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Abstract
Neuroblastomas (NBs) with favorable outcome usually express TrkA, whereas unfavorable NBs
frequently express TrkB and its cognate ligand BDNF. P75 (p75LNTR, NGFR, TNFRSF16) binds
NGF-related neurotrophins with low affinity and usually is co-expressed with Trk receptors in
NBs. Here, we investigated the importance of p75 coexpression with Trk receptors in NBs. We
transfected p75 into two Trk-null NB cell lines, SH-SY5Y and NLF that were also engineered to
stably express TrkA or TrkB. Cell numbers were compared between single (Trk alone) and double
(Trk+p75) transfectants, and proliferation was assessed by flow cytometry. P75 coexpression had
little effect on cell growth in Trk NB cells in the absence of ligand, but it increased sensitivity and
greatly enhanced the effect of cognate ligand. Exogenous NGF induced greater phosphorylation of
TrkA and AKT. This was associated with increased cell number in TrkA/p75 cells compared to
TrkA cells (p<0.01), which was due to increased proliferation in TrkA/p75 cells (p<0.05),
followed by differentiation. Exogenous BDNF also increased cell number in TrkB/p75 compared
to TrkB cells (p<0.01), due to an increase in proliferation, but without differentiation. Co-
expression of p75 also increased specificity of Trk-expressing cells to ligand. NT3-induced
phosphorylation of TrkA and AKT was reduced in TrkA/p75 cells. NT3-induced phosphorylation
of TrkB (as well as AKT and MAPK) was also reduced with p75 coexpression. Our results
suggest that p75 plays an important role in enhancing both the sensitivity of Trk receptors to low
levels of ligand, as well as increasing the specificity of Trks to their cognate ligands. It also
enhances ligand-induced differentiation in TrkA/p75 but not TrkB/p75 cells.
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1. Introduction
Neuroblastoma (NB) is the most common extracranial solid tumor in children. It is derived
from the neural crest and usually arises in the adrenal medulla or along the sympathetic
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chain [1]. Neurotrophins bind to Trk receptors and initiate signaling cascades that promote
cell proliferation and differentiation. TrkA, the biological receptor for nerve growth factor
(NGF), is commonly expressed in the most favorable NBs and leads to differentiation of NB
cells upon ligand activation [2;3;4]. Conversely, TrkB leads to proliferation of NB cells
upon binding its ligand, brain-derived neurotrophic factor (BDNF). TrkB and BDNF are
coexpressed in more aggressive tumors, particularly those with MYCN amplification [5].
The coexpression of receptor and ligand suggests an autocrine survival pathway in these
tumors [5;6;7;8]. TrkC, the receptor for neurotrophin 3 (NT3), is expressed in a subset of
TrkA expressing tumors, and it is similarly associated with favorable clinical features and
outcome [9;10]. Overall, these findings suggest that the Trk family of neurotrophin receptors
plays an important role in the behavior of both favorable and unfavorable NBs.

All neurotrophins also bind to p75 (p75LNTR, NGFR), a member of the tumor necrosis factor
receptor superfamily (TNFRSF16). P75 binds NGF and related neurotrophins with low
affinity, but its effect on the function of Trk receptor signaling in NBs is less clear.
Transfection with p75 increases the number of high- and low-affinity NGF binding sites in
TrkA-expressing PC12 cells [11], and p75 expression may increase the sensitivity of TrkA
to low concentrations of NGF [12;13;14]. Furthermore, p75 expression in the absence of
TrkA may induce apoptosis in response to NGF [15;16;17;18], but this apoptosis is inhibited
by the presence of TrkA receptors [19]. Nevertheless, the effect of p75 on the cellular
response to neurotrophins is complex, and may depend on the concentration of ligand, the
ratio of receptors, the cell type in which it is expressed, and its stage of differentiation
[20;21;22;23].

Several investigators have addressed the prevalence and clinical significance of p75
expression in NBs. Suzuki and coworkers analyzed 80 NBs for the expression of TrkA and
p75 mRNA [4], but p75 expression did not correlate with TrkA expression, histological
differentiation, stage, or survival. In contrast, Kogner and colleagues examined 45 NBs and
three benign ganglioneuromas for expression of TrkA and p75 mRNA, and they found that
both correlated with younger age, favorable clinical stages, and absence of MYCN
amplification [2]. They concluded that NBs co-expressing both TrkA and p75 mRNAs are
favorable tumors likely to differentiate, regress spontaneously or respond to conventional
therapy. Bunone demonstrated that p75 expression mediates apoptosis in NBs in the absence
of NGF [16], and we have previously shown that coexpression of TrkA inhibits the
apoptosis associated with p75 expression [19].

Most primary NBs express at least one of the Trk family genes (usually TrkA or TrkB), and
many also express p75, but the functional consequences of p75 coexpression with either
TrkA or TrkB in NBs has not been studied. Therefore, we have examined the effect of p75
coexpression on the sensitivity and specificity of ligand binding in TrkA- or TrkB-
expressing NBs. Activation of the PI3 kinase/AKT and Ras/MAPK pathways play important
roles in the survival, proliferation and differentiation of NB cells [24;25]. Therefore, we also
assessed the effect of p75 coexpression on intracellular signaling, proliferation and
differentiation.

2. Materials and Methods
2.1. Cell culture and transfection of p75

We used the SH-SY5Y (SY5Y) and NLF human NB cell lines, which had the lowest
endogenous expression of Trk family genes of all NB cell lines tested. Cells were
maintained in an atmosphere of 5% CO2 in RPMI 1640 supplemented with 10% FBS, 1%
glutamate, and 50 μg/ml gentamicin. Clones of the SY5Y parental cell line were established
to stably express either TrkA (SY5Y-TrkA) or TrkB (SY5Y-TrkB) using the pLNCX
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retroviral expression vector (Clontech, Palo Alto, CA). Similarly, TrkA- and TrkB-
expressing clones were established in NLF using pLNCX (NLF-TrkA and NLF-TrkB). We
transfected full-length p75 cDNA (using the pLPCX vector) into the Trk-expressing SY5Y
and NLF clonal lines by electroporation. Stably expressing, double-transfected cells were
selected in 400 μg/ml geneticin and 0.5 μg/ml puromycin. The double-resistant cells were
further subcloned and expanded. SY5Y-TrkA/p75 (clone #7) and SY5Y-TrkB/p75 (clone
#8) were used for subsequent experiments, but additional clones of SY5Y and NLF were
tested in parallel experiments to determine consistency of results. The expression of Trk and
p75 protein was characterized by Western blotting using anti-Trk and anti-p75 antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA).

2.2. Cell morphology and immunofluorescence
We assessed cell morphology using phase-contrast microscopy, and captured images using
digital photomicrography. NGF can induce cell differentiation in TrkA-expressing NB cells
[26], so we assessed for neuronal differentiation by changes in cell shape, and by measuring
neurite outgrowth. Cells that were three or more times the size of undifferentiated cells, with
development of euchromatin and prominent nucleoli, were considered differentiated.
Furthermore, neurite outgrowth was assessed by counting the number of cells that had
neurites extending 3 or more times the longest diameter of the cell, as assessed by ocular
micrometer measurement. Only cells exhibiting one or the other (or both) of these features
were considered differentiated. Furthermore, to determine whether cells were undergoing
neuronal differentiation, we assessed the relative expression of tyrosine hydroxylase (Leica
Microsystems, Inc, Bancockburn, IL), and synaptophysin (Invitrogen, Carlsbad, CA) using
immunofluorescence.

2.3. Cell viability assay
We measured cell viability using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. This assay specifically detects living but not dead cells. The signal
generated is dependent on the degree of activation of the tetrazolium salt by the cells. It can
therefore be used to measure cytotoxicity and proliferation. The absorbance is correlated
with cell number [27]. Cells were seeded into 24-well or 96-well plates at a density of 2×104

cells/well. The MTT assay was performed at day 1, day 2 and day 5. A multiple wavelength
scanner was used to measure the absorbance at 570 nm and 630 nm dual wavelengths. The
experiments were performed in duplicate and repeated 4 to 5 times. Additional MTT
experiments were performed in RT-CES plates (see below) at the end point of an RT-CES
experiment, and this was used to correlate with viable cell number.

2.4. Real-Time Cell-Electronic Sensing (RT-CES) measurements
The RT-CES system (ACEA Biosciences, San Diego, CA) was used to monitor changes in
cell number under varying conditions over time. RT-CES produces an electronic readout of
impedance to non-invasively quantify adherent cell proliferation and viability in real-time.
Interaction of cells with the electronic biosensors leads to the generation of a cell-electrode
impedance response (cell index, or CI), which reflects the state of cell viability, and
correlates well with the number of cells seeded [28]. This technology allows us to compare
the effect of neurotrophin on different cell lines by normalizing CI to the time point when
neurotrophin is added. To study the effect of neurotrophin on different cell lines, 100 μl of
medium was added to wells of the ACEA 16x E-plates to obtain background readings,
followed by the addition of 100 μl of cell suspension containing 40,000 cells (for SY5Y) or
5,000 cells (for NLF). The E-plate containing cells is incubated at room temperature for 10
min prior to placement in the device station at 37°C for continuous recording of CI. Cells
were allowed to attach and spread for 6–12 hours prior to neurotrophin addition. Cell
morphology can also influence CI, which is recorded every 5 minutes. Transient changes
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(within minutes) in CI immediately following neurotrophin addition represent cytoskeletal
modulation that may occur following receptor phosphorylation [28]. However, sustained or
progressive changes in CI recorded every 30 minutes generally represent changes in cell
number. The results are expressed as normalized CI, unless indicated otherwise, which is
derived from the ratio of CI before and after addition of the compounds.

2.5. Flow cytometry
Flow cytometric analysis of DNA content was used to determine whether NGF or BDNF
enhances growth by increasing proliferation (increase in S + G2/M phase) or decreasing
apoptosis (decrease in sub-G0/G1). Cells were grown with or without NGF or BDNF (100
ng/ml) for 18 hrs. DNA content was measured as described previously [25].

2.6. Immunoblotting
Trk and Trk/p75 NB cells were grown to 70–80% confluency in standard culture medium,
and serum deprived overnight prior to ligand treatment. To study receptor sensitivity to
ligands, a series of concentrations (0.01, 0.1, 1, 10, 100 ng/ml) of NGF or BDNF was added
to cells for 10 minutes prior to assessing receptor autophosphorylation. To study receptor
specificity for ligand, 100 ng/ml of either NGF, BDNF, NT3 or NT4 was added for 10
minutes. Whole cell lysates were prepared as described previously [25], and 50–100 μg of
total protein was resolved by SDS-PAGE, transferred to nitrocellulose, and proteins detected
with specific antibodies. Activation of the PI3 kinase/AKT and Ras/MAPK pathways play a
role in the survival, proliferation and differentiation of NB cells. We probed blots with anti-
phospho-Trk (Tyr-490), anti-phospho-AKT (Ser-473) or anti-phospho-p42/p44 MAPK (Cell
Signaling, Beverly, MA)— using an ECL system (Amersham Corp., Arlington Heights, IL).
Corresponding membranes were reprobed with anti-Trk (Santa Cruz), anti-AKT (Cell
Signaling) or anti-MAPK (Santa Cruz) antibody to ensure equal loading of protein.

2.7. Statistical analysis
The results of the RT-CES and MTT assay (two group comparisons) were analyzed by
paired Student’s t test. The results of flow cytometry were analyzed by two-sample t-test,
assuming Trk and Trk/p75 groups are independent and samples are normally distributed.

3. Results
3.1. Protein expression in Trk and Trk/p75 transfectants

To understand the effect of p75 on Trk-mediated signaling in NB, we used SY5Y cells
expressing TrkA or TrkB (SY5Y-TrkA or SY5Y-TrkB) and stably transfected full-length
p75 into the these Trk-expressing clones in order to generate stable double transfectants. We
confirmed the expression of Trk and p75 protein in single and double transfectants by
Western blotting (Fig. 1). We used single- and double-transfectant clones of SY5Y in these
studies, but additional cell clones, as well as corresponding clones of NLF, were analyzed to
validate consistency of biological responses.

3.2. P75 enhanced NGF-induced proliferation and increased sensitivity of TrkA cells
To determine the effect of p75 on TrkA cells after cognate ligand binding, we examined the
response of SY5Y-TrkA and SY5Y-TrkA/p75 to exogenous NGF. By RT-CES monitoring,
we observed that higher concentrations of NGF 25–100 ng/ml) increased the CI of both
TrkA and TrkA/p75 cells in serum-free medium. NGF caused greater increase in CI in
TrkA/p75 cells than in TrkA cells (p<0.01) (Fig. 2A). However, lower doses (<25 ng/ml)
did not have a significant effect. Changes in CI may reflect changes in cell number and/or
changes in cell morphology. Because NGF can induce cell differentiation in TrkA-
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expressing NB cells, we compared NGF-induced differentiation between SY5Y-TrkA and
SY5Y-TrkA/p75 cells. Initially, there was increased CI in TrkA/p75 NB cells compared to
TrkA alone which was due in part to increased cell number after NGF treatment, and this
was confirmed by MTT assay (Fig. 2B). To determine if the increase in cell number was due
to increased cell proliferation or decreased apoptosis, cells were analyzed by flow cytometry
to measure DNA content (Fig. 2C). Compared to control, NGF did not alter the number of
cells in the sub-G0 phase in either TrkA or TrkA/p75 NB cells (Fig. 2C). However, NGF-
treated cells at 18 hr had significantly fewer cells in the G1 phase than in the S + G2/M
phase for both TrkA and TrkA/p75 cells (Fig. 2C). This suggests that NGF treatment
initially increases proliferation (at 1–2 days), which is significantly greater in cells
expressing TrkA/p75 compared to TrkA alone at 18 hr (p<0.05).

However, this early proliferative response was followed by a significant increase in the
extent of neurite outgrowth between TrkA and TrkA/p75-expressing cells after 4–5 days of
NGF treatment (data not shown). We also assessed the expression of two markers of
differentiation, tyrosine hydroxylase and synaptophysin in SY5Y-TrkA and SY5Y-TrkA/
p75 cells without and with ligand. There was no significant difference in the level of
expression of either marker in the absence of ligand, but expression was substantially higher
at 4–5 days in the cells coexpressing TrkA and p75 compared to those expressing TrkA
alone (Fig. 3A, 3B). We obtained similar results using other SY5Y-TrkA/p75 clones. Thus,
the co-expression of p75 with TrkA in NB cells results in an early increase in proliferation
(1–2 days), followed by significantly increased differentiation after NGF treatment (4–5
days) that is greater in the TrkA/p75 NB cells compared to cells expressing TrkA alone.

TrkA transduces cell signals through two major signaling cascades: Ras/MAPK and PI3K/
AKT. We studied the impact of p75 coexpression on NGF induced AKT phosphorylation in
TrkA NB cells. TrkA and TrkA/p75 cells were treated with a range of NGF concentrations
and whole cell lysates collected for immunoblotting. Comparable levels of phospho-AKT
(p-AKT473) were demonstrated in TrkA cells at 10 ng/ml of NGF and in TrkA/p75 cells at 1
ng/ml of NGF. At a concentration of 10 ng/ml, NGF induced greater phosphorylation of
TrkA (p-TrkA) and AKT in TrkA/p75 cells than in TrkA alone (Fig. 2D). Phosphorylation
levels of TrkA and AKT are similar for TrkA and TrkA/p75 at 100 ng/ml NGF, suggesting
receptor saturation. Thus, p75 coexpression sensitized TrkA receptors to NGF and resulted
in signaling pathway activation/phosphorylation (and enhanced survival) at lower ligand
concentrations.

3.3. P75 increases the specificity of TrkA for ligand
We examined SY5Y-TrkA and SY5Y-TrkA/p75 cells to determine if p75 coexpression
affected the response of TrkA to related neurotrophins: BDNF, NT3, and NT4. For both
TrkA and TrkA/p75 cells, only NGF significantly increased CI as measured by RT-CES
(Fig. 4A, 4B). CI was significantly greater in TrkA/p75 than in TrkA after treatment with
NGF, as was seen previously (compare to Fig. 2A). Similar results were obtained by MTT
assay (data not shown). We also compared the ability of related neurotrophins to induce
phosphorylation of TrkA and the downstream effector protein, AKT, in TrkA and TrkA/p75
cells (Fig. 4C). NGF treatment induced equal phosphorylation of TrkA and AKT in TrkA
and TrkA/p75 cells at higher concentrations (100 ng/ml). Phosphorylation of TrkA and AKT
with NT4 and BDNF treatment was nearly undetectable in both TrkA and TrkA/p75 cells.
NT3 induced less phosphorylation of TrkA and AKT than NGF in TrkA-expressing cells.
However, when p75 was co-expressed, the phosphorylation of TrkA and AKT in response to
NT3 was almost completely abrogated (Fig. 4C). Thus, p75 increased the specificity of
TrkA to its cognate ligand NGF, in terms of receptor phosphorylation and downstream
pathway activation.
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3.4. P75 enhances BDNF-induced proliferation and increases sensitivity of TrkB cells
To determine the effect of p75 on TrkB cells after cognate ligand binding, we examined the
response of SY5Y-TrkB and SY5Y-TrkB/p75 to exogenous BDNF (Fig. 5). BDNF addition
increased the CI of both TrkB and TrkB/p75 cells in serum-free medium, as detected by RT-
CES. BDNF produced a significantly greater increase in CI (over 60 hrs) in cells
coexpressing TrkB/p75 compared to TrkB alone (p<0.01) (Fig. 5A). Similar results were
obtained by adding different concentrations (10, 25, 50, 100 ng/ml) of BDNF. Low
concentration of BDNF (under 10 ng/ml) did not have a significant effect on either TrkB or
TrkB/p75 cells. BDNF treatment produced only marginal neurite outgrowth (less than 1 ×
cell body) over 5 days of treatment, so we observed no significant morphological difference
between TrkB and TrkB/p75 cell lines (Fig. 3). This suggests that the increased CI results
from an increase in cell number, which was confirmed by MTT assay (Fig. 5B). We also
performed flow cytometry analysis to measure DNA content of TrkB and TrkB/p75 cells.
BDNF treatment decreased the percentage of cells in G1 phase and increased the percentage
of cells in S+G2/M phases both in TrkB and TrkB/p75 cells (Fig. 5C). In the presence of p75
co-expression, the decrease of cells in G1 and increase number of cells in the S + G2/M
phases after BDNF was greater in TrkB/p75 than TrkB cells (p=0.14) (Fig. 5C). Thus, p75
coexpression enhanced BDNF-induced cell proliferation in TrkB expressing cells.

We compared BDNF-induced differentiation between SY5Y-TrkB and SY5Y-TrkB/p75
cells. There was no significant difference in the extent of neurite outgrowth and cell shape
between TrkB and TrkB/p75-expressing cells during 5 days of BDNF treatment (data not
shown). We also assessed the expression of tyrosine hydroxylase and synaptophysin in
SY5Y-TrkB and SY5Y-TrkB/p75 cells without and with ligand. There was no significant
difference in the level of expression of either neuronal differentiation marker in the absence
or presence of ligand, regardless of whether or not p75 was coexpressed with TrkB (Fig. 3C,
3D). Thus, p75 had no effect on ligand-induced differentiation in TrkB-expressing cells.

We studied the impact of p75 coexpression on BDNF-induced signal transduction pathways
in TrkB NB cells. TrkB and TrkB/p75 cells were treated with a range of BDNF
concentrations, and whole cell lysates were collected for immunoblotting. Maximum TrkB
phosphorylation was induced by 100 ng/ml of BDNF in TrkB cells and by 10 ng/ml in
TrkB/p75 cells. Comparable levels of phospho-AKT (p-AKT473) were detected at 10 ng/ml
of BDNF in TrkB cells and at 1 ng/ml in TrkB/p75. There was more basal p-MAPK in
TrkB/p75 cells, and maximum phosphorylation was achieved at 10 ng/ml for TrkB and 1 ng/
ml for TrkB/p75 cells (Fig. 4D). Thus, p75 coexpression sensitized TrkB receptors to BDNF
and resulted in signaling pathway activation by phosphorylation at a 10-fold lower ligand
concentration (Fig. 5D). This likely reflects increased sensitivity to low-level endogenous
BDNF production by SY5Y cells, leading to autocrine activation of TrkB and MAPK [25].
Prolonged treatment with exogenous BDNF (for 6 hrs) results in greater TrkB and MAPK
phosphorylation in TrkB/p75 cells (data not shown). We further compared the growth of
TrkB and TrkB/p75 cells in medium without exogenous BDNF by both RT-CES system and
MTT assay (Fig. 6A and 6B). We found that the growth rate of TrkB/p75 cells was
significantly greater than cells expressing TrkB alone.

3.5. P75 increases the specificity of TrkB for ligand
We examined the response of TrkB- and TrkB/p75-expressing NB cells to related
neurotrophins by RT-CES and immunoblotting to determine if p75 increases the specificity
of TrkB receptor for ligand binding. BDNF, NT4 and NT3 all had a similar ability to
increase proliferation of TrkB-expressing cells, whereas in the TrkB/p75-expressing cells,
NT3 treatment had significantly less effect than either BDNF or NT4. Indeed, both BDNF
and NT4 exposure produced greater proliferation of TrkB/p75 cells than observed in cells
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expressing TrkB alone (Fig. 7A and 7B). When p75 was co-expressed, there was much less
NT3-induced phosphorylation of TrkB, AKT and MAPK (Fig. 7C). P75 coexpression also
significantly reduced AKT phosphorylation, but not phosphorylation of TrkB, by NT4
treatment. Thus, p75 increased the specificity of TrkB for ligand activation, largely blocking
NT3-induced responses, and it also reduced the NT4 response in cotransfected cells.

4. Discussion
NB is a common pediatric cancer and contributes disproportionately to morbidity and
mortality from cancer in children [1]. The expression and function of Trk receptors likely
contributes to the heterogeneous clinical behavior of this tumor. The expression of TrkA
possibly plays a role in the differentiation or regression of favorable NBs. TrkA-expressing
tumors may regress because of delayed activation of developmentally programmed cell
death in the absence of NGF in their microenvironment [29]. Alternatively, these tumors
may differentiate into benign ganglioneuromas in the presence of NGF, which may come
from reactive, invading Schwann cells [30]. In contrast, the TrkB/BDNF autocrine pathway
confers a more aggressive behavior on unfavorable NBs. TrkB expression clearly
contributes to enhanced angiogenesis, drug resistance and tumorigenicity [25;31;32;33;34].
P75 is frequently expressed in primary NBs, and high p75 expression is generally associated
with favorable behavior and outcome [2;4]. However, because p75 is rarely expressed in
NBs in the absence of Trk expression, it is unclear if p75 has an independent role. Miller and
colleagues reported that p75 might facilitate the process of TrkA-induced differentiation or
regression of favorable NBs [35]. Thus, it was important to examine the effect of p75 on
NBs expressing either TrkA or TrkB, as modulating their response to ligand may be an
important role of p75 in these tumors.

Trk and p75 receptors frequently are co-expressed in neuronal precursors, particularly in the
vertebrate peripheral nervous system [36]. Indeed, p75 is not expressed in neurons of dorsal
root ganglia independent of Trk expression [37]. There is evidence in normal neurons that
p75 can increase sensitivity to lower concentrations of NGF, leading to enhanced survival
under adverse conditions [22;38]. In addition, p75 coexpression reduces responsiveness of
TrkB-expressing cells to NT3 [39]. On the other hand, reducing the level of p75 expression
leads to increased response of TrkB to NT3 [40]. In the absence of p75 expression in
sympathetic neurons, NT3 substitutes for NGF and leads to enhanced survival [41]. There is
some evidence that p75 also may alter the sensitivity and specificity of the TrkB response to
BDNF and related ligands in explants of neuronal cells from rodents [42;43]. However, the
effect of p75 coexpression has not been examined in human NBs.

Here we demonstrate that p75 coexpression enhances NGF-induced cell differentiation in
vitro for TrkA cells under serum-deprived conditions, and it leads to increased sensitivity of
TrkA to NGF. The autophosphorylation of TrkA by NGF that was seen at 10 ng/ml in TrkA/
p75-expressing cells was much higher compared to that seen in cells expressing TrkA alone.
Phosphorylation of AKT by 1 ng/ml NGF in TrkA/p75 expressing cells was higher than that
induced by 10 ng/ml NGF in TrkA cells. Furthermore, p75 coexpression greatly reduced the
phosphorylation of TrkA and AKT in response to NT3, whereas NT3-induced
phosphorylation was consistently seen in TrkA-expressing cells in the absence of p75. Thus,
p75 increased both the sensitivity and specificity of TrkA to NGF. Physiologically,
concentrations of NGF and NT3 are low in primary NBs (unpublished observations). But
continuous activation of downstream cell signaling effectors by lower concentrations of
ligand when p75 is coexpressed may have a similar effect as what is seen with higher
concentrations of ligand. Thus, the major biological effect of p75 on NB is likely to enhance
response to lower concentrations of NGF in the microenvironment, leading to initial
proliferation followed by enhanced neuronal differentiation.
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For SY5Y-TrkB cells, we observed enhanced cell growth with p75 coexpression even in the
absence of exogenous ligands. This may mimic what is seen biologically in primary NBs in
which TrkB and BDNF are frequently coexpressed. Furthermore, greater phosphorylation of
AKT and MAPK were observed in TrkB/p75 cells at low levels of BDNF. We also observed
enhanced proliferation of cells coexpressing TrkB and p75 compared to TrkB alone. This
suggests that p75 coexpression enhances the adverse effects of TrkB expression in NBs. In
addition, TrkB is the primary receptor for BDNF and NT4, but it can also respond to NT3 by
TrkB autophosphorylation and activation of downstream signaling pathways such as RAS/
MAPK and PI3K/AKT [44]. However, the growth enhancement and phosphorylation
responses to NT3, as well as the AKT phosphorylation in response to NT3 or NT4, were
markedly reduced when p75 was coexpressed with TrkB. This is similar to the finding of
Bibel and colleagues [45] that suggests p75 increased the specificity of ligand-dependent
behavior of TrkB. Physiologically, NT3 and NT4 are rarely expressed in NBs, so the major
biological effect of p75 on TrkB is to sensitize its response to BDNF, leading to enhanced
survival and proliferation.

Following Trk receptor activation, there are two major signaling pathways that are
associated with enhanced survival and proliferation: the RAS/MAPK pathway and the PI3K/
AKT pathway [25;46;47]. In addition, both Trk and p75 receptors can activate the NFkB
signaling pathway, which is an alternative survival pathway for neuronal cells [36;48;49].
From our Western analysis, we observed increased phosphorylation of both MAPK and
AKT even at low concentrations of NGF, but we did not observe activation of NFkB in our
system (data not shown). P75 coexpression and activation also enhanced NGF-induced
neurite outgrowth and neuronal differentiationin TrkA-expressing cells, as detected by
increased expression of tyrosine hydroxylase and synaptophysin [50]. However, no such
effect was seen on cells coexpressing TrkB and p75.

In summary, p75 coexpression enhanced differentiation of TrkA expressing cells and
proliferation of TrkB-expressing cells by their cognate ligands. It also increased sensitivity
of both TrkA and TrkB to low concentrations of their cognate ligands, NGF and BDNF, and
essentially blocked the response to the more promiscuous TrkC ligand, NT3. Given that p75
coexpression can increase responsiveness of both TrkA and TrkB to low concentrations of
ligand, it is likely that it enhances the effects of expressing these respective Trk receptors on
both favorable and unfavorable NBs, contributing to these disparate clinical behaviors.
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Abbreviations

BDNF brain-derived neurotrophic factor

CI cell index

FBS fetal bovine serum

MAPK mitogen-activated protein kinase

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NFkB nuclear factor-kB

NGF nerve growth factor
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NT3 neurotrophin-3

NT4 neurotrophin-4

OPI oxaloacetae-pyruvate-insulin

PI3K phosphatidylinositol 3′-kinase

P75 p75 low affinity neurotrophin receptor

RT-CES real-time cell electronic sensing system

RT-PCR reverse transcription-polymerase chain reaction

SY5Y SH-SY5Y

TNFR tumor necrosis factor receptor

TNFRSF tumor necrosis factor receptor superfamily

Trk tropomyosin-related kinase
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Fig. 1.
Expression of Trk and p75 receptors in NB single and double transfectants. (A)
Immunoblotting demonstrates protein expression of total Trk (TrkA or TrkB) and p75
receptors in all four cell lines used in this study: SY5Y-TrkA, SY5Y-TrkA/p75, SY5Y-
TrkB, and SY5Y-TrkB/p75.
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Fig. 2.
P75 increases sensitivity of TrkA cells. (A) Cells were seeded in serum-free medium, and
NGF (100 ng/ml) was added after overnight incubation. Cells were continuously monitored
by the RT-CES system. Cell Index, which reflects cell number in the plates, was recorded
every 5–30 min. The vertical black line (in 2A) indicates the time point when NGF was
added. Transient changes (within minutes) in CI immediately following neurotrophin
addition represent cytoskeletal modulation that may occur following receptor
phosphorylation [28]. Points are the averaged normalized CI of six replicate wells,
(bars=SD). The difference in normalized CI between SY5Y-TrkA and SY5Y-TrkA/p75
treated with NGF is significant. (*p<0.01). The difference of normalized CI between TrkA
and TrkA/p75 without added NGF is not significant. Graph represents a single experiment
(repeated at least three times with similar results). (B) MTT assay performed at end point of
RT-CES experiment, average OD of triplicate wells measured (error bars, ±SD). The
difference in OD between SY5Y-TrkA and SY5Y-TrkA/p75 treated with NGF is significant
(*p<0.01). (C) Flow cytometry analysis shows effect of NGF on cell cycle after 18 h
treatment. The difference of G1 and S+G2/M phase percent changes by NGF between TrkA
and TrkA/p75 cells is significant (p<0.05). ). Graph represents mean of five experiments
(bars=SD). (D) Phosphorylation of TrkA and AKT (Ser473) was examined by
immunoblotting after treatment with indicated NGF concentrations. The blots were stripped
and re-probed with anti-Trk and anti-AKT antibodies.
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Fig. 3.
Immunohistochemistry to detect the expression of tyrosine hydroxylase (A, C) or
synaptophysin (B, D) in NB cells as markers of neuronal differentiation. We assessed
expression in SY5Y-TrkA and SY5Y-TrkA/p75 NB cells in the absence and presence of
NGF (A, B), as well as in SY5Y-TrkB, and SY5Y-TrkB/p75 NB cells in the absence and
presence of BDNF (C, D).
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Fig. 4.
P75 increases specificity of TrkA. (A) TrkA and (B) TrkA/p75 cells were seeded in serum-
free RPMI medium and treated with NT3, NT4, NGF, BDNF (100 ng/ml), or media alone
(Control), and continuously monitored using RT-CES. CI was recorded every 5–30 min. The
vertical black line indicates the time point when a neurotrophin was added Transient
changes (within minutes) in CI immediately following neurotrophin addition represent
cytoskeletal modulation that may occur following receptor phosphorylation [28]. Points are
averaged normalized CI of duplicate wells (bars=SD). Graphs are a representative result,
(experiment was repeated at least three times with similar results). (C) Cells (TrkA +/− p75)
were treated with the indicated neurotrophin for 10 minutes, and phosphorylation of TrkA,
AKT (Ser473) was examined by immunoblotting. The blots were stripped and reprobed with
anti-Trk, anti-AKT antibodies.
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Fig. 5.
P75 increases sensitivity of TrkB cells. (A) Cells were seeded in serum-free medium, and
BDNF (100 ng/ml) was added after overnight incubation. Cells were continuously
monitored by the RT-CES system and CI was recorded every 5–30 min. The vertical black
line (in 4A) indicates the time point when BDNF was added. Transient changes (within
minutes) in CI immediately following neurotrophin addition represent cytoskeletal
modulation that may occur following receptor phosphorylation [28]. Points=average of
normalized CI in duplicated wells. Bars=SD at recorded time. The differences in normalized
CI between SY5Y-TrkB and SY5Y-TrkB/p75 treated with BDNF is significant (*p<0.01).
(B) MTT assay performed on TrkB and TrkB/p75 cells growing in 0% serum, treated with
BDNF (100 ng/ml) or medium alone (Control). (Data points=average OD of quadruplicates,
bars=SD). The difference between SY5Y-TrkB and SY5Y-TrkB/p75 cells treated with
BDNF is significant (*p<0.01). (C) Flow cytometry analysis shows effect of BDNF (100 ng/
ml) on cell cycle after 18 h treatment. The difference of G1 and S+G2/M phase percent
changes by BDNF between TrkB and TrkB/p75 cells is not significant (p=0.14 and p=0.15).
Graph represents mean of five experiments. (Bars=SD). (D) Phosphorylation of TrkB and
MAPK was examined by immunoblotting after treatment with indicated BDNF
concentrations. The blots were stripped and reprobed with anti-Trk and anti-MAPK
antibodies.
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Fig. 6.
P75 increases growth rate of TrkB Cells. (A) Cells were seeded in serum-free medium and
continuously monitored by the RT-CES. The difference in CI between SY5Y-TrkB and
SY5Y-TrkB/p75 without BDNF treatment was significant. (*p<0.01). (Points=average CI of
duplicate wells, bars=SD). (B) Cells were seeded in 96-well plates in 10% FBS-RPMI
medium. An MTT assay was performed at day 1, day 2 and day 5 to measure cell number.
The difference in OD between SY5Y-TrkB and SY5Y-TrkB/p75 without BDNF treatment
was significant, (*p=0.02). (Points=average OD of five wells, bars=SD).
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Fig. 7.
P75 increases specificity of TrkB. (A) TrkB and (B) TrkB/p75 cells were seeded in serum-
free medium and treated with BDNF, NT3, NT4, NGF (100 ng/ml), or media alone
(Control), and continuously monitored using RT-CES. Cells index was recorded every 5–30
min. The vertical black line indicates the time point when a neurotrophin was added.
Transient changes (within minutes) in CI immediately following neurotrophin addition
represent cytoskeletal modulation that may occur following receptor phosphorylation [28].
(B) The difference in normalized CI of SY5Y-TrkB/p75 between BDNF (black) and NT3
(light blue) treatment is significant (*p<0.01). Points are average of duplicate wells,
bars=SD. Graph represents one experiment, (experiment repeated twice with similar results).
(C) Cells were treated with the indicated neurotrophins and phosphorylation of TrkB, AKT
(Ser473) and MAPK was examined by immunoblotting. The blots were stripped and
reprobed with anti-Trk, anti-AKT, and anti-MAPK antibodies, respectively, to detect total
TrkB, AKT and MAPK.
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