it receptors TrkB and p75 are mayor regulators
of dendritic branching in cortical and hippocampal neurons (Cheung et al., 2007; Horch and
Katz, 2002; Xu et al., 2000). Upon binding to TrkB, BDNF activates three main downstream
signaling molecules, including phospholipase C gamma (PLCy) MAP kinase (MAPK) and
phosphoinositide 3-kinase (PI3K) (Reichardt, 2006). Neurons have a polarized morphology;
thus, dendrites and axons must be properly communicated with the cell body to maintain
neuronal homeostasis. TrkB is located both in somatodendritic and axonal compartment of
neurons (Arimura et al., 2009) and BDNF is released in dendrites and axons (Matsuda et al.,
2009), regulating dendritic and axonal growth (Gonzalez et al., 2016; Huang and Reichardt,
2003), synaptic transmission (Kang and Schuman, 1995; Zhang et al., 2013) and learning and
memory (Alonso et al., 2002a; Alonso et al., 2002b; Egan et al., 2003). It has been reported that
axonal extracellular application of BDNF triggers the increase of intracellular Ca™ in a PLCy-
dependent manner (Li et al., 2005). BDNF promotes the release of intracellular Ca™ storages by
activation of the inositol 3,4,5-triphophate receptor (IP3R) and also the entry of extracellular
Ca'” by the activation of the transient receptor-potential cation channel subfamily C (TRPC)
(Leal et al., 2015; Li et al., 2005). Also, it has been shown that calcium influx induces dendritic
growth via activation of transcriptional program that involves activation of Calmodulin kinase
IV (CAMKIV) and the activation of cAMP response element-binding protein (CREB)

transcription factor (Redmond et al., 2002).
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In cortical and hippocampal neurons, the binding of BDNF to TrkB promotes its dimerization
and autophosphorylation, inducing the internalization of the receptor into signaling endosomes
(Bronfman et al., 2014; Cosker and Segal, 2014; Scott-Solomon and Kuruvilla, 2018). We
previously showed that BDNF axonal signaling promotes dendritic arborization in a TrkB-
dependent manner (Moya-Alvarado et al., 2019 in preparation, Chapter II). TrkB is endocytosed
in axons and retrogradely transported to the cell body by the molecular motor dynein. In the cell
body compartment, activated TrkB upregulates the CREB and PI3K/mTOR activity increasing
the transcription and translation of proteins (Moya-Alvarado in preparation 2019, Chapter II).
Although, long-distance signaling of BDNF has been described in cortical neurons (Cohen et
al., 2011; Zhou et al., 2012), there is little information of the cellular mechanism and the
downstream signaling pathways regulating this process. Several lines of evidence support the
participation of the PLCy and increased intracellular Ca** in long-distance signaling mediated
by BDNF. It was reported in hippocampal neurons that the internalization of BDNF/TrkB
complex is regulated by an increase in Ca™ influx through N-methyl-d-aspartate receptors
(NMDAR) (Du et al., 2003). Furthermore, the axonal stimulations of retinal ganglionic cells
(RCG) with BDNF promotes a retrograde potentiation of retinal synapses in a TrkB and PLCy
dependent-manner (Du and Poo, 2004), suggesting that PLCy can participate in BDNF long-
distance signaling regulating TrkB internalization. Interestingly, in the axons of sympathetic
neurons, TrkA via PLCy regulates the activation of calcineurin to dephosphorylate dynamin 1
coordinating the receptor endocytosis and axonal growth (Bodmer et al., 2011). Suggesting that

the regulation of Trks endocytosis by PLCy and calcium is a conserved process among different
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type of neurons.

Here, we show that BDNF long-distance signaling depend on the axonal activity of PLCy. Using
compartmentalized cultures of cortical neurons, we show that axonal PLCy activity in axons is
required for dendritic arborization and CREB phosphorylation in cell bodies. Consistently with
other works, BDNF increased the axonal Ca** levels in axons in a PLCy dependent manner (Du
and Poo, 2004). We showed that the PLCy/Ca" pathway is required for TrkB endocytosis,
suggesting that axonal PLCy can regulate the generation of signaling endosomes for retrograde

BDNF/TrkB signaling.
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METHODOLOGY

Primary culture of cortical neurons. Embryonic cortical neurons from rats (embryonic days
17-19) were obtained from the animal facilities of the Pontificia Universidad Catolica de Chile
and euthanatized under deep anesthesia according to the bioethical protocols of our institution.
Cortex were dissected and dissociated into single cells in HBSS (Hank’s Balance Salt Solution;
Thermo-Fisher, cat# 14025134). After disaggregation, neurons were resuspended in
MEM/Horse Serum (Thermo-Fisher, cat# 16050122) and were seeded on microfluidic chambers
at a low density (40-50 x 10° cells/chamber) or in mass culture 25 x 10° cells/well in 12 mm
coverslips or 1.8 x 10° cell/ 60 mm plate. After 4 h, the culture medium was replaced with
neurobasal medium (Thermo-Fisher, cat# 21103049) supplemented with 2% B27 (Life
Technologies, cat# 17504044), 1x glutamax (Thermo-Fisher, cat# 35-050-061) and 1x pen/strep
(Thermo-Fisher, cat# 15140-122). Proliferation of non-neuronal cells was limited by the use of
cytosine arabinoside (0.25 pg/mL AraC; Sigma-Aldrich, cat# C1768) when MEM/HS was

replaced to neurobasal(Gonzalez et al, 2019; Taylor et al., 2003).

Microfluidic devices. The molds to prepare the compartmentalized chambers was provided by
Prof Eran Perlson from Tel Aviv University (Gluska et al, 2016). The microfluidic chambers
were prepared with syldgard™ 184 silicone elastomer base (Poirot, cat# 4019862), according
to the manufacturer's instructions. Two days before performing primary cultures, glass
coverslips (25 mm) were incubated with poly-D-lysine (0.1 mg/mL, Corning, cat# 354210). The
next day, poly-D-lysine was washed and a microfluidic chamber with 400 pm microgroove was

place on the coverslip. Then, inside of the chamber laminin (2 pg/mL in water, Invitrogen, cat#
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23017015) was added. The same day that the primary culture was performed the laminin
solution was changed to DMEM/HS media (Dulbecco Minimum Essential Medium
supplemented with 10% horse serum, 1x glutamax and 1x antibiotic/antimycotic, Thermo-

Fisher, cat# 15240062).

Quantification of dendritic arborization induced by BDNF. Cortical neurons (6 DIV) were
transfected with 0.5 ug of the plasmid containing EGFP (CA, USA) using 0.8 uL of lipofectamin
2000 (Invitrogen, cat#11668-019) in 30 uL of optimem (Thermo-Fisher, cat# 11058021). After
2 hours, the optimem media was replaced for neurobasal media supplemented for 1 hour. The
cell body compartment was incubated with neurobasal medium supplemented with TrkB-Fc
(100 ng/mL, B&D system, 688TK) for all treatments. The drugs were incubated in the cell body
compartment or axonal compartment as follow. In the axonal compartment: U73122 (5 uM,
Sigma-Aldrich cat# U6756). After 1 hour, BDNF (50 ng/mL, Alomone, cat# B-250) was added
to the axonal compartment together with fluorescent subunit B of choleratoxin (Ctb, 1 pg/mL,
Thermo-Fisher, cat# C34777). After 48 hours, neurons were washed with PBS 37°C and then,
fixed with fresh 4 % PFA-PBS at 37°C for 15 minutes (Paraformaldehyde (Sigma-Aldrich, cat#
158127) in PBS). Then the chamber was removed and the neurons were permeabilized and
blocked with 5% BSA (Jackson, cat# 001-000-162) and 0.5% Triton X-100 (Sigma-Aldrich,
cat# 234729) in PBS and then incubated with anti-MAP2 (1:500, Merk-Millipore, cat# AB5622)
in incubation solution (3% BSA with 0.1% Triton X-100 in PBS). After washes (3x buffer),
neurons were treated with a donkey anti-mouse Alexa 647 (1:500, Molecular probes, cat# A-
31571) in incubation solution and mounted for fluorescence microscopy visualization using

Mowiol 4-88 (Calbiochem, cat# 475904).
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Dendritic arborization was analyzed in cortical neurons labelled with Ctb and labelled for EGFP
and MAP2. Primary dendrites, branching points and Sholl’s analysis (Sholl, 1953) were
quantified (see below). For visualization, confocal microscopy using a Nikon Eclipse C2
confocal microscope equipped with a digital camera connected to a computer with Software
NIS-Elements C was used. Five to seven optical section of 0,5 pm thick from the whole cells
were acquired using a 60x objective at 1024x1024 pixel resolution along the z-axis. Z-stacks
were integrated, and the images were segmented to obtain binary images. Ten concentric circles
with increasing diameters (5 pm each step) were traced around the cell body, and the number of
intersections between dendrites and circles was counted and plotted for each diameter. Analysis
was performed using the Image] plugin developed by the Anirvan Gosh Laboratory
(http://biology.ucsd. edu/labs/ghosh/software). The number of total primary dendrites and

branching points of all dendrites was manually counted from the segmented images.

Treatments and immunofluorescence for phospho-proteins. To evaluate the accumulation
of phosphorylated CREB (pCREB) in the nucleus, and the phosphorylation of PLCy (pPLCy)
in axons, cortical neurons (5-6DIV) were incubated with Ctb555 (Ctb, 1 pg/mL) overnight.
Next, cortical neurons (6-7 DIV) were incubated with neurobasal medium with TrkB-Fc
(100 ng/mL) in the cell body compartment. To inhibit the PLCy we used the drug U73122 (5
puM) in the axons or cell bodies depending on the experimental design. After 1 hour, BDNF (50
ng/ml) was added to the axonal compartment together with Ctb647 (1 ng/mL, Thermo-Fisher,
caté (C34778). After 20 min (pPLCy immunofluorescence) or 180 minutes (pCREB

immunofluorescence) samples were fixed with 4 % PFA with phosphatase inhibitor (1x) for 15
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min. Permeabilization and blocking was done in the presence of bovine serum albumin (BSA,
5 %) Triton X100 (0.5%) for 1 hour in PBS. The antibodies were incubated overnight at 4 °C in
the presence of BSA (3%), Triton X100 (0.1%) in PBS, the antibodies used were: Anti-phospho
CREB (1:500, Cell signaling cat# 9198), anti-phospho PLCy1 (pY783.28, 1:200, Santa Cruz
cat# sc-136186). The secondary antibodies were incubated for 90 minutes in BSA (3%), Triton
X100 (0.1%) in PBS. Finally, the samples were incubated with Hoechst 33342 (5 pg/mL,
Invitrogen, cat# 62249) and mounted in Mowiol 4-88. Neurons were visualized by confocal
microscopy using a Nikon Eclipse C2 confocal microscope equipped with a digital camera

connected to a computer with Software NIS-Elements C. Five to seven optical section of 0,5

pum thick from the whole cells were acquired using a 60x objective at 1024x1024 pixel resolution

along the z-axis.

Immunoendocytosis of Flag-TrkB to evaluate the effect of PLCy activity in the
internalization of TrkB. Cortical neurons (5DIV) were transfected with 0.5 ug of the Flag-
TrkB plasmid (gift from Prof. Francis Lee, NYU, USA) using 0.8 uL of lipofectamin 2000 in
30 uL opti-men per chamber. After 48 hours, cortical neurons (7 DIV) were incubated at 4°C
for 10 minutes and then treated with an anti-Flag antibody (1:750, Sigma-Aldrich, cat#F3040)
for 45 minutes, in the presence or absence of U73122 (5 uM) or BAPTA-AM (20 uM). Cortical
neurons were washed briefly with warm neurobasal and were incubated with BDNF (50 ng/mL)
in the presence or absence of U73122 or BAPTA-AM for 20 minutes. Then, neurons were fixed
in 4 % PFA and samples were incubated with a donkey anti mouse Alexa488 (1:500, Invitrogen,
cat# R-37114) without permeabilization. Finally, samples were blocked and permeabilized as

described above and immunostained with donkey anti mouse Alexa555 (1:500, Invitrogen, cat#
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A-31570). As a control, 20 min internalization of Ctb555 was evaluated in the presence or

absence of U73122 (5 uM).

Measurement of intracelular Ca*%. The changes of intracellular calcium concentration were
examined by Fluo4-AM staining. Neurons were incubated with Fluo4-AM (2 uM, Invitrogen
cat# F14201) in Neurobasal medium for 30 min at 37 °C, followed by incubation for another 15
min after rinsing with Hanks’ balanced saline solution. Ca** imaging was performed by confocal
microscopy using a Nikon Eclipse C2 confocal microscope equipped with a digital camera
connected to a computer with Software NIS-Elements C. Cells were excited with a laser at 488
nm, and the intensity of the fluorescence was collected at 525 nm as the Fluo4-AM signal. The
images were collected before and after BDNF treatment (30 seconds after initial video-
recording), and the fluorescent intensity was analyzed with ImageJ. To measure the calcium in
the axonal terminals in the presence of U73122 (5 pM), neurons were preincubated in the axonal

terminal with U73122 after Fluo4-AM loading.

Western blot analyses. To study phosphorylated dynamin 1 protein levels, neurons were
depleted with neurobasal media in the presence or absence of U73122 (5 uM), then cortical
neurons were stimulated with BDNF (50 ng/mL) for 15 minutes. Next, cells were lysed with
RIPA buffer (0.1 % SDS, 0.5 % NP40, 10 mM Tris-HCI (pH7.5), 1 mM EDTA, 150 mM NaCl,
0.5 % deoxicolic acid) containing protease and phosphatase inhibitors. Standard SDS gel
electrophoresis and Western blotting procedures were used to analyze the cell extracts using
anti-phosphorylates dynamin 1 (S795 (F-11; 1:500), Santa Cruz cat#(F-11) sc-377568), anti-
dynaminl (E-11, 1:500, Santa Cruz cat# sc-17807) and anti-phosphorylated PLCy1 (pY783.27,

1:1000) and GAPDH (6C5, 1:1000, Santa Cruz cat#sc-32233) antibodies.
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Statistical analysis. The results are expressed as the average + standard error of the mean
(SEM). Sholl’s analysis curves were compared with two-way repeated measures ANOVA,
followed by Bonferroni’s multiple comparisons. Moreover, Student’s t-test or one-way
ANOVA followed by appropriated multiple comparisons test was performed depending on the
number of groups used in each experiment. Details about specific test used, level of significance
and number of replicates are indicated in each figure legends. Statistical analyses were

performed using GraphPad Prism 7 (Scientific Software).
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RESULTS

Axonal PLCy regulates BDNF/TrkB long-distance signaling in cortical neurons.

Previously, we have described that axonal stimulation with BDNF promotes dendritic
arborization in a CREB-dependent manner. Interestingly, when characterizing the TrkB
downstream signaling pathways, we found that PI3K activity is required in the cell body but not
in axons to induce dendritic arborization and mTOR activation (Moya-Alvarado in preparation
2019, Chapter II). One downstream pathway involved in TrkB signaling in axons is PLCy in
RCG and sympathetic neurons (Bodmer et al., 2011; Du and Poo, 2004). Moreover, PLCy is
described to have a role on neurite outgrowth in sensory neurons (Sciarretta et al., 2010). Using
an in-vitro model of compartmentalized cultures of cortical neurons we evaluated the change in
the dendritic morphology induced by axonal stimulation of BDNF and we asked whether the
presence, in the axonal compartment of one pharmacological inhibitor of PLCy, U73122
(Bleasdale et al., 1990), affect the retrograde signaling of BDNF, using the protocol described
in our previously work (Moya-Alvarado et al., 2019 in preparation, Chapter II). In brief, we
expressed EGFP in six DIV cortical neurons seeded in microfluidic devices of 400 um long-
microgrooves. We incubated TrkB-Fc chimera protein (Shelton et al., 1995) in the cell bodies
compartment (CB) to neutralize the activity of endogenous BDNF released by neurons. To
identify the neurons that projected their axons to the axonal compartment (AC), we have used a
fluorescent version of the subunit B of the cholera toxin (Ctb) (Escudero et al, 2019), which it

is internalized in axons and retrogradely transported up to the Golgi apparatus of neurons that



178

have axons in the AC (Fig. 1A). To identify the somatodendritic domain of neurons an MAP2
immunofluorescence was performed. As we observed previously, BDNF, added to axons
increased the arborization (Fig. 1B and C), primary dendrites (Fig. 1D) and branching points
(Fig. 1E) (Moya-Alvarado et al., 2019 in preparation, Chapter II). However, the presence of
U73122 in the axonal compartment prevent the effect induced by BDNF (Fig. 1), suggesting

that PLCy is required for long-distance axonal signaling of BDNF.
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Figure 1. Axonal PLCy activity is required for dendritic arborization induced by BDNF.
(A) Six DIV cortical neurons were transfected with a plasmid driving the expression of EGFP.
The CB was incubated with TrkB-Fc (100 ng/mL). The AC was stimulated with BDNF (50
ng/mL) in addition to Ctb555 in presence or absence of U73122 (5 uM). Treatments were
performed for 48 hours. Finally, neurons were fixed and immunofluorescence was performed
against MAP2. (B) Examples of neurons in the CB (Ctb555 in red) from compartmentalized
cultures treated as follow; control situation, treated only with U73122 in AC, stimulated with
BDNF, stimulated with BDNF and treated with U73122 in AC. (C-E) Quantification of primary
dendrites (C), branching points (D), Sholl analysis (E), from neurons labelled with
EGFP/MAP2/Ctb555 for each treatment Scale bar 20 pm. n=27-38 neurons from 3 independent
experiment. Results are expressed as + SEM. **p< 0.01, ***p< 0.01. Statistics was done by
one-way ANOVA test followed by Bonferroni post-test for multiple comparisons (C-D).
Statistics of the Sholl analysis was done by two-way ANOVA followed by Bonferroni post-test
for multiple comparisons.
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We have described that axonal stimulation with BDNF promotes CREB phosphorylation, and
in addition, the activity of CREB is required for dendritic arborization (Moya-Alvarado et al.,
2019 in preparation, Chapter II; Bronfman et al., 2014). Furthermore, the mutation in the PLCy
docking site of TrkB impairs the phosphorylation of CREB and CaMKIV (Minichiello et al.,
2002), suggesting that the activity of PLCy is required for CREB phosphorylation. These results
were obtained in non-compartmentalized cultures. Therefore, we tested whether the activity of
PLCy was required both in the cell body or axonal compartment in our model. In order to
evaluate CREB phosphorylation, at five DIV we incubated Ctb555 in the axonal compartment
overnight, to identify all the neurons that projected their axons. At the next day, we added BDNF
with Ctb647 in the axonal compartment in the presence or absence of U73122 in the axonal or
in the cell body compartment. As we previously reported, axonal signaling of BDNF induced
an increase of CREB phosphorylation (Fig. 2) (Moya-Alvarado et al., 2019 in preparation,
Chapter II). Interestingly, the presence of PLCy inhibitor decreases CREB activation only when
added to the axonal compartment (Fig. 2A and B), having no effect when added in the cell body
compartment (Fig. 2C and D), suggesting that PLCy has a role mainly in BDNF/TrkB axonal

signaling.
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Figure 2. Axonal PLCy activity is required for somatodendritic CREB phosphorylation.
(A) Schematic representation of the protocol used for stimulating neurons. For both protocols
Five DIV cortical neurons were retrograde labeled with Ctb555 (in red) overnight. (A’) At six
DIV, the culture medium was changed to serum-free medium for 90 minutes in the presence or
absence of U73122 (5 uM) in the AC, and stimulated with BDNF (50 ng/mL) for 180 minutes
along with Ctb647 (in blue) in the AC, in the presence or absence of U73122 with the flux
toward the AC. (A’") At six DIV, the culture medium was changed to serum-free medium for
90 minutes in the presence or absence of U73122 (5 uM) in the CB with the flux toward the CB,
then AC was incubated with BDNF (50 ng/mL) for 180 minutes. Finally, the cultures were fixed
and phosphorylated CREB (pCREB, S133) immunofluorescence was performed in cell bodies
(B) Representative figures of nuclear pCREB in neurons with or without BDNF stimulation
labelled with Ctb647 (in blue) and Ctb555 (in red) added to axons in the presence or absence of
axonal U73122. Scale bar 10 um. (B) Quantification of pCREB in the nucleus of neurons labeled
with Ctb555 (red) in each condition. n= 90-114 neurons from 3 independent experiment. (C)
Representative figures of nuclear pCREB (in green) in neurons with or without BDNF
stimulation labelled with Ctb555 (in red) added to axons in the presence or absence of U73122
in CB. (D) Quantification of pCREB in the nucleus of neurons labeled with Ctb555 in each
condition. n= 43-60 neurons from 2 independent experiment. Results are expressed as + SEM.
**p< 0.01, ***p< 0.01. Statistics was done by one-way ANOVA test followed by Bonferroni
post-test for multiple comparisons.
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PLCy is locally activated in the axonal compartment by BDNF.

To test whether BDNF was activating PLCy in axons, we treated axons of cortical neurons with
BDNF for 15 minutes and assessed the phosphorylation of PLCy by immunofluorescence.
Immunofluorescence analyses with a phospho-specific antibody reveal that BDNF increases the
PLCy phosphorylation in axons of cortical neurons (Fig. 3A and B). It is known that activation
of PLCy by TrkB leads to an increase in intracellular Ca™ (Zirrgiebel et al., 1995). To assess
whether BDNF increases Ca' in axons in a PLCy dependent manner, we loaded the neurons
with Fluo-4 AM, a cell permeant calcium indicator (Cheng et al., 2017) and we video recorded
Fluo-4 AM fluorescence in the axons during 1 minute after BDNF addition. The incubation of
BDNF to axons produced a single Ca" release point that generate an extended retrograde signal
that cover completely the axons in the recording zone (Fig. 3C). Of note, not all the axons
responded at the same time, or with the same intensity. Nevertheless, the presence of U73122
completely abolished the increase in the calcium release induced by BDNF in axons (Fig. 3C
and E). We measured the velocity of the retrograde signal considering the initial point of calcium
increase until the last point observable in the video recording, the velocity measured was
4.47+0.15 pm/s (Fig. 3D), showing a faster movement compared to dynein-dependent
TrkB/BDNF retrograde trafficking (Xie et al., 2012; Goto-Silva et al., 2019; Moya-Alvarado et

al., 2019 in preparation, Chapter II)).
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Figure 3. Axonal BDNF promotes intracellular calcium increase in a PLCy-dependent
manner. (A) Representative figure of phosphorylated PLCy (pPLCy, pY783.28) in axonal
compartment of neurons stimulated with BDNF (50 ng/mL) for 20 min. (B) Quantification of
the immunofluorescence associated with pPLCy each 30 pm in axons of neurons stimulated
with BDNF. Results are expressed as + SEM. **p<(0.01. Statistics was done by Student’s #-test.
(C) Evaluation of calcium signaling induced by BDNF. The change of fluorescence intensity
associated to Fluo4-AM (2 uM) was used to measure the concentration change of cytosolic
calcium. Representative images of compartmentalized cultures loaded with Fluo4-AM in the
axonal compartment treated with vehicle or BDNF (50 ng/mL) in the axonal compartment with
or without U73122 (5 pM) pre-treatment in the axonal compartment. Live-cell imaging of each
axonal field in the axonal compartment recorded before BDNF treatment (0 seconds) and during
60 seconds of BDNF treatment. Scale bar, 10 um. (D) Quantification of the velocity of calcium
back propagation of the fluorescence signal associated with Fluo4-AM in BDNF condition. (E)
Mean Fluo4-AM fluorescence intensity (= SEM) for each treatment at different snap-shot times.
Normalization and statistics for each treatment was done using their corresponding mean 0
second’ basal fluorescence as a reference. n = 8-12 axons from three independent
compartmentalized cultures per each treatment in 2 independent experiments. Statistics was
done by two-way ANOVA test followed by Bonferroni’s post-test for multiple comparisons.
Faa%k P<0.0001.

PLCy regulates TrkB internalization.

Neurotrophin binding to Trks results in the internalization of the receptor-ligand complex into
vesicles, which are transported to neuronal cell bodies to propagate retrograde signals (Beattie
et al., 1996; Bronfman et al., 2014). It has been shown that PLCy regulates both the epidermal
growth factor receptor (EGFR) (Delos Santos et al., 2017) and TrkA internalization in a calcium
dependent manner (Bodmer et al., 2011). Furthermore, TrkB internalization is regulated by
neuronal activity and calcium influx (Du et al., 2003). Suggesting that PLCy is involved in the
endocytosis of TrkB. To test that hypothesis, we transfected cortical neurons with a plasmid that
drives the expression of a TrkB receptor amino-tagged with a Flag epitope (Flag-TrkB). Forty-

eight hours later, we treated the neurons with a Flag antibody at 4°C. Next, we stimulated
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neurons with BDNF in the presence or absence of PLCy inhibitor (Fig. 4A). BDNF treatment,
leads to a robust internalization of the TrkB receptors (eFlag-TrkB) (Fig. 4B and C) and the
levels of the internalized receptor were reduced (53% decrease) when PLCy activity was
inhibited by U73122 (Fig. 4B and C). U73122 did not have an effect on the levels of TrkB on
the plasma membrane (mFlag-TrkB) (Fig. 4D), nor in the internalization of Ctb555 (Fig. 4E).
We also evaluated whether a Ca™ chelator BAPTA-AM could affect the internalization of TrkB.
As we expected the presence of BAPTA-AM, decreases the internalization of TrkB (Fig. 4F).
In sympathetic neurons, TrkA internalization is regulated by dynamin-1 dephosphorylation
(Bodmer et al., 2011). To evaluate if BDNF regulates dynamin dephosphorylation, we incubated
cortical neurons with BDNF during 15 minutes and evaluated by Western blot the
phosphorylation of dynamin-1 and PLCy. Interestingly, we observed that BDNF stimulation did
not affected the phosphorylation of dynamin-1 (Fig. 4G), suggesting that PLCy regulates TrkB

internalization in a Ca™ dependent manner but independent on dynamin 1 dephosphorylation.
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Figure 4. PLCy activity is required for TrkB internalization. (A) Schematic representation
of immunoendocytosis of Flag-TrkB. Five DIV neurons were transfect with a plasmid driving
the expression of Flag-TrkB. After 48 hours, neurons were incubated with anti-Flag antibody.
Then, neurons were treated with BDNF (50 ng/mL) in the presence or absence of U73122 (5
uM) or BAPTA-AM (20 uM) for 20 min to induce the endocytosis at 37 °C. Finally, neurons
were fixed and the Flag epitope was detected by immunostaining. (B) Representative image of
the endocytosis of Flag-TrkB in control condition, BDNF, U73122 and BDNF with U73122.
Upper figure shows endocytosed Flag-TrkB (eFlag-TrkB, in red), lower images shows merge
with membrane Flag-TrkB (mFlag-TrkB, in green). (C) Quantification of fluorescence intensity
of intracellular Flag-TrkB- in each treatment. Scale bar, 20 pm (D) Quantification of the plasma
membrane associated fluorescence of TrkB in control condition and in the presence or absence
of U73122. n=5-10 neurons from 2 independent experiment. Results are expressed as + SEM.
**p< 0.01. Statistics was done by one-way ANOVA test followed by Bonferroni post-test for
multiple comparisons. (E) Representative image of Ctb555 endocytosis in the presence or
absence of U73122. In green, Ctb555, in blue, Map2 and in red, Hoechst. (F) Representative
images of TrkB-Flag endocytosis in control condition, BDNF, BAPTA-AM and BDNF with
BAPTA-AM. Image representative from 2 independent experiments. (G) Representative image
of a Western blot of neurons treated with BDNF during 15 min. Immunobloting of the proteins,
phosphorylated dynamin (p-Dynamin 1, S795), dynamin, pPLCy 1 (Y793.28) and GAPDH.
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DISCUSSION

We have described that BDNF long-distance signaling from axons increases CREB and mTOR
activation inducing dendritic arborization (Moya-Alvarado et al., 2019 in preparation, Chapter
II). However, the downstream signaling pathways involved in this process are poorly
understood. Here, we show that axonal PLCy activity is required for dendritic arborization and
CREB phosphorylation induced by BDNF axonal signaling. Furthermore, the local axonal

activation of PLCy regulates intracellular Ca** increase and TrkB endocytosis.

We have previously described that somatodendritic, but not axonal signaling of PI3K is required
for BDNF axonal signaling (Moya-Alvarado et al., 2019 in preparation, Chapter II). Here, we
showed that axonal activity of PLCy is required for dendritic arborization induced by BDNF in
axons. Interestingly, an in vivo experiment with retinal ganglion cells (RCG) of the Xenopus
laevis optic tectum, showed that tectal stimulation with BDNF promotes a potentiation of
retinotectal synapses in a retrograde dependent manner. This process was dependent on the
activity of TrkB and PLCy, suggesting that there are synaptic modification that may be causally
linked to structural modification of RGC dendrites after hours of BDNF stimulation in the axons
(Du and Poo, 2004; Lom et al., 2002). In our model, due to the days in vitro that cortical neurons
were (6-8), they have not developed synaptic contacts; therefore, we did not evaluate whether
axonal BDNF increases synapses in dendrites by axonal stimulation. However, in future
experiment it will be important to evaluate whether BDNF axonal signaling promotes synaptic

strengthening in mature neurons using compartmentalized cultures.
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In the same context, we observed that axonal but not cell body activity of PLCy is required for
CREB phosphorylation induced by BDNF axonal signaling, suggesting that PLCy has a local
role in cortical axons regulating the initial steps of signaling endosomes generation. It has been
shown that a mutation in the TrkB docking site for PLCy downregulates BDNF-induced

activation of CREB (Minichiello et al., 2002).

In non-compartmentalized cultures, the bath application of BDNF promotes a strong increase
in the frequency of global calcium transients (He et al., 2005; Lang et al., 2007), but BDNF
local application induces a point spread signal in dendrites (Lang et al., 2007). We observed that
BDNF axonal stimulation promoted an increase in intracellular Ca™ and similar to the
observation reported in dendrites, we observed a single Ca™ spread point that generate an
extended retrograde signal that cover the axons along the recording zone. Since, TrkB is located
in all the surface of the axons, it is intriguing that Ca** waves are generated in apparently random
locations along the axons. Of note, we observed that the velocity of the calcium waves was
faster than the average velocity of BDNF-QD (1.11£0.05 pm/s) (Xie et al., 2012) and (1,5 £0.3
um/s) for GFP-TrkB (Goto-Silva et al., 2019), suggesting that this increase is independent of
the retrograde transport of the signaling endosome. However, it remains to be studied whether
intracellular calcium is required for the intracellular transport of signaling endosomes. Although
very speculative, the increase in calcium could be regulating fusion/fission events in the
endosomal pathway (Chen et al., 2002; Hay, 2007; Luzio et al., 2007) required for retrograde

transport of signaling endosomes.
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In sensory neurons back-propagation of calcium at an injury site has been reported along the
axon toward the cell soma (Cho et al., 2013). This process regulates the dual leucine zipper
kinase (DLK), which activates c-Jun NH2 terminal kinase (JNK3), which is linked to axonal
transport via JNK-interacting protein JIP3, a protein that interact with kinesin and dynactin
(Cavalli et al., 2005; Rishal and Fainzilber, 2014). Interestingly, it has been shown that JIP3 is
an adaptor for the anterograde transport of TrkB mediated by kinesin 1 (Huang et al., 2011).
However, the increase of intracellular calcium in axons increases the affinity of JIP3 for
dynactin compared to kinesin (Cavalli et al., 2005; Rishal and Fainzilber, 2014). Therefore, it is
possible that the increased in intracellular calcium ions mediated by BDNF/TrkB in axons
increases the TrkB/JIP3/dynactin/dynein complex to promotes the retrograde transport of the
TrkB receptor. Moreover, it has been reported that the increase in the intracellular concentration
of calcium ions regulates Trk receptor internalization (Bodmer et al., 2011; Du et al., 2003). It
is possible that the propagation of calcium waves increases the probability of TrkB

internalization and retrograde transport along the axon.

PLCy has been described as a regulator of endocytosis of TrkA (Bodmer et al., 2011) and the
EGEFR (Delos Santos et al., 2017). Two different mechanism has been reported for the regulation
of these two different tyrosine kinase receptors. For TrkA, Ca"* contributes to enhance clathrin-
mediated endocytosis in neurons due to calcineurin-dependent dephosphorylation of dynamin 1
(Bodmer et al.,, 2011). On the other hand, for EGFR, calcineurin and dynamin 1 were
dispensable for the internalization of EGFR. In this case, calcium ions recruits synaptojanin 1

(Sjnl) to clathrin-coated pits in a PKC-dependent manner induced by the activation of PLCy
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(Delos Santos et al., 2017). In our study, we observed that PLCy regulates internalization of
TrkB, in a calcium dependent manner, without affecting the phosphorylation of dynamin

suggesting that PLCy regulates the internalization of TrkB in a PKC- dependent manner.

In summary, this study has revealed a specific function for PLCy signaling in the axonal
compartment of cortical axons, regulating the signaling of BDNF/TrkB from distal axons to the
cell body to increase CREB-dependent dendritic branching. Several questions remain for future
studies, including how PLCy/Ca* regulates the internalization of TrkB receptors in the axons,

and the contribution of Ca" to the trafficking of signaling endosomes.
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CONCLUSION

Here using an in vitro model of central nervous system neurons, we showed the relevance of the
endosomal signaling of the neurotrophin BDNF and its receptor TrkB on the long distance

signaling.

In non-compartmentalized hippocampal neurons:

BDNF increases the vesiculation of Rab5-positive endosomes in the somatodendritic
compartment. BDNF increases the movement of Rab5 endosomes from dendrites to the cell
body and BDNF induced an early activation of Rab5 in dendrites (5 min) followed by increased

activation of Rab5 in cell bodies (30 min).

By using microfluidic chambers, we provide evidence that:

Axonal stimulation with BDNF promotes an increase of dendritic arborization by the formation
of a signaling endosome in a TrkB dependent manner. Rab5 and dynein activity are required for
the axonal signaling to arrive to the cell body. PI3K activity is not required in the axonal
compartment for the retrograde transport of BDNF signaling endosomes, but it is required in the
cell body compartment to induce dendritic arborization and mTOR activation. Somatodendritic

CREB and mTOR activation are require to regulate protein synthesis.

To deepen more in the regulation of downstream pathways of TrkB in the long distance

signaling we studied the PLCy signaling.
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Axonal PLCy activity is required for dendritic arborization and CREB phosphorylation induced
by BDNF axonal signaling. Local axonal activation of PLCy regulates intracellular Ca"

increase. PLCy regulates TrkB endocytosis.
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DISCUSSION

During neuronal development, neurons begin to extend processes that culminate in the
formation of functional synapses (Jan and Jan, 2010). Neurons are highly polarized cells and
are capable of extending long processes to form circuits. This generate a challenge for
intracellular signaling and maintenance of neuronal homeostasis. (Fainzilber et al, 2011;
Bronfman et al, 2014). In the CNS, BDNF plays an important role in regulating survival, growth
and plasticity. (Huang and Reichardt, 2003). In the PNS, the work of different groups has
contributed to the evidences that the retrograde transport of signaling endosomes, containing
neurotrophins and its receptors, is essential for neuronal survival and neuronal growth (Cosker
et al, 2008; Ginty and Segal, 2002; Zhou et al, 2012). However, the physiological role of long-
distance signaling in the central nervous system and how neurotrophin signaling regulates
endocytic trafficking is just beginning to be understood. The study of how neurotrophic
signaling regulates the endosomal pathway is important for the understanding of the
pathophysiology of brain diseases, since the alteration or mutations in the expression of genes
that allow endocytic transport are related to neurodegenerative diseases, such as Huntington's
disease (HD), which regulates the intracellular trafficking of BDNF vesicle, amyotrophic lateral
sclerosis (ALS) and Alzheimer's disease (AD), where axonal transport defects are due to defects
in the proper organization of microtubules or in the binding of motor proteins to cargoes ( Liu

et al, 2012; Wang et al, 2013; Millecamps and Julien, 2013).

In this thesis, we were interested in studying two related processes, the first was to understand

the role of BDNF/TrkB signaling on the dynamics of early endosomes by Rab5. The second
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process was the role of long-distance axonal signaling of BDNF in cortical neurons evaluating
key aspects within the post-endocytic trafficking of the TrkB in axons as well as cell bodies.
The endocytic trafficking of membrane receptors is regulated by Rab5 that regulates the fusion
of early endosomes, the anchoring of early endosomes to different molecular motors and the
recruitment of adaptors for proper sorting of receptors along the endocytic pathway (Stenmark,
2009). It has been described that Rab5 is important for the maintenance of dendritic arborization
in Drosophila and the regulation of neurotrophic signaling in mammals (Satoh et al, 2008; Liu
et al, 2007). On the other hand, in the CNS neurons BDNF increases Rab11 activity in dendrites,
increasing local recycling of TrkB and thus increasing BDNF signaling (Figure 10A chapter I)
(Huang et al., 2013; Lazo et al., 2013). Here, we found that BDNF increases the dynamic and
activity of Rab5 in dendrites and cell body of hippocampal neurons. Additionally, BDNF
increases both Rab11 and Rab5 protein levels in an mTOR dependent manner. These results are
particularly interesting, since mTOR regulates local protein synthesis (Schratt, et al, 2004),
suggesting that BDNF can increase the availability of GTPases locally in dendrites and thus
increasing their activity generating a positive loop for TrkB signaling (Figura 10B Chapter II).
However, we still require more research to understand the mechanism by which BDNF regulates
the activity and availability of Rab5 and Rabl11 in dendrites and whether motor complex such
as Hook1/dynein complex (Olenick et al, 2018) or myosin Vb (Lazo et al, 2013) plays a role for

local and long-distance signaling.

Given the importance of BDNF signaling in the regulation of neuronal morphology and synaptic
plasticity, it is important to understand the role of long-distance BDNF signaling, since it may
have implication for wiring circuits in the CNS. Initial studies suggested a role of BDNF

retrograde signaling, for example, the application of BDNF to axons of retinal ganglion cells in
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Xenopus laevis studies (Du and Poo, 2004; Lom et al, 2002). In addition, several groups have
shown that BDNF and TrkB is retrogradely transported in the axons of CNS neurons (Sobreviela
et al, 1996; Zhou et al., 2012; Ramser, et al 2013; Zhao et al, 2014; Olenick et al., 2019).
However, there were no definite evidences for neither the role of signaling endosomes in BDNF

plastic changes in CNS neurons nor the role of TrkB signaling pathways in this process.

In the second part of this thesis, we contributed to this unsolved issue by studying the role of
BDNF/TrkB signaling on dendritic growth using cortical neurons cultures in microfluidic
chambers. We found that axonal stimulation with BDNF promotes an increase in dendritic

arborization of rat and mouse neurons requiring TrkB-signaling but not p75 (Figure 1).

BDNF

Increasing dendritic
arborization

Figure 1. Axonal long-distance signaling of BDNF increases dendritic branching in cortical
neurons. When BDNF is added to the axonal compartment activates TrkB. Then, TrkB is
retrogradely transported and promotes an increase in dendritic arborization.
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Then, we evaluate the role of BDNF signaling on endosomal activity and observed that BDNF
increases Rab5 activity in axons of cortical neurons and that both dynein and Rab5 activity were
required for long-distance BDNF/TrkB signaling (Figure 2A). These results confirm that the
signal generated from axonal stimulation with BDNF has an endosomal component, which has
a fundamental role in the regulation of long-distance dendritic arborization in neurons of the
central nervous system. Interestingly, we observe that axonal stimulation produces an increase
in the generation of intracellular calcium ion waves in axons in a PLC-dependent manner.
Although, this finding in mammals has not been previously described, experiments performed
in Xenopus suggested that a calcium wave that is TRPC and IP3R dependent can be transported

retrogradely to mediate synaptic plasticity induced by BDNF (Du and Poo, 2004; Li et al 2005).

Together these results show that neurotrophic signaling has different types of pathways, which
are activated together and converge in similar regulatory processes. For future experiments
would be important to differentiate whether both signaling pathways, endosomal and calcium,

act together or separately regulating axonal responses to neurotrophic factors.
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Figure 2. Scheme of BDNF local signaling in axon and cell bodies after axonal stimulation
with BDNF. (A) When BDNF binds to TrkB in axons it is endocytosed and sorted to Rab5
positive endosome. Then, Rab5 is activated and the signaling endosome is retrogradely
transported by dynein. (B) When the signaling endosome arrives to the cell body, (B.1)
phosphorylated TrkB is found in the cell body and dendrites, (B.2) the kinase activity of PI3K
is required for the activation of the mTOR (B.3) and CREB phosphorylation in the nucleus.

We observe that axonal stimulation with BDNF favors the arrival of the phosphorylated TrkB
from the axon to the cell body and dendrites (Figure 2.B.1). Additionally, we observe that axonal
BDNF promotes the phosphorylation of proteins associated with the mTOR signaling cascade
in the cell body, in a manner that dependent on dynein and PI3K, suggesting that endosomal
signaling promotes the activation of the mTOR kinase in the cell body (Figure 2.B.2). This result
opens the doors to proteomic studies associated with BDNF activation of mTOR both at the
level of the cell body and of the axons, since all the proteomic studies previously carried out
have been performed in BDNF baths that completely cover the cell (Schratt, et al, 2004;

Dijkhuizen and Ghosh, 2005; Kumar et al., 2005).
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We also note that the cell body activity of TrkB receptors activated in axons by BDNF was
required for CREB phosphorylation in the nucleus (Figure 2.B.3). The most studied role of
CREB in long-distance signaling is the regulation of genes associated with neuronal survival in
the peripheral nervous system. (Harrington and Ginty, 2013; Ye et al., 2003; Cosker and Segal,
2014; Scott-Solomon and Kuruvilla, 2018). In this work, we have shown that CREB activity is
required for BDNF-induced protein expression, including Arc, and dendritic arborization
induced by long-distance BDNF signaling, suggesting that the gene regulation exerted by CREB

will depend on the cellular context to which it is found.

In conclusion, these results suggest that endosomal long-distance axonal signaling of BDNF
favors the arrival to the body of active transduction pathways that increase the expression and
synthesis of proteins associated with neuronal growth, so it would be interesting in the future to
characterize the transcriptomic and proteomic associated with local signaling in axons and long
distance in the cell body of neurons, as it could give clues to how neurotrophic signaling

regulates each neuronal compartment.
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