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Danaé Williams

Dissertation Director:

Wilma Friedman

Neurotrophins regulate neuronal cell survival and death in hippocampal neurons
via two distinct receptors, TrkB, a member of the Trk family of receptor tyrosine
kinases and the p75, neurotrophin receptor (p75NTR). When BDNF binds to TrkB,
the association with p75NTR is enhanced. Yet, the purpose of the association of
these two receptors is unknown. This thesis investigated whether the association
with p75NTR directs the trafficking of TrkB to specific endosomal compartments.
To determine whether the treatment with BDNF in the presence or absence of
p75NTR alters the trafficking of TrkB though the endosomal pathway, we examined
and analyzed the localization of TrkB and pAkt, a downstream effector of the PI3K
pathway, in wild type and p75 rat hippocampal neurons using
immunocytochemistry and confocal microscopy. Our data suggested that the
addition of BDNF increased trafficking of pTrkB to the early and recycling

endosomes. However, in the absence of p75NTR, more TrkB appeared to traffic to



the lysosome, suggesting that p75NTR may participate in directing trafficking of
TrkB to the endosomal pathway and preventing its degradation. Additionally,
activation of pAkt localized in the late and recycling endosomes in the wild type
neurons. These results suggested that p7SNTR may direct the internalized TrkB

through the endosomal pathway.
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Introduction

Brain-derived neurotrophic factor (BDNF) is a member of a family of neurotrophic
factors including nerve growth factor (NGF), neurotrophin-3 (NT3), and neurotrophin-4
(NT4) (Hallb6ok 1999; Hallbook et al. 1991; Bronfman et. al. 2007). BDNF can bind
specifically to a member of the Trk family of receptor tyrosine kinases, TrkB, and to
p75NTR on the plasma membrane (Ohta et al., 2011; He et al., 2013). When TrkB is
activated by BDNF, the receptor is internalized and traffics to endosomal compartments.
There are two endosomal pathways the receptor complex may traffic to, one is the
endosomal recycling system where receptors that travel to the recycling endosome are
either transported back to the same domain, remain in the recycling endosome, or are
transported to a different domain on the plasma membrane (Di Guglielmo et al., 1994;
Bronfman et al., 2007). Alternatively, rather than trafficking to the recycling endosome,
internalized receptors can travel to the early endosome and from there, may get
transported to the late endosome and then to the lysosome for degradation (Di Fiore and
de Camilli, 2001; Sorkin and VVon Zastrow, 2002; Miaczynaska et al., 2004; Bronfman et
al., 2007). These vesicles carrying the receptors enter the endosomes through facilitation
and regulation by Rab GTPases, located on the membrane of endosomes (Zerial and
McBride, 2001; Schimmoller et al., 1998; de Renzis, S6nnichsen, & Zerial et al., 2002;

Jordens et al., 2005; Bronfman et al., 2007).

When BDNF binds to the high affinity TrkB neurotrophin receptor, the receptor
undergoes homodimerization and phosphorylation on tyrosine residues, which act as a
scaffold for the binding of intracellular signaling proteins (Minichiello et al., 1998;

Huang and Reichardt, 2003; He et al., 2013). The complex recruits many downstream


http://www.sciencedirect.com/science/article/pii/S0896627300805437

proteins to activate a series of pathways including mitogen activated protein (MAP)
kinase, phosphatidylinositol 3-kinase (PI3K)/Akt, and phospholipase C-y signaling
pathways (English et al., 1999; Kaplan and Miller, 2000; Datta, Brunet, and Greenberg,
1999; Jaworski et al., 2005; Kumar et al., 2005; Zheng et al., 2008; Lazo et al., 2013; Al-
Qudah et al., 2014; Sciarretta et al., 2010). In dendrites, binding of the BDNF ligand also
leads to the internalization of TrkB, which traffics to the recycling endosome after
phosphorylation to increase BDNF signaling (Lazo et al., 2013). In contrast, when BDNF
binds to p75NTR in the absence of TrkB, its intracellular death domain can activate
apoptosis through activation of c-Jun, N-terminal kinase (JNK), mitochondrial release of
cytochrome c and activation of the caspase-9 signaling cascade (Roux and Barker, 2002;
Kafitz et al., 1999; He et al., 2013; Troy, Friedman, and Friedman, 2002; Liu et al., 1996).
p75NTR can associate with many different co-receptors. Even though BDNF binding to
p75NTR can promote apoptosis, proneurotrophins such as proBDNF or proNGF are more
effective ligands for p75NTR-mediated apoptosis, due to the association of p75NTR with
the co-receptor sortilin, a type-1 receptor that acts as a co-receptor with p75NTR to
enhance affinity of the binding complex for proneurotrophins. Activation of this receptor
complex by proNGF or proBDNF can induce cell death in basal forebrain and
hippocampal neurons (Song et al.,2010; Njkjaer et al., 2004; Volosin et al., 2006). In
contrast, when p75 associates with Trk receptors, including TrkB (Bibel, Hoppe, and
Barde, 1999; Huang and Reichardt, 2003; Bronfman et al., 2007) there is greater
selectivity and affinity for mature neurotrophins, which activate Trk signaling and
downstream pathways (Roux and Barker, 2002; He et al., 2013). The assistance of

p75NTR supporting TrkB allows p75NTR to have a dual role in the regulation of


http://genesdev.cshlp.org/search?author1=Sandeep+Robert+Datta&sortspec=date&submit=Submit
http://genesdev.cshlp.org/search?author1=Anne+Brunet&sortspec=date&submit=Submit
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neuronal cell survival, facilitating survival when it associates with TrkB and promoting

apoptosis when it associates with sortilin.

It is intriguing how cell survival can be regulated by the interaction between TrkB and
p75NTR. Our preliminary studies indicated that the maximal association of p75NTR with
TrkB occurs 15-30 minutes after BDNF treatment, suggesting that the association of the
two receptors is not required for initial binding and activation of TrkB, which occurs
within 5 minutes (Ip et al., 1993; Squinto et al., 1991; Dechant et al., 1993). Therefore,
we investigated whether the association of p75NTR with TrkB regulates TrkB trafficking
to different endosomal compartments to activate specific signaling pathways affecting
cell survival. In this study, to examine what controls the fate of TrkB and overall
regulation of neuronal cell survival and death, analyses were conducted to examine the
trafficking of TrkB and downstream effector of the PI3K/AKkt pathway, pAkt.
Phosphorylated by phosphoinositide-dependent protein kinase 1 (PDKI) and mTOR, a
serine/threonine protein kinase (Datta, Brunet, and Greenberg, 1999; Yan and Yankner,
2000; Patapoutian and Reichardt, 2001), pAkt phosphorylates other effector proteins
involved in promoting neuronal cell survival including the inhibition of Bcl-2/Bcl-z-
associated death promoter (BAD) and the activation of forkhead transcription factor
FKHRL1 and glycogen synthase kinase 3-p (GSK 3-p) (Brunet et al., 1997; Yan and
Yankner, 2000; Datta, Brunet, and Greenberg, 1999; Patapoutian and Reichardt, 2001).
To assess the trafficking of activated TrkB (pTrkB) and its downstream effectors, we
analyzed the colocalization of pAkt or pTrkB with different Rab GTPases as markers for

specific endosomal compartments, lysotracker, a specific marker for mature lysosomes,



and early endosome antigen 1 (EEAL) after treatment with BDNF in wild type and p75™

cultured rat hippocampal neurons.
Materials and methods
Reagents

BDNF was a gift from C.F. Ibanez (Karolinska Institute, Stockhelm, Sweden). The
chicken anti-TrkB;, was purchased from Promega (Madison,WI) (1:500 dilution).
Eagle’s MEM, Ham’s F12, and penicillin-streptomycin were purchased from Invitrogen
(Gaithersburg, MD). Polylysine, glucose, insulin, putrescine, progesterone, transferrin,
and selenium were obtained from Sigma (St.Louis, MO). Mouse anti-EEA1 antibody was
obtained from BD Transduction (USA) (monoclonal) (1:200 dilution). The rabbit anti-
Rab5, anti-Rab7, anti-Rab11, and anti-phospho-TrkB (monoclonal) (1:200 dilution);
mouse IgG2b anti-pAkt (Ser 473) (1:5 dilution) and anti-ERK (1:50 dilution)
(monoclonal) were obtained from Cell Signaling (Beverly,MA). Lysotracker was
obtained from Life Technologies (Grand Island, NY). Secondary antibodies used for
immunostaining were Alexa 488 and Alexa 555 anti-mouse and anti-rabbit 555
antibodies were obtained from Invitrogen (Gaithersburg, MD) (1:300 dilution) (Volosin

et al.,2006).
Hippocampal neuron culture

Pregnant rats were killed by exposure to CO, and soaked in 80% ethanol for 10 minutes.
Embyronic day 18 (E18) rat fetuses were removed under sterile conditions and kept in
PBS on ice. Hippocampi were dissected and dissociated in serum-free medium composed

of a 1:1 mixture of Eagle’s MEM and Ham’s F-12 supplemented with glucose (6 mg/ml),



putresine (60um), progesterone (20 nm), transferrin (100 pg/ml), selenium (30 nm),
penicillin (0.5 U/ml), and streptomycin (0.5 pg/ml). The cells were then plated on tissue
culture dishes that were precoated overnight with poly-D-lysine (0.1 mg/ml). The cells
were maintained in serum-free medium for 5 days at 37°C (Song et al.,2010; Farinelli et

al., 1998; Friedman et al., 1993).

Immunocytochemistry

Cultured cells were fixed with 4% paraformaldehyde, blocked with PBS/0.3% Triton X-
100/10% goat serum with 1% BSA in PBS for 30 minutes at room temperature. Primary
antibodies were applied to the cells overnight 4°C. The cells were then washed three
times with PBS for 15 minutes. The secondary antibodies anti-rabbit Alexa 488 (green)
and anti-mouse (Alexa 555) (red) (1:300 dilution) were applied to cells in the dark for 1
hour, washed three times with PBS for 15 minutes, and mounted. Cells were coverslipped
with anti-fading medium (ProLong Gold; Invitrogen) and analyzed by confocal
microscopy (Carl Zeiss). No immunostaining was seen in controls with omission of the

primary antibodies (VVolosin et al., 2006; Volosin et al., 2008).

Morphological analysis

In our quantification analysis, we used Wright Cell Imaging Facility Colocalization
Plugins in ImageJ, an image analysis software developed by Toronto Western Research
Institute. This software is used to determine the amount of signal from an image channel
that occurs in the same location as another channel. If the channels represent specific

objects such as fluorescence tagged proteins, colocalization analysis will quantify



whether the different objects are found in the same location.

(http://www.uhnres.utoronto.ca/facilities/wcif).

Statistical analysis

The analysis was conducted on a scatterplot that measured and compared the intensity of
pixels in different images using Manders' original coefficient using thresholds, which is
represented as tM1. Manders' original coefficient measured the percentage of pixel
intensities of images overlapping each other where the threshold eliminates the
background intensity (Manders, Verbeek, and Aten, 1993; Dunn, Kamocka, and
McDonald, 2011). The scale of Manders’ coefficient ranges from 0 to 1 where 0 is no
colocalization and 1 is perfect colocalization. tM1 is the percentage of green pixels in
one image that overlap the percentage of red pixels in another image. tM2 is the
percentage of red pixels in one image that overlap the percentage of green pixels in

another image.

Results

pTrkB traffics to the early endosome

p75NTR can interact with many co-receptors to form a complex, resulting in different
cellular outcomes. BDNF treatment induced the association of TrkB with p75NTR,
however the purpose of this association is unclear. Since activation of TrkB occurs
rapidly, prior to association with p75NTR, the formation of the complex does not appear
to be required for ligand binding. In this study, we analyzed whether the interaction of
TrkB with p75NTR was required for appropriate trafficking of the receptor. The wild

type, E18 hippocampal neurons were cultured and treated with BDNF for the indicated



time points. The treated hippocampal neurons were then fixed and stained using anti-p-

TrkB and anti-EEA1 antibodies.

To determine if BDNF signaling guides TrkB to the early endosome, the colocalization of
pTrkB with EEA1 was analyzed by ImageJ using Manders' coefficient correlation
analysis, tM2. The data indicated that compared to the control (the Manders’ original
coefficient using calculated thresholds (tM2) between pTrkB and EEA1 is 25.1%) there
was a 34.6% colocalization between pTrkB and EEA1 at the 15 minute time point, and a
substantial decrease in association at the 30 minute time point, suggesting that pTrkB

localization to the early endosome may be transiently increased by BDNF (Fig.1A-C).

pTrkB traffics to the recycling endosome in soma and processes

In order to determine if pTrkB traffics to the recycling endosome during BDNF treatment,
the colocalization of pTrkB with Rab11 was analyzed in cultured wild type and p75”
hippocampal neurons treated without or with BDNF for the indicated time points.
Neurons were fixed and stained using anti-pTrkB and anti-Rab11 antibodies. In the
somas of the wild type neurons, compared to the control (the Manders’ original
coefficient using calculated thresholds (tM1) between pTrkB and Rab11 is 35.2%), there
was 57.2% of colocalization between pTrkB and Rabl1 at the 5 minute time point, 43.9%
at the 15 minute time point, and the 47.1% at the 30 minute time point (Fig.2A-C). Then
the trend decreased to control levels at 30 and 60 minute time points. In contrast, in the
processes, compared to the control, where there was 38.7% colocalization, there was a
colocalization of 40.7% at the 5 minute time point, 53% at the 15 minute time point, and

47.6% at the 1 hour time point (Fig.2A, D-E). Conversely, in the p75” hippocampal



neurons, in the somas, compared to the control (the Manders’ original coefficient using
calculated thresholds (tM1) between pTrkB and Rab11 is 31.2%), there is 40%
colocalization at the 5 minute time point, 42.2% at the 60 minute time point, and 38.3%
at the 2 hour time point (Fig. 3A-C), suggesting that in the absence of p75NTR, there is
little trafficking of TrkB to the recycling endosome. More variability was observed in the
processes, comparing the control (the Manders’ original coefficient using calculated
thresholds (tM1) between pTrkB and Rab11 is 41.7%) there was a colocalization of 53%
at the 5 minute time point, 64.5% at the 30 minute time point, and 62.2% at the two hour
time point (Fig.3A, D-E). BDNF appeared to induce more localization of pTrkB to the
recycling endosomes in the processes compared to the soma in wild type and p75™
hippocampal neurons. However, in the wild type neurons, there was more colocalization

of pTrkB and Rab11 after BDNF treatments than in the p75” hippocampal neurons.

TrkB traffics to the lysosome in p75” hippocampal neurons

To determine whether TrkB traffics to the lysosomes during BDNF treatment, we
examined colocalization of TrkB with lysotracker in cultured wild type and p75"'
hippocampal neurons treated without or with BDNF for the indicated time points.
Neurons were fixed and stained using anti-pTrkB antibodies and lysotracker. In the wild
type neurons, compared to the control (the Manders’ original coefficient using calculated
thresholds (tM1) between TrkB and lysotracker is 30.3%), there was a slight increase in
colocalization between TrkB and lysotracker at the 5 minute time point of BDNF
treatment (32.9%) (Fig.4A-C), and colocalization decreased with increasing duration of

BDNF treatment, suggesting that there was less localization of TrkB trafficking toward



the lysosome. Conversely, in the p75 type neurons, there was an increase in
colocalization between TrkB and lysotracker during the BDNF treatment compared to the
control (Manders’ original coefficient between TrkB and lysotracker is 15.2%) (Fig.5A-
C). These data suggest that p75NTR may play a role in guiding TrkB toward the

endosomal pathway rather than the lysosomal pathway.

pAkt is not activated in the early endosome

As mentioned above, when BDNF binds TrkB, it elicits activation of the PI3K/Akt
signaling pathway, which promotes neuronal survival (Ohta et al., 2011). In order to
investigate whether pAkt localized to the early endosome upon BDNF treatment,
colocalization of pAkt with Rab5 was analyzed by ImageJ in wild type, E18 hippocampal
neurons. The neurons were cultured and treated without or with BDNF at the indicated
time points, then were fixed and stained using anti-pAkt and anti-Rab5 antibodies.
Compared to the control (the Manders’ original coefficient using calculated thresholds
(tM1) between pAkt and Rab5 is 28%), there was colocalization of 30.4% at the 5 minute
time point between pAkt and Rab5 and then the trend decreased the 30 minute time point
at 24.5% colocalization (Fig.6A-C), suggesting that PI3K pathway is not activated in the

early endosome.

pAKkt is activated in the recycling endosome

It has been demonstrated that when neurotrophins bind to receptors and undergo

endocytosis, the activated receptor and neurotrophin complexes and the components of
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the signaling pathways remain activated within endosomal compartments rather than
terminate signaling (Grimes et al., 1996; Grimes, Beattie, and Mobley., 1997; Di Fiore
and de Camilli., 2001; Bucci, Alifano, and Cogil., 2014). To determine if pAkt can be
activated in the recycling endosome, the colocalization of pAkt with Rab11 was analyzed
in wild type, E18 hippocampal neurons. Neurons were cultured and treated with BDNF
for the indicated time points. The controls and the BDNF-treated neurons were fixed and
stained using anti-pAkt and anti-Rab11 antibodies. Two experiments were conducted, yet,
one of the experiments failed to elicit activation of pAkt due to issues with the BDNF
treatment. However, in the other experiment compared to the control (the Manders’
original coefficient using calculated thresholds (tM1) between pAkt and Rab11 is 17.9%),
colocalization increased during the BDNF treatment (Fig.7A-C). These data suggest that

the PI3K pathway may be activated in the recycling endosome.

pAkt is activated in the late endosome

To establish if pAkt is activated in the late endosome, the colocalization of pAkt with
Rab7 in BDNF treated cultured hippocampal neurons was analyzed by ImageJ in wild
type, E18 hippocampal neurons. Neurons were cultured and treated with BDNF as
indicated. The control and the BDNF-treated neurons were fixed and stained using anti-
pAkt and anti-Rab7 antibodies. The Manders’ original coefficient using calculated
thresholds (tM1) between pAkt and Rab7 was 24.3%. After the addition of BDNF
treatment, there was a colocalization of 33.2% at the 60 minute time point between pAkt
and Rab7 (Fig.8A-C). The data suggest that there may be a longer time duration for the

PI3K pathway to activate in the late endosomes.
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Discussion

BDNF binds to TrkB and activates a variety of signaling pathways that regulate neuronal
survival and function. Where the activated intracellular signaling proteins are localized is
not known. Previous studies from our lab showed that treatment of hippocampal neurons
with BDNF elicited an association of TrkB with p75NTR after 15-30 minutes of
treatment, a time after which the TrkB receptor is already activated. We hypothesized
that the association of p75NTR with TrkB may influence the trafficking of TrkB after
internalization of the receptor. Therefore, cultured hippocampal neurons from wild type
or p757 rats were treated with BDNF for different periods of time and analyzed by
immunostaining for pTrkB, and pAkt with markers of specific endosomal or lysosomal

compartments.

The degree of colocalization of TrkB and pAkt with specific markers was evaluated using
Manders’ correlation coefficient, with calculated thresholds, rather than use Pearson's
correlation coefficient . The advantages of using Manders’ coefficient were the
insensitivity of intensity for overlapping pixels, great measure for colocalization, and
quantity of interest, despite its sensitivity background threshold (Dunn, Kamocka, and
McDonald, 2011). Manders' coefficient using calculated thresholds was used to calculate
and analyze the interaction of pTrkB and pAkt with the Rab GTPases, EEAL, and
lysotracker. Manders’ correlation coefficient was the preferred correlation analysis to be
presented in this paper. In the wild type, the trend of the colocalization between pTrkB
and EEAL illustrated more localization of pTrkB in compartments that contained EEA1
with the addition of BDNF, suggesting that pTrkB localized to early endosomes. Similar

results demonstrated that pTrkB traffics to the recycling endosome in wild type and p75”
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hippocampal neurons, most likely to enhance BDNF signaling. Additionally, with BDNF
treatment, there seems to be an increase in colocalization between pTrkB and Rab11 in
the processes compared to the soma in both wild type and p75™ type neurons. The
importance of Rab11-recycling endosomes trafficking TrkB has been shown to induce

dendritic branching (Lazo et al., 2013).

To assess whether the association of p75NTR with TrkB was altered, we compared wild
type and p75"' neurons for trafficking to the degradative pathway to the lysosome.
Interestingly, there was little colocalization between TrkB and lysotracker in the wild
type neurons after the addition of BDNF compared to the p75"' type neurons, where there
was an increase in colocalization between TrkB and lysotracker as the duration of the
treatment increased, suggesting that p75NTR may have a role in diverting TrkB form the
lysosome to the endosomal pathway and the directing towards the activation of survival

pathways.

The binding of BDNF to TrkB and p75NTR is known to activate the PI3K/Akt pathway.
Therefore, we examined the localization of pAkt, the downstream effector, in different
endosomal compartments. So far, the findings showed that in the early endosome, there
was no colocalization between pAkt and Rab5 after BDNF treatment in the wild type
neurons. However, colocalization between pAkt and Rab11 increased after 15 minutes of
BDNF treatment. Interestingly, the detection of pAkt signaling in recycling endosome is
consistent with previous data of the trafficking of pTrkB to the recycling endosome.
Finally, colocalization between pAkt and Rab7 was observed after 60 minutes of BDNF
treatment. It has been demonstrated that the association of Rab7 and TrkB are involved in

retrograde transport of endosomes by cytoplasmic dynein, promoting neuronal survival.
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(Mitchell et al., 2012; Heersen, Pazyra, and Segal, 2004; Beattie et al., 1996; Claude et al.,

1982; Watson et al., 1999; Korsching and Thoenen, 1983).

Although, these data illustrated the colocalization of pTrkB and pAkt with the Rab
GTPases and lysotracker, these independent experiments had small sample sizes.
Therefore, we cannot draw a definite conclusion yet based on the colocalization analysis.
However, additional wild type and p75"' experiments of the colocalization of pTrkB and
pAkt with the Rab GTPases and lysotracker will be conducted and the outcome of the
data will be compared to observe any differences or similarities of the endosomal
transport of TrkB and pAkt. Also, we will examine another downstream effector of the
MAP kinase pathway, pErk, that is activated by Trk receptors and Ras GTPases (Borasio
et al., 1993; Nobes and Tolkovsky., 1995; Bonni et al., 1999; Kaplan and Miller., 2000;
Bucci, Alifano, and Cogil., 2014). Phosphorylated by MEK, pErk transduces intracellular
signals from the cell surface thorough phosphorylation of substrates and are involved cell
survival and differentiation (English et al., 1999; Wortzel and Seger, 2011; Roskoski Jr.
2012). By then, we can determine the factors that regulate the signaling pathways for
survival and death and whether the association of p75NTR or the influence under BDNF

signaling controls the internalization of TrkB trafficking to the endosomal compartments.
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