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Abstract

Brain derived neurotrophic factor (BDNF) signaling through its receptor TrkB plays a crucial role
in neurodevelopment and plasticity. Stress and glucocorticoids have been shown to alter TrkB
signaling in neurons, and defects in TrkB expression have been reported in the prefrontal cortex of
suicide subjects. Glucocorticoid treatment has been shown to induce deleterious effects on the
neuronal maturation. However, the mechanisms involved in the regulation of TrkB by
glucocorticoid during neurodevelopment are not clear. Here we show that acute corticosterone
exposure induced posttranslational upregulation of TrkB in primary cortical neurons (days in vitro
4, DIV4), which was blocked by the proteasome inhibitors. Acute corticosterone-induced increase
in TrkB protein levels was dependent on glucocorticoid receptor (GR). At the cellular level,
ubiquitin E3 ligase c-Cbl mediates TrkB stabilization and corticosterone-induced TrkB levels.
Moreover, the tyrosine kinase binding domain in c-Cbl plays a critical role in corticosterone-
induced TrkB levels. Chronic treatment of neurons with corticosterone induced significant
decreases in both TrkB and c-Cbl protein levels. Acute corticosterone treatment failed to induce
any significant change in TrkB and c-Cbl protein levels in mature neurons (DIV 12), where as
chronic corticosterone exposure reduced TrkB levels. Under an in vivo condition, chronic
corticosterone exposure induced down-regulation of c-Cbl in mouse frontal cortex and
hippocampus. Importantly, we demonstrate for the first time a significant decrease in c-Cbl
MRNA levels in the prefrontal cortex of suicide subjects indicating the possible role of c-Cbl in
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the pathophysiology of suicidal behavior. Thus, ubiquitin-proteasome-mediated TrkB regulation
may be an important mechanism for improving BDNF signaling and maintaining neuroplasticity
in stress-related neuropsychiatric disorders.
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Introduction

Stress and glucocorticoids are implicated in the pathophysiology of many neuropsychiatric
disorders including anxiety, depression and schizophrenia (McEwen, 2005). Chronic
glucocorticoid treatments have been shown to alter neuronal signaling and cognitive
functions in rodents (Zafir and Banu, 2009; Chen et al., 2012; Tang et al., 2013).
Glucocorticoids utilize a variety of brain-specific molecules to mediate their effects in the
central nervous system (Joéls et al., 2012). Among these shared molecules are BDNF and its
receptor, TrkB, which are expressed in both the developing and adult brain (Jeanneteau and
Chao, 2013). BDNF via TrkB signaling exerts important actions on the neurodevelopment,
maintenance, and function of the peripheral and central nervous system, and also in
cognitive functions (Pillai, 2008). Moreover, several evidence indicate decreased expression
of TrkB in different post-mortem brain areas, including hippocampus and frontal cortex of
suicide completers (Dwivedi, 2009, Ernst et al., 2009; Dwivedi et al., 2009).

BDNF signaling is important for neuronal maturation, neurite outgrowth and synaptic
connections during the developmental stage (Tartaglia et al., 2001; Miller and Kaplan,
2003). Moreover, glucocorticoid treatment has been shown to induce deleterious effects on
the neuronal maturation (Kamphuis et al., 2003; Gross and Hen, 2004). Although chronic
glucocorticoid treatment has been shown to cause detrimental effects on neuroplasticity,
acute glucocorticoid exposure activates TrkB signaling in neurons (Jeanneteau et al., 2008).
However, the mechanisms involved in the regulation of TrkB by glucocorticoid during
neurodevelopment are not clear. It is known that protein posttranslational modifications play
important roles in the regulation of tyrosine kinase receptors (Feng and Derynck, 2005;
Kang et al., 2008). Ubiquitin proteasomal system (UPS) is an important posttranslational
modification that regulates a number of cellular functions. Ubiquitination is a process
involving three enzymes: E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating
enzyme), and E3 (ubiquitin ligase) (Joazeiro and Hunter, 2000). Interactions between an E3
ligase and its target molecule are considered a key step in determining the selectivity of UPS
for a target molecule and its subsequent proteasomal degradation, a process that is subject to
intracellular modulation by various upstream regulators (Ardley and Robinson, 2005).
Although ubiquitination often results in protein degradation, a number of studies have
reported its role in the activation of signaling pathways (Pickart, 2001). It is known that
ubiquitination through Lys83, but not Lys48 of the ubiquitin chain mediates cellular
signaling, endocytosis, and protein kinase activation (Habelhah et al., 2004; Chen, 2005;
Clague and Urbé, 2006; Jin et al., 2010). Casitas B-lineage lymphoma (c-Chl) is an E3
ubiquitin ligase and is a regulator of receptor tyrosine kinases (RTKSs) (Mohapatra et al.,
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2013). The tyrosine kinase binding (TKB) domain of ¢c-Cbl is required for its binding with
RTKs, and the RING finger domain is essential for its ubiquitin E3 ligase activity (Thien
and Langdon, 2001). Interestingly, a recent study has shown that c-cbl promotes TGF-f3
signaling by neddylating and stabilizing the type Il receptor (TPRII) (Zuo et al., 2013).

Prompted by studies that ubiquitination stabilizes the protein levels (Jin et al., 2010;
Radovanac et al., 2013), and c-Cbl activates TGF-f signaling by stabilizing the receptor
(Zuo et al., 2013), we hypothesized that glucocorticoid activates TrkB signaling via a c-Cbl
dependent mechanism. We report that c-Cbl inhibition suppressed glucocorticoid-induced
increase in TrkB levels in primary cortical neurons. We found that specific inhibition of Cbl
interaction with RTK using a Cbl mutant (G306E) inhibits TrkB levels indicating the role of
TKB domain in c-Cbl-mediated TrkB stabilization.

Materials and Methods

Human Postmortem Samples

Brain Tissue samples (Brodmann’s area 10) from 15 suicide completers and 13
psychiatrically normal controls were used in the current study. The samples were obtained
from the Quebec Suicide Brain Bank (QSBB; Douglas Institute; www.douglas.qc.ca/
suicide). Approval for Brain Bank was granted by the Douglas Hospital Institutional Review
Board in accordance with the 1964 Declaration of Helsinki. A description of the Quebec
Suicide Brain Bank and more detailed demographics and samples’ quality were previously
reported (Freemantle et al., 2013a, b). Demographic and subject characteristics of the
samples used in the present study are listed in Table 1.

Animal experiments

The acute in vivo experiments were conducted in CD-1 mice (Charles River Laboratories,
Wilmington, MA, USA) at postnatal day 4 (PND4) where as the chronic in vivo experiments
were conducted in 2-month old male CD1 mice (25-30 g). Adult animals were housed 4
mice per cage with water and food available ad libitum. Mice were maintained on a 12-h
light—dark cycle with the lights on at 0700 hours. All experimental procedures were
performed during the light cycle. All in vitro experiments were done in cerebral cortical
neuronal cultures from embryonic day 16 (E16) mouse fetuses. Animal use procedures were
performed after being reviewed and approved by Georgia Regents University, Committee on
Animal Use for Research. Procedures were consistent with the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC) guidelines as per Public Health
Service Policy on Humane Care and Use of Laboratory Animals.

Cerebral Cortical Neuronal Cultures

Mouse cortical neurons were cultured as described previously (Howell et al., 2011).
Cerebral cortices from CD-1 mouse embryos (E16) were aseptically dissected and plated at
3.5 x 10° cells per well on polyethyleneimine-coated plates. Neurons were cultured in
Neurobasal medium supplemented with B27, 2 mM L-glutamine, and antibiotics
(Invitrogen). The media was replaced with Neurobasal supplemented with B27 minus
antioxidants, glutamine, and antibiotics on third day in vitro (DIV3). Neurons were used for
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glucocorticoid treatments at DIV 4 or DIV12. Following treatments, neurons were washed
in Phosphate Buffered Saline (PBS) and collected in ice-cold RIPA buffer. Protein
concentration was determined by the bicinchoninic acid method (BCA Protein Assay Kit,
Sigma, USA).

Drug treatment

In vivo study

Corticosterone (Sigma, St Louis, MO) was dissolved in 0.45% hydroxypropyl--
cyclodextrin (Sigma). In acute glucocorticoid treatment studies, mice at PND4 were given a
single injection of corticosterone (10 mg/kg) or vehicle subcutaneously, and the forebrain
samples were collected at 6 h following the injection. In chronic studies, mice were treated
for 5 or 7 weeks with vehicle or corticosterone (35 ug/ml equivalent to 5 mg/kg/day; David
et al., 2009; Kutiyanawalla et al., 2011). The vehicle as well as drug solution were delivered
ad libitum in the drinking water. At the end of the treatment, the animals were sacrificed by
cervical dislocation, and frontal cortex and hippocampus samples from vehicle as well as
drug-treated mice were collected (Paxinos and Franklin, 2001). The tissue samples were
lysed in RIPA buffer supplemented with protease inhibitor cocktail (Sigma). The
supernatants were collected following centrifugation at 14,000 rpm for 15 min at 4 °C and
stored at —70°C. Protein concentrations were determined by the BCA method.

In vitro study

Primary cortical neurons were treated with corticosterone (1 uM) or vehicle (DMSO). The
above dose of corticosterone has been shown to induce neuroprotective effects in primary
cortical neurons (Jeanneteau et al., 2008). In proteasomal inhibitor studies, the neurons were
treated with lactacystin (20 uM; Tocris Bioscience) or MG132 (20 uM; Tocris) 5 h prior to
corticosterone stimulation. In glucocorticoid receptor inhibitor studies, cells were treated
with RU586 (10 pM; Tocris) or spironolactone (10 uM; Tocris) 30 min before corticosterone
treatment.

c-Cbl plasmid

Plasmids encoding c-Cbl and Cbl-G306E were kindly provided by Jannie Borst (The
Netherlands Cancer Institute) (de Melker et al., 2004). The transfection in DIV4 neurons
was performed using Effectene Transfection Reagent (Qiagen). After 48 hours, cells were
treated with corticosterone for 3 h.

Small Interfering RNA (SiRNA)

The control as well as ¢c-Chl siRNA were purchased from Dharmacon Research Inc.
Transfection of both siRNAs (final 50 nM) was performed using Effectene Transfection
Reagent. We carried out the siRNA transfection 48 h before the corticosterone treatment.

Western blot analysis

Protein samples were resolved in SDS-polyacrylamide gels and transferred onto a
nitrocellulose membrane (Bio-Rad). Membranes were blocked for 1 hin TBST (10 mM
Tris-HCI, pH 8.0, 138 mM NacCl, 2.7 mM KClI, and 0.05% Tween-20) and 5% non-fat milk
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and incubated overnight with the indicated antibodies. The primary antibodies used were
anti-TrkB (1:400; Cell Signaling, MA, USA), anti-c-Cbl (1:400; Millipore, MA, USA), anti-
ubiquitin (1:400; Santa Cruz Biotech, CA, USA), anti-cullin-3 (Cul3; 1:500; Cell Signaling),
anti-Nedd4 (1:500; Santa Cruz Biotech), anti-Parkin (1:1000; Cell Signaling), anti-
phosphoERK1/2 (1:1000; Cell Signaling), anti-ERK1/2 (1:1000; Cell Signaling), anti-p-
actin (1:10,000; Sigma, MO, USA) or anti-p-tubulin (1:10,000; Cell Signaling). After
washing, the membranes were incubated for 1 h with horseradish peroxidase-conjugated
anti-rabbit or anti-mouse anti-sera in TBST and 3% non-fat milk. Following washing, the
proteins were visualized by enhanced chemiluminescence. TrkB antibody shows two bands
in the western blots, one at ~98 KDa for truncated TrkB and the other at ~145 KDa for full-
length TrkB receptor. We have selected the full-length receptor band for our analyses. For
immunoprecipitation, 300 pg of proteins were pre-cleared for 1 h with 30 pl of
PureProteome Protein A and G Magnetic Beads (Millipore), followed by incubation for 2 h
with the primary antibody. The immunoprecipitated proteins were subjected to western blot
analysis as described above.

Glucocorticoid Receptor Transactivation Assay

Primary cortical neurons at DIV-4 were transiently transfected with the plasmids pHHLUC
(Addgene) and pCMVpgal (Promega) with Effectene (Qiagen) according to the
manufacture’s protocol. Three hundred nanograms of each DNA construct were used, and
the total amount of DNA was adjusted with empty pcDNA vector. Twenty-four hours after
transfection, medium was changed and cells were treated with 1 uM corticosterone for 3h.
Whole-cell extracts, prepared using the Luciferase Assay Buffer (Promega) were assayed for
luciferase activity. Where indicated, cells were pretreated with 20 UM lactacystin or 20 uM
MG132 for 5h before a 3-h treatment with 1 UM corticosterone was initiated. To correct the
variation between independent experiments, values were normalized to the corresponding f3-
galactosidase (Promega) activity.

RNA quantification

Total RNA was isolated from postmortem tissues or cortical neurons using a commercially
available kit (SV RNA lIsolation, Promega, Madison, W1I), according to the manufacturer’s
instructions. qRT-PCR was performed on a SmartCycler (Cepheid, Sunnyvale, CA) using a
SuperScript 111 Platinum SYBR Green One-Step gqRT-PCR kit (Invitrogen, Carlsbad, CA).
Master mixes were prepared and used in the PCR amplifications. A typical reaction of a
total volume of 25 pl consisted of 0.5 pl Superscript 111 RT/Platinum Taq mix, 12.5 pl 2X
SYBR Green Reaction Mix (includes 0.4 mM of each dNTP and 6 mM MgS0O4), 12.5 pMol
of each of forward or reverse primers and 5 pl DEPC-treated water. PCR amplification was
done with an initial incubation at 55°C for 1200 sec, then at 95°C for 120 sec followed by
35 cycles of 95°C for 15 sec, 50°C for 30 sec, 72°C for 30 sec and final melting curve from
55°C to 95°C with 0.2C/sec. Primer specificity was confirmed by melting curve analysis and
electrophoresis of PCR products on a 2% agarose gel to confirm the presence of a single
band of the predicted size. All measurements were performed in triplicates. For TrkB
mRNA from mouse cortical neurons, the mRNA values were normalized to housekeeping
gene, ribosomal protein S3 (RPS3). The primers utilized were as follows: TrkB FL (forward
5-GACAATGCACGCAAGGACTT-3; reverse 5-AGTAGTCGGTGCTGTACACA-3) and
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housekeeping gene, ribosomal protein S3 (RPS3) (forward 5'-
AATGAACCGAAGCACACCATA-3’; reverse 5-ATCAGAGAGTTGACCGCAGTT-3'). For c-
Cbl mRNA from postmortem samples, the data were normalized to two control genes
(glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and -actin) and a geometric mean
of these genes. Primers utilized were as follows: c-Cbl (forward, 5’-
CGCTAAAGAATAGCCCACCTTAT-3; and reverse, 5'-
ATGGCCTCCAGCCCAGAACTGAT-3"), GAPDH (forward,5’-
GAGTCAACGGATTTGGTCGT-3 and reverse, 5-TTGATTTTGGAGGGATCTCG-3)
and B-actin (forward,5-GGACTTCGAGCAAGAGATGG-3’ and reverse, 5
AGCACTGTGTTGGCGTACAG-3).

Statistical analysis

Results

One way ANOVA followed by post-hoc Dunnett test or Student’s t-test was used in the
statistical analysis. In postmortem studies, the strength of the association of confounding
variables with c-Cbl expression was measured with Pearson’s product moment correlation
for variables such as age, PMI and pH. The statistical significance in c-Cbl mRNA from
postmortem samples was calculated using Mann-Whitney test. Differences in means
between groups were considered significant if p<0.05. SPSS version 21.0 software was used
for statistical analyses.

Corticosterone increases TrkB levels in vitro and in vivo

Primary cortical neurons at DIV4 were treated with corticosterone (1 uM) for 3 h. We found
a significant increase in TrkB protein levels (Fig 1A). To determine the effect of acute
corticosterone exposure on TrkB levels in vivo, mice at postnatal day 4 (PND4) were treated
subcutaneously with a single injection of corticosterone and forebrain tissues were collected
6 h following corticosterone treatment. Immunoblot analysis showed a significant increase
in TrkB protein levels in the forebrain of mice treated with corticosterone (Fig 1B). Next, we
examined the chronic treatment effects of corticosterone on TrkB levels in primary cortical
neurons. Neurons were treated with corticosterone for 48 h and cell lysates were examined
for TrkB protein levels at 0, 12, 24 or 48 h following corticosterone treatment. We found a
significant decrease in TrkB protein levels at 48 h following corticosterone treatment (Fig.
1C). To determine whether TrkB up-regulation occurred at the mRNA level, we examined
the TrkB mRNA expression (RT-PCR) in primary cortical neurons under the same condition
of corticosterone exposure. The TrkB mRNA level did not differ from the baseline when
examined at 3 h (Fig 1D) and 48 h (Fig 1E) of corticosterone exposure. These results
indicate that corticosterone exposure induced TrkB protein levels both in vitro and in vivo.

Corticosterone induces TrkB ubiquitination in cortical neurons

It has been shown that ubiquitination is a critical mechanism for the posttranslational
regulation of proteins (Li and Ye, 2008). Given that the TrkB upregulation after
corticosterone exposure occurred at the posttranslational level, we examined whether
ubiquitination would play a major role in this process. We found a significant increase in
TrkB ubiquitination in primary cortical neurons following corticosterone treatment (Fig 2A).
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Next, we examine the role of proteasomal pathway on corticosterone-induced changes in
TrkB levels. The corticosterone-induced increase in TrkB protein levels was completely
blocked by co-treatment of corticosterone with the selective proteasome inhibitor lactacystin
(Fig 2B) or MG132 (Fig 2C), when lactacystin or MG132 was added into the incubation for
5 h before the initiation of corticosterone exposure. Next, we examined GR transactivation
in neurons treated with corticosterone in the presence or absence of proteasome inhibitor.
We found that lactacystin as well as MG132 significantly inhibited GR transactivation in
neurons (Fig 2D). Together, these results indicate that corticosterone induced the
ubiquitination-mediated TrkB upregulation.

c-Cbl mediates corticosterone-induced increase in TrkB levels

It is known that the specificity of ubiquitination is determined by E3 ligases, which interact
with their selective protein substrates. We sought to identify the E3 ligase partner of TrkB
responsible for the TrkB ubiquitination and its upregulation. We examined possible TrkB
conjugation with several candidate E3 ligases, including c-cbl, Parkin, Cullin-3, and Nedd4,
in forebrain samples from mice at PND4 and each of these immune complexes was screened
for copurification of TrkB by immunoblot. TrkB was detected only in c-Cbl
immunoprecipitates, but not in the control 19G, Nedd4, Parkin, or Cullin-3 complex (Fig.
3A). Using a reciprocal approach, we found c-Cbl coprecipitated with TrkB but not with a
control 19gG (Fig. 3B). These data provide evidence for the interaction between TrkB and c-
Chl.

Next, we examined whether acute corticosterone treatment induces increase in association
between TrkB and c-Cbl in neurons. Immunoprecipitation of TrkB followed by
immunoblotting for c-Cbl or TrkB showed a significant increase in c-Cbl levels in TrkB
immunoprecipitates from corticosterone-treated neurons (Fig 3C). We also examined
whether knockdown of ¢-Cbl using siRNA would prevent the TrkB upregulation after
corticosterone exposure. We found a significant reduction in c-Cbl protein levels in primary
cortical neurons transfected with c-Cbl siRNA when examined at 48 h after the transfection
(Fig. 3D). The siRNA knockdown of c-Chl successfully prevented corticosterone-induced
TrkB upregulation as compared with the control siRNA transfectants (Fig. 3E).
Furthermore, corticosterone-induced increase in ERK activation, a downstream molecule in
TrkB signaling, was also inhibited in c-Cbl siRNA-treated neurons (Fig. 3F). Next, we
examined the chronic treatment effects of corticosterone on c-Cbl protein levels. We found a
significant reduction in c-Cbl protein levels at 24 h as well as 48 h following corticosterone
treatment (Fig. 3G). Taken together, these results indicate that c-Cbl played a critical role as
an E3 ligase in TrkB regulation.

TKB domain is involved in c-Cbl-mediated TrkB stabilization

Primary cortical neurons were transfected with WT or ¢-Cbl plasmid and the lysates were
examined for TrkB ubiquitination. We found a significant increase in TrkB ubiquitination in
c-Cbl overexpressing cells (Fig. 3H). To further examine role of c-Cbl in TrkB regulation,
neurons were transfected with vector control or tyrosine kinase binding domain (TKB)
mutant c-Cbl (306 E c-Cbhl), and the cells were treated with corticosterone for 3 h. We found
a significant reduction in TrkB protein levels in neurons transfected with 306 E c-Cbl
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suggesting an important role of tyrosine kinase binding domain in ¢c-Chl mediated TrkB
stabilization (Fig. 3I).

GR mediates corticosterone-induced increases in TrkB and c-Cbl protein levels

To examine the glucocorticoid receptor mediating corticosterone-induced changes in TrkB
as well as c-Cbl protein levels, primary cortical neurons were treated with RU486, a GR
antagonist or spironolactone, a MR antagonist before corticosterone exposure.
Immunoblotting analysis showed that RU486 significant attenuated corticosterone-induced
increase in TrkB protein levels in neurons (Fig 4A). In addition, the increase in c-Cbl protein
levels induced by corticosterone exposure was significantly blocked by RU486 treatment
(Fig 4B). We did not find any significant effect of spironolactone on corticosterone-induced
TrkB or c-Cbl protein levels (data not shown). These data indicate that GR mediates acute
corticosterone-induced increase in TrkB as well as c-Cbl protein levels in neurons.

Acute corticosterone treatment does not change TrkB protein levels in mature neurons

Since we found a significant increase in TrkB and c-Cbl protein levels in DIV4 neurons
following acute corticosterone treatment, we next examined the effect of acute as well as
chronic corticosterone on TrkB and c-Cbl protein levels in mature neurons. Primary cortical
neurons at DIV12 were treated with corticosterone for 3 or 48 h, and the lysates were
examined for TrkB and c-Cbl protein levels (Fig. 5A). We did not find any significant
change in TrkB protein levels at 3 h following corticosterone treatment. However, a
significant reduction in TrkB levels was found at 48 following corticosterone exposure. No
significant change in c-Cbl protein levels was found in mature neurons following 3 h or 48 h
corticosterone treatment.

Chronic corticosterone treatment decreases c-Cbl protein levels in adult mice

To examine the chronic treatment effects of corticosterone on c-Cbl levels in adulthood, the
expression of c-Cbl was examined in frontal cortex and hippocampus of adult mice after 5
and 7 weeks of corticosterone treatment. In the frontal cortex, treatment with corticosterone
for 5 weeks did not change c-Cbl protein levels (data not shown), but 7-week treatment
resulted in a significant decrease in c-Cbl protein levels (Fig. 5B). In hippocampus, c-Cbl
protein levels were significantly decreased in groups treated with corticosterone for 5 (Fig.
5C) and 7 (Fig. 5D) weeks.

Decreased c-Cbl mRNA expression in prefrontal cortex of suicide subjects

Reverse-transcription real-time PCR was used for the determination of mMRNA expression
levels of c-Cbl for the postmortem samples. In the brain samples from Quebec Suicide Brain
Bank, we found a significant decrease in mean c-Cbl mRNA levels in the suicide subjects
compared to the control group (Fig. 6). We have also examined the effect of confounding
factors on the mRNA levels of ¢c-Cbl in the control and suicide groups. The information on
the confounding factors available for the Quebec Suicide Brain Bank samples were age at
death, PMI, pH and gender. All samples used in the current study were obtained from male
subjects. However, no significant correlation was found between the mRNA expression of c-
Cbl and the PMI, age or pH (data not shown).
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Discussion

The present study demonstrates a UPS-mediated cellular mechanism for the
posttranslational regulation of TrkB. In developing cortical neurons, the UPS-mediated
TrkB stabilization contributed to the corticosterone-induced TrkB regulation because
inhibition of the proteasome activity abolished the corticosterone-induced increase in TrkB
levels in neurons. Since the TrkB signaling pathway plays an important role in
neurodevelopment (Pandya et al., 2013), UPS-mediated stabilization of TrkB may be an
important mechanism to maintain TrkB levels and its downstream signaling pathway during
neuronal maturation.

In the current in vitro and chronic in vivo experiments, we used corticosterone which is a
natural glucocorticoid. Interestingly, an earlier study has shown that acute corticosterone
treatment increases TrkB signaling in cortical as well as hippocampal neurons (Jeanneteau et
al., 2008). Our study was performed using the same dose and duration of exposure (1 uM for
3 h) at which neuroprotective effects were observed in the above study. Our data
demonstrate that corticosterone increased TrkB at the protein but not mRNA level.
Moreover, proteasome inhibition prevented the upregulation of TrkB in corticosterone-
treated cells. Our data on GR transactivation is in agreement with a previous report that
inhibition of proteasomal pathway results in the reduction of GR transactivation in neurons
(Wang and DeFranco, 2005). Since our findings indicate that GR mediates corticosterone-
induced increase in TrkB levels in neurons, the inhibition of GR transactivation (via
proteasomal inhibition) could abolish corticosterone-induced increase in TrkB levels. A
recent study has shown that low and high cortisol concentrations exert differential MR- and
GR-dependent effects on neurogenesis in human hippocampal cell lines (Anacker et al.,
2013). The above study found that low cortisol-induced increase in progenitor cell
proliferation is mediated predominantly by MR-dependent mechanism. Since BDNF/TrkB
signaling is involved in neuronal proliferation, an increase in TrkB signaling following low
level or acute glucocorticoid exposure could account for the increase in proliferation found
in the above study. The discrepancy in the receptor involved in mediating the above effects
(MR vs GR) could be due to the difference in cell types such as primary cortical neurons vs
human hippocampal cell lines. Our earlier study has shown that chronic corticosterone
treatment downregulates TrkB protein levels in mouse frontal cortex and hippocampus
(Kutiyanawalla et al., 2011). In the present study, we observed that chronic corticosterone
also induced the downregulation of c-Cbl in the above brain regions. These results indicate
that TrkB may be subject to the proteasomal regulation through a c-Cbl-mediated pathway
under in vivo conditions as well.

c-Cbl interacts with a number of signaling molecules including various receptors, adaptors,
ubiquitin, and structural proteins via its various domains (Thien and Langdon, 2005). Full
length c-Cbl has been shown to contain N-terminal TKB domain, ring finger domain,
proline rich region and c-terminal ubiquitin associated domain (Lupher et al., 1998). Among
these domains, TKB domain binds to phosphotyrosines on activated receptor tyrosine
kinases (RTKSs) and other signaling proteins (Lill et al., 2000). Our data show that c-Cbl
functions as E3 ligase to stabilize TrkB. However, the mutation in the TKB domain, G306E
failed to promote corticosterone-induced increase in TrkB levels in neurons. This provides
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direct evidence that the increase in TrkB levels caused by c-Cbl depends on an intact G306
in the TKB domain. Earlier studies have indicated that the c-Cbl TKB domain has a critical
role in targeting proteins for ubiquitination (Lill et al., 2000; Severe et al., 2011). Our data
report that acute corticosterone induces TrkB ubiquitination in neurons and that TKB
domain of c-Cbl is critical for corticosterone-induced TrkB protein levels.

The present study was conducted using prefrontal cortex samples from suicide and normal
subjects. A number of studies have used the same set of samples obtained from Quebec
Suicide Brain Bank to examine various pathological markers in suicide subjects (Maussion
etal., 2012; Smalheiser et al., 2012; Freemantle et al., 2013a, b). Though there are a number
of potential variables (age, PMI or brain pH), which can affect the quality of RNA as well as
the gene expression status, the results from the present study did not show any significant
correlation between c-Cbl mRNA levels and these confounding variables. Interestingly,
lower mMRNA and protein levels of TrkB have been reported in the prefrontal cortex of
suicide subjects (Dwivedi et al., 2003). The decrease in c-Chl mMRNA expression found in
our study might be one of the possible mechanisms for the decrease in TrkB protein levels in
the prefrontal cortex of suicide subjects. The intriguing question here is whether c-Cbl has
any role in the regulation of TrkB at the mRNA level. Further studies are needed to establish
whether decreased expression of c-Chl is sufficient to produce the altered expression of
TrkB in the prefrontal cortex of suicide subjects.

The present data suggest a possible mechanism for TrkB regulation by corticosterone in
neurons. It is important to note that the acute corticosterone treatment failed to increase
TrkB protein levels in mature neurons suggesting differential effects of glucocorticoid on
BDNF/TrkB signaling in developing and mature neurons. Our current data does not exclude
the possibility that ubiquitin-independent mechanism might also play a role in the regulation
of TrkB. The exact cellular mechanisms of corticosterone in regulating c-Cbl E3 ligase
expression and function will be an important step in our future studies.
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Figure 1.
Acute corticosterone treatment increases TrkB protein levels. (A) TrkB protein levels in

primary cortical neurons (DIV 4) following corticosterone (CORT) treatment for 3 h as
determined by immunoblot analysis. The upper panel shows representative autoradiogram of
TrkB and tubulin, and the lower panel represents fold change in normalized TrkB protein
levels. Values are mean + SE for at least three independent preparations. *p<0.05 vs vehicle
control (VEH). Student’s t test. (B) TrkB protein levels in mouse forebrain at 6h following a
single CORT administration as determined by immunoblot analysis. Mice at postnatal day 4
(PND4) were treated subcutaneously with VEH or CORT, and forebrain samples were
analyzed for TrkB levels. The upper panel shows representative autoradiogram of TrkB and
tubulin, and the lower panel represents fold change in normalized TrkB protein levels.
Results are mean = SE for at least three independent preparations. *p<0.05 vs VEH.
Student’s t test. (C) TrkB protein levels in primary cortical neurons (DIV 4) following
corticosterone (CORT) treatment for 0-48 h as determined by immunaoblot analysis. The
upper panel shows representative autoradiogram of TrkB and actin, and the lower panel
represents fold change in normalized TrkB protein levels. Results are mean * SE for at least
three independent preparations. *p < 0.05 vs 0 h. One-way ANOVA followed by post-hoc
Dunnett test. TrkB mRNA levels at (D) 3h and (E) 48 h following corticosterone treatment
in primary cortical neurons (DIV 4) as determined by qRT-PCR, and the values were
normalized to housekeeping gene, ribosomal protein S3 (RPS3). Values are expressed as
meanzSE for at least three independent preparations.
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Figure 2.
Acute corticosterone treatment induces TrkB ubiquitination. (A) Corticosterone treatment

induces TrkB ubiquitination in neurons. Primary cortical neurons (DIV 4) were treated with
vehicle (VEH) or corticosterone (CORT) for 3 h and lysates were immunoprecipitated (IP)
with an anti-TrkB antibody, followed by immunoblotting (IB) with an anti-ubiquitin
antibody (Ub) or anti-TrkB antibody. 1gG, 1gG control. Results are representative of three
independent experiments. Primary cortical neurons (DIV 4) were treated with CORT or
CORT plus the selective proteasome inhibitor (B) lactacystin (Lac) or (C) MG132, and
lysates were subjected to immunoblot analysis. The upper panel shows representative
autoradiogram of TrkB and actin, and the lower panel represents fold change in normalized
TrkB protein levels. Results are mean + SE for at least three independent preparations.
*p<0.05 vs VEH; $p<0.05 vs CORT. One-way ANOVA followed by post-hoc Dunnett test.
(D) Primary cortical neurons at DIV-4 were transiently transfected with the plasmids
pHHLUC and pCMVpgal. Twenty-four hours after transfection, cells were treated with
CORT or CORT plus the selective proteasome inhibitor lactacystin (Lac) or MG132, and
luciferase activity was measured. Results are mean + SE for at least three independent
preparations expressed as fold change in GR transactivation relative to untreated cells.
*p<0.05 vs VEH; $p<0.05 vs CORT. One-way ANOVA followed by post-hoc Dunnett test.

Psychoneuroendocrinology. Author manuscript; available in PMC 2015 July 01.

$

L]
actin "
$
$

+

+

CORT

MG132



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

g 100 mee— e=Chl
wWe Tia i -
- a., e oo T <~ 00—

we

TeaBAwbndin

Pandya et al. Page 16

IE

> € g
ke Lo

. igs ekl

—— o el Pukin  Culd Naddd lywete  VEM  VEN  COMY Con SIMNA o CblSIRNA

«-Chl

c-ebl Parkin Culd  Neddd E - e 130 . —— T T mm— — b
- - =
ConSIRNA C-ChlSIRNA
Con SIRNA  C-Chl SIRNA F e - - G
o -l L. 9 _.m PERK1/2 e IRl e e
4 v T Trke il 100 s s s i ¢.Chl
30— c—— ¢y AN 37 T — 50 —
— ———— |
8 14
14
14
12
12 X e
' % ?. <E 1
74 8
Eo ' w3 os ¥ E“ s
i g i3 ‘
o4 c04 S04 . .
02 02 02
: : . -
Oram CM ‘“. ‘{.I'"M:{.Els::. Con sRNA Con llHA cCbisRNACCBIsRNA ¢ " o -
+CORT Tiema (hr)

Nestor  _3088-CM
CORT - * .

| L L S — k8

IP: 1gG TrkB 50 NP

Con Con_c-Cbl 14

150

3?13
| > |
“ o8
Eén
150 04
I B Trke 02

[

\m!m JOLE Lo W{bl

Figure 3.
The ubiquitin E3 ligase c-Cbl interacts with TrkB. (A) c-Cbl coprecipitated with TrkB.

Forebrain samples from PND4 mice were subjected to immunoprecipitation (IP) using
antibodies against several ubiquitin E3 ligases followed by western blotting (WB) with TrkB
or ubiquitin E3 ligase. TrkB coprecipitated with c-Cbl, but not with a control 1gG, Parkin,
Cullin-3 or Nedd4. Lysate (lane 1) represents 10% of the amount used in the IP. (B) c-Cbl
coprecipitated with TrkB. Forebrain samples from PND4 mice were immunoprecipitated
with an anti-TrkB antibody. C-Cbl was coprecipitated in TrkB precipitates, but not in
control IgG precipitates. (C) Acute corticosterone induces the interaction between c-Cbl and
TrkB. Primary cortical neurons (DIV 4) were treated with vehicle (VEH) or corticosterone
(CORT) for 3 h and lysates were immunoprecipitated (IP) with an anti-TrkB antibody,
followed by immunoblotting (IB) with an anti-c-Cbl antibody or anti-TrkB antibody. 1gG,
IgG control. Results are representative of three independent experiments. (D) c-Cbl was
markedly knocked down with siRNA. Primary cortical neurons (DIV 4) were transfected
with control siRNA or ¢c-Cbl siRNA, and the c-Cbl expression was examined at 48 h after
transfection. (E) c-Cbl knockdown abolished the corticosterone (CORT)-induced TrkB
upregulation. Primary cortical neurons (DIV 4) transfected with control siRNA or c-Cbl
SiRNA were treated with vehicle or CORT, and TrkB expression was examined. The upper
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panel shows representative autoradiogram of TrkB and tubulin, and the lower panel
represents fold change in normalized TrkB protein levels. Results are mean * SE for at least
three independent preparations. *p<0.05 vs VEH; #p<0.05 vs CORT. One-way ANOVA
followed by post-hoc Dunnett test. (F) c-Cbl knockdown inhibited the corticosterone
(CORT)-induced ERK1/2 activation. Primary cortical neurons (DIV 4) transfected with
control siRNA or c-Cbl siRNA were treated with vehicle or CORT, and phospho ERK1/2
(PERK1/2) and total ERK1/2 protein levels were examined. The upper panel shows
representative autoradiogram of pERK1/2 and total ERK1/2, and the lower panel represents
fold change in pERK1/2 to ERK1/2 ratio. Results are mean + SE for at least three
independent preparations. *p<0.05 vs VEH; #p<0.05 vs CORT. One-way ANOVA followed
by post-hoc Dunnett test. (G) c-Cbl protein levels in primary cortical neurons (DIV 4)
following corticosterone (CORT) treatment for 0-48 h as determined by immunoblot
analysis. The upper panel shows representative autoradiogram of c-Chl and actin, and the
lower panel represents fold change in normalized c-Cbl protein levels. Results are mean +
SE for at least three independent preparations. *p<0.05 vs VEH. One-way ANOVA
followed by post-hoc Dunnett test. (H) c-Cbl increases TrkB ubiquitination. Primary cortical
neurons (DIV 4) were transfected with control or ¢c-Cbl plasmid and the lysates were
immunoprecipitated (IP) with an anti-TrkB antibody, followed by immunoblotting (IB) with
an anti-ubiquitin antibody (Ub) or anti-TrkB antibody. 1gG, 1gG control. (I) Primary cortical
neurons (DIV 4) transfected with vector control or 306E Cbl mutant (306E-Cbl) were
treated with vehicle or CORT, and TrkB expression was examined. The upper panel shows
representative autoradiogram of TrkB and tubulin, and the lower panel represents fold
change in normalized TrkB protein levels. Results are mean + SE for at least three
independent preparations. *p<0.05 vs VEH. One-way ANOVA followed by post-hoc
Dunnett test.

Psychoneuroendocrinology. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Pandya et al.

TrkB/Actin

CORT - + - +
RU486 - - + +
150 S e
50— .
- —— actin
2.5
*
2
1.5
1 #
04 : . i
VEH CORT RU RU+CORT
Figure 4.

c-CblfActin
Fr e
- N ow

o
n

0

Page 18

CORT - + - +
RU486 - - + +
150——
. -v-- o — C-Cbl
50— - 2
| — actin
-
VEH CORT RU RU+CORT

GR mediates acute corticosterone-induced increase in TrkB and c-Cbl levels. Primary
cortical neurons (DIV 4) were treated with CORT or CORT plus GR antagonist, RU486 and
lysates were subjected to immunoblot analysis for (A) TrkB and (B) c-Cbl levels. The upper
panel shows representative autoradiogram of TrkB or c-Cbl and actin, and the lower panel
represents fold change in normalized TrkB or c-Cbl protein levels. Results are mean + SE
for at least three independent preparations. *p<0.05 vs VEH; #p<0.05 vs CORT. One-way
ANOVA followed by post-hoc Dunnett test.
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Figure 5.
Effects of corticosterone treatment on c-Cbl protein levels in mature neurons in vitro and in

vivo. (A) Primary cortical neurons (DIV 12) were treated with vehicle (VEH) or
corticosterone (CORT) for 3 h or 48 h, and lysates were subjected to immunoblot analysis
for TrkB and c-Cbl levels. The upper panel shows representative autoradiogram of TrkB or
¢-Cbl and tubulin, and the lower panels represent fold change in normalized TrkB or c-Chl
protein levels. Results are mean + SE for at least three independent preparations. *p<0.05 vs
VEH. Student’s t test. (B-D). Chronic corticosterone treatment decreases c-Cbl protein
levels in vivo. CD-1 male mice were treated with corticosterone (CORT; 35 ug/ml/day) or
vehicle (VEH; 0.45% hydroxypropyl-p-cyclodextrin) for 5 or 7 weeks. c-Cbl protein levels
were determined by immunoblot analysis in (B) frontal cortex after 7 weeks, (C)
hippocampus after 5 weeks and (D) hippocampus after 7 weeks. The upper panel shows a
representative autoradiogram of c-Cbl and the lower panel represents the fold change in
optical density values normalized to vehicle-treated controls. $-actin was used as a protein
loading control. Values are mean + SE (n = 5-6 mice per group). *p<0.05 versus VEH.
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Figure 6.
Decreased c-Cbl mMRNA expression in the prefrontal cortex of suicide subjects. c-Cbl

mRNA was determined by gRT-PCR in the prefrontal cortex of suicide (N=13) and control
(N=15) subjects, and the values were normalized to the geometric mean of two control genes
(glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and B-actin). Values are expressed
as mean£SEM. *p<0.05 versus controls.
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Table 1

Demographic data for post mortem brain samples.

Variable Control (N=15)  Suicide (N=13)
Age (years, mean+SE)  40.73+3.52 28.73+4.05
PMI (h, mean+SE) 17.14+1.80 22.50£3.55
Brain pH (meanzSE) 6.63+0.06 6.43+0.11
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