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BDNF repairs podocyte damage by microRNA-mediated increase
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Abstract
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Idiopathic Focal Segmental Glomerulosclerosis (FSGS) is a progressive and proteinuric kidney
disease that starts with podocyte injury. Podocytes cover the external side of the glomerular
capillary by a complex web of primary and secondary ramifications. Similar to dendritic spines of
neuronal cells, podocyte processes rely on a dynamic actin-based cytoskeletal architecture to
maintain shape and function. Brain Derived Neurotrophic Factor (BDNF) is a pleiotropic
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neurotrophin that binds to the tropomyosin-related kinase B receptor (TrkB) and has crucial roles
in neuron maturation, survival, and activity. In neuronal cultures, exogenously added BDNF
increases number and size of dendritic spines. In animal models, BDNF administration is
beneficial in both central and peripheral nervous system disorders. Here we show that BDNF has a
TrkB-dependent trophic activity on podocyte cell processes; by affecting microRNA-134 and
microRNA-132 signaling, BDNF upregulates Limk1 translation and phosphorylation, and
increases cofilin phosphorylation which results in actin polymerization. Importantly, BDNF
effectively repairs podocyte damage “in vitro”, and contrasts proteinuria and glomerular lesions in
“in vivo” models of FSGS, opening a potential new perspective to the treatment of podocyte
disorders.
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Idiopathic FSGS is a disease of children and adults with unknown origin and clinically
characterized by severe protein loss in the urine, causing a further renal demise and
increased cardiovascular morbidity and mortality (1). FSGS diagnosis and treatment remain
a difficult task for the clinician; even after the introduction of immunomodulators such as
Rituximab, a majority of patients do not respond to therapy and progress to end-stage renal
failure eventually requiring dialysis or renal transplantation. Furthermore, the frequent
relapse of the disease after renal transplant makes dialysis the only option for about 40% of
patients. For these reasons, despite being a rare disease, idiopathic FSGS accounts for up to
20% of subjects on dialysis (2). Results from human genetics, transgenic animal models, and
functional studies, have been crucial in emphasizing the primary involvement of podocytes
in onset and progression of glomerular damage (3).
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Podocytes are post-mitotic cells exhibiting a complex array of ramifications consisting of
primary major processes that further divide in secondary “foot” processes. Ramifications
from a podocyte intertwine with those departing from neighboring cells to form a close net
that completely enwraps the glomerular basement membrane. Beginning with morphological
clues and supported by a series of molecular discoveries, results from our and other groups
have uncovered multiple similarities between podocytes and neuronal cells. Expression
studies and functional data have indeed confirmed that podocytes express and utilize
molecules previously considered exclusive of the neurons (4-7), and vice versa, several socalled podocyte-specific molecules have been shown relevant to neuronal cells (8-10). The
two cell types have a common cytoskeletal organization, with actin mainly concentrated in
specialized thin ramifications, i.e. foot processes in podocytes and dendritic spines in
neuronal cells, where actin dynamics are critical to shape and function (11, 12).
In neuronal cells, actin remodeling is the driving force of spine formation, shaping, and
stabilization. These events are profoundly altered in neurological and psychiatric disorders,
such as Alzheimer's disease and schizophrenia, resulting in reduced number and altered
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morphology of dendritic spines (13). Similarly, podocyte actin dynamics serve to maintain
the regular shape and spacing of foot processes along the glomerular basement membrane;
changes become morphologically evident in the loss of the foot process architecture, a
manifestation termed foot process effacement. This typical injury pattern is observed in both
experimental and human proteinuric conditions and is prominent in glomeruli of FSGS
patients (3, 14).

Author Manuscript

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family of
polypeptide growth factors. Neuroprotective effects of exogenous BDNF have been
demonstrated in both “in vitro” and “in vivo” models of neuronal cell injury (15-20). Mature
BDNF binds to the tropomyosin-related kinase B (TrkB) receptor, which is expressed not
only in neuronal cells, but also in several non-neuronal tissues, from embryonic
development through adulthood (21). Previous data showed TrkB in developing glomeruli,
mature tubules, collecting ducts, and the juxtaglomerular apparatus (21-26). Differences
among these reports are most likely due to the use of different techniques, antibodies, and
experimental models. As a result, there is still uncertainty about expression and function of
TrkB in the kidney. Here we show that mouse and human glomeruli and cultured podocytes
indeed express TrkB, which is the target of exogenously administered BDNF. BDNF
binding results in reduction of microRNA-134 and increase of microRNA-132, with
subsequent effects that ultimately converge to promote actin polymerization and can be
exploited to effectively repair podocyte damage “in vitro” and “in vivo”.

Methods
Podocyte cell cultures

Author Manuscript

Primary podocytes and a podocyte cell line were obtained and maintained as previously
described (4). For details, see Online Supporting Information.
Concentration-dependent (10-350ng/ml) and time-dependent (4-72h) studies were
performed with Brain Derived Neurotrophic Factor (BDNF, human recombinant, QED
Bioscience Inc., Histo Line, Milano, Italy) and Neurotrophic Growth Factor (NGF, human
recombinant, Sigma-Aldrich, Milan, Italy), both dissolved in medium. These studies
indicated an optimal working concentration of 200 ng/ml for both growth factors,
confirming data previously obtained in neuronal cells (27). Results were evaluated at 8, 20,
24, 48, and 72h.
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To induce podocyte damage we used protamine sulphate (100μg/ml, 4h), puromycin
aminonucleoside (10μg/ml, 24h), and adriamycin (doxorubicin hydrochloride, 0.5μM, 12h)
(all from Sigma-Aldrich), dissolved in medium. Thereafter medium was changed and
200ng/ml BDNF or medium alone were added for 24, 48, and 72h.
Osteoblast cell line
The osteoblast MC3T3-E1 line was utilized as negative control for TrkB expression. Details
are provided as Online Supporting Information.
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Zebrafish (wild-type fish, TüAB strain) were kept in a ZEBTEC Bench Top system
(Tecniplast, Varese, Italy) and maintained under standard conditions (28). Eggs were
protected from predation by the addition of egg traps into tanks prior to spawning.
The newly fertilized eggs were transferred into Petri dishes filled with embryo medium E3
(5mM NaCl, 0.17mM KCl, 0.40mM CaCl2, 0.16mM MgSO4 per 100 ml distilled water).
The normally and healthy developed eggs at 6 hours post fertilization (hpf) were then
selected under a stereomicroscope (Leica Microsystems GmbH, Wetzlar, Germany) for
subsequent applications, and raised at 28°C in E3 medium.
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For zebrafish protocols, adriamycin (Sigma-Aldrich) 20μM dissolved in distilled water was
added to E3 medium from 9hpf to 57hpf (29), then removed and larvae were divided in two
groups of 20 animals each. BDNF 200ng/ml was dissolved in distilled water (vehicle) and
added to E3 medium in the first group, whereas the second group received the same quantity
of vehicle. Three sets of independent experiments were performed.
A qualitative assay was employed to investigate glomerular blood filtration, as described
(30). Briefly, a solution of FITC-labeled 70kDa-dextran (Sigma) was injected into the
cardiac venous sinus of 80hpf old early larvae. 30 animals per group and time point were
studied. Sequence images of live fish were generated using a Leica inverted microscope
connected to a Leica DFC490 camera. Fluorescence intensity of grayscale images of the eye
were measured using Sigma Scan Pro software (Jandel Scientific, San Rafael CA, US) and
reported in relative units of brightness. Animals with significant amount of FITC-dextran
trapped in the yolk sac were excluded from the analysis.
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For evaluation of the pericardial edema the cardiac and the total body area were measured
off-line by Sigma Scan Pro software, and values expressed as the ratio between cardiac area
and total body area.
Mouse adriamycin nephropathy
Adriamycin nephropathy was induced by a single injection of 10mg/Kg doxorubicin
hydrochloride in the tail vein of 3 month old male Balb/c mice (Charles River Italia).
Urinary albumin was monitored every other day by Albustix (Bayer, Milan, Italy) and 24h
urine collection was performed every 2 to 3 days to measure urinary albumin (Mouse
albumin ELISA kit, Bethyl Laboratories, Inc, Montgomery, TX, USA) and urinary
creatinine (Urinary creatinine assay kit. Cell Biolabs Inc, San Diego, CA, USA).
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From a total of 15 mice initially injected with adriamycin, the 10 reaching 4+ albumin
values by Albustix at day 7 were selected and randomized to receive vehicle (5 mice) or
BDNF (5 mice) from day 9 to day 13 for a total dosage of 1mg/mouse. Mice were sacrificed
on day 16 and the kidneys removed for histology and immunostaining.
An additional group of mice (10 Balb/c animals, male, 3 months of age) was subsequently
utilized and the same protocol was applied; after adriamycin injection, 6 animals were
selected based on albustix 4+ at day 7 and randomized to receive BDNF (3 mice) or vehicle
J Pathol. Author manuscript; available in PMC 2016 April 01.
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(3 mice). Kidneys from this group were utilized for glomerular sieving and western blot
studies on glomerular lysates. BDNF dosage, route of administration, and treatment duration
were based on published data in models of peripheral nervous system disease (31, 32). A
stock solution of 2mg/ml BDNF (QED Bioscience Inc.) in PBS containing 0.1% Tween20
and 1% mannitol was prepared, and 10mg/Kg/die were injected in the tail vein. Control
mice received a corresponding amount of PBS plus 0.1% Tween20 and 1% mannitol
(vehicle).
In vivo Trkb silencing
Adriamycin nephropathy was induced in 20g male Balb/c mice (8 animals) at day 1 by a
single injection of doxorubicin hydrochloride (Sigma-Aldrich) at 10mg/kg body weight.
From D9 to D13, BDNF was injected i.v at 10mg/kg/day in 4 mice. The other 4 animals
received the same amount of saline instead of BDNF.
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SiRNA delivery was achieved with the kidney in vivo transfection reagent (KIDNEYtargeted In Vivo Transfection Reagent, Altogen Biosystems, Las Vegas, US). Vector based
TrkB siRNA (NTRK2 - Mouse, 29mer shRNA constructs in retroviral untagged vector,
Origene, Rockville, US) was given to 3 mice i.p. at 50μg/mouse 14h before the 1st dose of
BDNF and repeated once at day 11. Control mice received the same amount of siRNA
scrambles (scrambled negative control siRNA duplex, Origene). Urine was collected before
and every 2 to 3 days after doxorubicin injection for urinary albumin and creatinine
determination. At day 16, all mice were sacrificed with the kidneys removed for histology
and immunostaining.
Double transfection experiments
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MicroRNA downregulation was conducted with LNA132, mmu-miR-132 miRCURY
LNA™ knockdown probe, 5’fluorescein-labeled (Exiqon) and LNA134, mmu-miR-134
miRCURY LNATM knockdown probe, 5’fluorescein-labeled (Exiqon). Expression
plasmids for microRNA overexpression were mouse microRNA134 (Origene) and mouse
microRNA132 (kindly provided by Dr Romano Regazzi, University of Lausanne,
Switzerland).
DNA was diluted in OptiMEM reduced serum medium together with FuGENE HD
Transfection Reagent (Promega), and the transfection mixture added to podocytes.
As controls, we used sense miR159 control, miRCURY LNA™ knockdown probe,
5’fluorescein-labeled, or the transfection mixture without DNA.
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Transfection efficiency was evaluated by observing fluorescein expression and resulted in
more than 70% efficiency.
In vitro TrkB silencing
Cells were transfected with 200pM siRNA duplexes using Lipofectamine2000 (Invitrogen)
as transfection agent. We used a pool of 3 commercially available siRNAs complementary
to TrkB mRNA (Sigma-Aldrich). As control, non-targeting siRNAs were applied at the
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same concentration. Transfection efficiency was determined by a fluorescent-tagged siRNA
(Alexa-Fluor488; Amersham, PerkinElmer, Waltham, MA).
Statistical analyses
Data are presented as mean±SD. At least three replicates were conducted for each in vitro
experiment. Two-tail Student's t test was used for analysis of data when two groups of data
were compared. ANOVA test was applied when comparing more than 2 groups of data.
For Real-Time RT-PCR data, relative RNA abundance was determined using the
comparative Ct method. Fold change error bars represent the standard deviation (σ) of the
fold change (FC), according to the following formula: σ =FC*ln2*sqrt(σx2/nx+σy2/ny).
Pvalues were calculated based on a Student's t-test of the replicate 2^(-DeltaCt) values.
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In all statistical analyses, Pvalues <0.05 were considered significant.
Ethical approval
Animal protocols strictly adhered to the Public Health Service Policy on Humane Care and
Use of Laboratory Animals (D.L.116-27/01/1992), and were approved by the Milan
University Institutional Care and Ethical Treatment Committee and by the Rush University
Medical Center Institutional Animal Care and Use Committee.
Online Supporting Methods
Renal tissue processing, immunostaining and evaluation, InCell ELISA, Western Blot, RTPCR and Real-Time RT-PCR were performed according to standard procedures (details in
Online Supporting Information).
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Results
TrkB expression in mouse glomeruli and podocytes
Using isoform-specific primers (33), RT-PCR followed by sequencing (Supp. Fig 1-2)
showed that mouse glomeruli contain both the full-length and truncated isoform of the
BDNF receptor TrkB (Fig 1A). Protein analysis, conducted with an antibody able to
recognize full-length TrkB as well as the truncated isoform (34), showed that full-length
TrkB prevails in glomerular lysates as well as in brain protein extracts (Fig 1B).
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Immunogold electron microscopy detected the receptor mainly in podocytes and to a lesser
extent in the glomerular endothelium (Fig 1C). Immunofluorescence concordantly showed
TrkB in control mouse glomeruli, where it mostly colocalized with nephrin, supporting a
major podocyte expression, and displayed scattered co-staining with the endothelial marker
CD31 (Fig 1D).
In human control kidneys, glomerular TrkB was found almost exclusively in podocytes
(Supp. Fig 3). Differently from mice, the molecule was observed in proximal tubuli.
Expression of TrkB was maintained by cultured murine cells, both primary podocytes and
the cell line (4), as proven by RTPCR, WB, and immunostaining (Supp. Fig 4).
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In vitro, 200ng/ml BDNF increased both number and length of podocyte processes,
particularly in primary podocytes (Supp. Fig 5). Changes became morphologically evident
after 20 hours incubation and were attributable to increased F-actin, as shown by phalloidin
staining (Fig 2A, Supp. Fig 6A).
Despite nephrin was more evident along podocyte processes (Fig 2A), its expression was not
increased (Supp. Fig 6A). BDNF incubation resulted in upregulation of TrkB expression
(from 5.4±0,2 to 9.2±0.2nm, by inCell-ELISA) (Fig 2A, Supp. Fig 6A-B) and
phosphorylation (from 4.3±0.8 to 6.7±0.3nm) (Supp. Fig 6A).
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BDNF effects were abolished by TrkB silencing (Fig 2A, Supp. Fig 6B), indicating that
exogenous BDNF acts on podocytes in a TrkB-dependent manner. Addition of NGF, whose
receptor TrkA was shown in glomeruli (25-26, 35), did not produce similar effects (Supp.
Fig 7).
BDNF effects are mediated by microRNA-134 and microRNA-132
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The observed sprouting and elongation of podocyte cell processes with F-actin upregulation
entail increased actin polymerization; indeed, increased cofilin phosphorylation was
observed after 24h BDNF exposure (Supp. Fig 8A). Phosphorylation of cofilin is mostly due
to the kinase Limk1 (36). Therefore, not surprisingly, we observed that BDNF treatment led
to Limk1 overexpression and phosphorylation, both abolished by TrkB silencing (Fig 2B,
Supp. Fig 8B). Increased Limk1 protein was not sustained by increased transcription,
because Limk1 mRNA did not show any changes after BDNF exposure (Supp. Fig 8C).
Therefore, we hypothesized the intervention of post-transcriptional mechanisms, such as
those regulated by microRNAs (miRNAs). Limk1 mRNA is a direct target of miRNA134
(37). Furthermore, miRNA132 was shown to indirectly increase Limk1 translation, by
targeting the mRNA of p250GAP, a molecule that blocks Rac1 activity (38).
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Both miRNA134 and miRNA132 (Supp. Fig 9A) were found in mouse glomeruli and
podocytes. Similarly to neuronal cells (39), podocytes seem to express little endogenous
miRNA134 and contain higher levels of miRNA132 in control conditions. BDNF timedependently further downregulated miRNA134 and upregulated miRNA132 (Supp. Fig 9B,
9C). While a decrease of miRNA134 directly augments Limk1 translation, the rise of
miRNA132 would obtain indirectly the same effect by reducing p250GAP translation
(38-40), therefore relieving the blockade of Rac1, which in turn increases Limk1.
Confirming this pathway, we observed a reduction of p250GAP protein expression in
BDNF-incubated podocytes (Supp. Fig 10A, 10B), and supporting the post-transcriptional
nature of this event, p250GAP protein changes were not paralleled by a decrement of the
mRNA (Supp. Fig 10C). Taken together, these data show that podocytes indeed express
miRNA134 and 132, which are differentially regulated by exogenous BDNF, ultimately
increasing Limk1 translation and phosphorylation, which affect cofilin activity and favor
actin polymerization.
To further prove these miRNA-mediated events, we mimicked BDNF action by
overexpressing miRNA132 and silencing miRNA134 in cultured podocytes. After 48h from
J Pathol. Author manuscript; available in PMC 2016 April 01.
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double transfection, we observed a pronounced elongation of cell processes (Fig 3A, 3B),
accompanied by increased phosphorylation of cofilin and reduced expression of p250GAP
(Fig 3C). On the contrary, miRNA134 overexpression coupled to silencing of miRNA132
caused cell rounding with evident shortening of cell processes (Fig 3A, 3B); accordingly,
phospho-cofilin was profoundly reduced and p250GAP did not change as compared to
control cells (Fig 3C).
BDNF repairs podocyte damage in vitro

Author Manuscript

Next, we tested if BDNF could treat podocyte injury caused by substances which are
commonly used to reproduce nephrotic podocyte changes “in vitro”, such as protamine
sulfate, puromycin aminonucleoside, and adriamycin. Similar results were obtained with all
three compounds. After removal of the drug, podocytes incubated with 48h medium alone
displayed shortened cell processes and large remodeling of the actin and myosin
cytoskeleton, with loss of filament bundles and rounding of the cell shape (Supp. Fig 11A,
12). Medium supplementation with BDNF determined complete repair of podocyte
morphology, with full recovery of the actin-myosin cytoskeleton (Supp. Fig 11A, 12).
Quantification of immunostaining by InCell ELISA showed that BDNF was able to restore
expression of TrkB, pTrkB, nephrin, Limk1, p-Limk1, cofilin, p-cofilin, and myosin2A, and
to reduce p250GAP (Supp. Fig 11B). TrkB silencing abolished BDNF action, as shown by
persisting morphological changes and reduction of phosphorylated cofilin (Supp. Fig 13).
In vivo effects of BDNF administration
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Based on what obtained “in vitro”, we moved to “in vivo” conditions. Animal experiments
were first conducted on Zebrafish larvae in which 20μM Adr was added to the medium as
early as 9 hours post-fertilization (hpf) (Supp. Fig 14A). After 48h incubation, Adr
invariably caused pericardial edema (Supp. Fig 14B), which further increased at 5 days postfertilization (dpf) in vehicle-treated larvae (Supp. Fig 14C). Electron microscopy showed a
profound impairment of podocyte process development (Fig 4A). Reduction of nephrin and
TrkB was documented by Real Time RT-PCR (Fig 4B). BDNF treatment significantly
reduced the cardiac/body ratio, completely normalized podocyte process formation, and
restored expression of nephrin and TrkB1 to the levels observed in control larvae (Fig 4A,
4B).
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Microinjection of 70-kDa FITC-labeled dextran in control animals resulted in homogeneous
fluorescence distribution in the cell body, that remained stable up to 24h, then declined at
48h (Fig 4C). Larvae exposed to adriamycin had globally decreased fluorescence, due to
accelerated dextran clearance through the damaged glomerulus. Measurement of eye
fluorescence showed rapid and dose-dependent decline in fish exposed to adriamycin (Fig
4C). Supporting morphological and expression studies, dextran clearance was similar to
control values after BDNF treatment (Fig 4D).
In mouse adriamycin nephropathy, we observed progressive increase of albuminuria (Supp.
Fig 15A). The histological exam of the kidneys displayed focal and segmental glomerular
damage and evident tubular protein casts (Fig 5A, Supp. Fig 15B). Extensive effacement of
podocyte foot processes was observed by transmission and scanning electron microscopy
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(Fig 5B). BDNF treatment profoundly reduced albuminuria, which at sacrifice was almost
back to control values (Supp. Fig 15A) and significantly ameliorated glomerular damage
(Fig 5A, Supp. Fig 15B). Dilated tubules, though devoid of protein casts, were still found in
the interstitium of BDNF-treated animals. Transmission and scanning electron microscopy
highlighted the wide recovery of podocyte foot processes (Fig 5B).
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In addition, BDNF treatment increased glomerular nephrin, TrkB, p-cofilin, F-actin, and pLimk1, as demonstrated by immunofluorescence and western blot (Supp. Fig 15C, 16, 17).
To further assess the specificity of BDNF treatment, glomerular TrkB silencing was
obtained by administering a vector-based TrkB siRNA after adriamycin injection (Supp. Fig
18A). This largely reduced the anti-proteinuric effect of BDNF, which was instead
preserved after injection of a scramble-siRNA (Supp. Fig 18B). Concordantly, histology and
immunofluorescence showed that efficacy of BDNF in treating glomerular damage was
severely blunted by TrkB silencing (Fig 6, Supp. Fig 19, 20).

Discussion
Our results show a trophic activity of exogenous BDNF on the cytoskeleton of podocyte cell
processes, that can be utilized to repair podocyte damage “in vitro” and “in vivo”. Most
experimental data on BDNF administration have been obtained on neuronal and glial cells,
in which the neurotrophin is known to bind and activate the tropomyosin-related kinase B
receptor (TrkB), also known as Neurotrophin Tyrosine Kinase Receptor 2 (Ntrk2) (41).
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Besides the nervous system, TrkB expression has been demonstrated in a variety of cells and
organs, making them sensitive to the action of BDNF administration. For instance, BDNF
application on TrkB-expressing brain endothelial cells resulted in improved cell survival and
angiogenesis (42). Similarly, exogenous BDNF was shown to induce differentiation and
protect TrkB-expressing cementoblasts from cell death (43).
Binding of mature BDNF to TrkB causes receptor dimerization and autophosphorylation,
with consequent activation of multiple pro-survival signaling pathways (41). Additional
BDNF-dependent signaling is due to the existence of truncated isoforms of the receptor,
which can form heterodimers with the full-length isoform and mostly behave as a dominant
negative molecule or can signal independently as a monomer (44). Due to the prevailing
presence of TrkB in glomerular podocytes, we focused our attention on these cells.
Interestingly, BDNF exposure in vitro caused striking morphological changes in terms of
length and number of podocyte ramifications.
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Similar changes have been repeatedly observed in neuronal cells, in which BDNF
application increased axon length and significantly augmented the number of dendritic
spines and synaptic contacts (45-47). Dendritic spines and podocyte processes rely on a
common cytoskeletal organization, based on actin as the main cytoskeletal protein and the
final target of multiple physiological as well as pathological signaling pathways (48, 49, 11).
The importance of actin in podocyte biology and disease is well established. As the main
cytoskeletal component of podocyte processes, actin is the molecule ultimately responsible
for podocyte shape and function. The changes commonly observed in podocyte damage, i.e.
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loss of stress fibers, cell rounding and shortening of ramifications “in vitro”, and foot
process effacement and microvillous transformation “in vivo”, are determined by alterations
of actin dynamics (11).
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Actin filament dynamics and reorganization are spatiotemporally regulated by numerous
actin-binding proteins and upstream signaling molecules, which cooperatively control
assembly and disassembly of actin filaments (50). Among these proteins, the actindepolymerizing factor (ADF)/cofilin family proteins stimulate depolymerization of actin
filaments, playing a crucial role in actin dynamics and reorganization of actin filaments (51).
The presence and relevance of cofilin-1 in podocyte foot process homeostasis have been
demonstrated by Garg et al. (52). Cofilin-1 is inactivated by phosphorylation, which is
mostly regulated by the kinase Limk1 (36). Not surprisingly, BDNF incubation in podocytes
resulted in increased cofilin phosphorylation and increased content of Limk1 and phosphoLimk1.
Regulation of Limk1 has been widely studied in the context of synaptic spine growth and
plasticity, which need tight regulation during neuronal development as well as in mature
neuronal cells. Limk-1-KO mice exhibit significant abnormalities in spine morphology and
synaptic function (53). In humans, loss of Limk-1 appears implicated in a mental disorder
with profound deficits in visuo-spatial cognition (54) and a polymorphism of Limk-1
promoter has been associated with decreased Limk-1 mRNA and formation of intracranial
aneurysms (55). In dendritic spines, Limk1 is kept under direct control by miRNA-134.
Furthermore, miRNA-132 has been found to regulate Limk1 by reducing the expression
levels of p250GAP (37-40).
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Our results show the involvement of both these miRNAs in BDNF regulation of podocyte
processes, further extending the similarities between dendritic spine and podocyte process
dynamics. In healthy podocytes the cytoskeletal changes caused by BDNF are not good “per
se”, because they alter a highly regulated equilibrium in favor of actin polymerization.
Instead, these same effects are beneficial when occurring after podocyte damage, because
BDNF seems to favor a much needed podocyte process elongation that contrasts the
flattening induced in nephrotic conditions both “in vitro” and “in vivo”. Indeed, because of
the action on actin polymerization, BDNF seems to target the final common pathway on
which different types of damaging events ultimately merge and could be useful in the
treatment of podocyte damage in several proteinuric conditions, especially FSGS.
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Given the actin-trophic effects, BDNF has been considered as a candidate powerful drug in
several neurological diseases. Encouraging results have been obtained in several
experimental models of neurological diseases (17-19), but human trials have failed so far,
mainly because of the difficulty of BDNF to cross the blood brain barrier (41). Remarkably,
during the largest and longest trial conducted on 748 subjects affected by Amyotrophic
Lateral Sclerosis (56) who were injected daily with BDNF for 9 months, no patients
experienced neuropathic pain and only minor side effects were reported, supporting its
safety in humans. However, TrkB is also expressed by several types of neuronal, epithelial
and connective tumor cells (57). Thus, a podocyte-targeted BDNF delivery is likely to be
needed to increase efficacy and specificity and avoid side-effects. Nevertheless, the idea to
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target a common downstream pathway, i.e. actin in podocytes, may harbor a novel approach
to combat podocyte injury in proteinuric diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1. TrkB expression in renal tissue and cultured podocytes

A) RT-PCR results show presence of the full-length (281 bp) and truncated (353 bp) TrkB
isoforms in preparations from brain (lane 1), cerebellum (lane 2), and isolated mouse
glomeruli (lane 3 and 4). MWM: molecular weight marker; lane 5: negative control, i.e.
PCR products obtained from the osteoblast cell line MC3T3-E1; lane 7: PCR negative
control.
B) Western Blot (WB) analysis was conducted on protein extracts from mouse brain (1),
cerebellum (2) and two preparations of isolated glomeruli (3, 4) in non-reducing conditions.
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A band slightly higher than 120kDa, corresponding to the full length molecule, is present in
all lanes. In addition, higher bands are observable. Bands of lower molecular weight can be
detected as well. MWM = molecular weight marker, Lane 5 = negative control, performed
by loading protein lysates from the osteoblast cell line.
C) Immunogold, conducted on a cryosection from control mouse kidney, shows TrkB
positivity in a podocyte (red circles) and a dot in an endothelial cell (light blue circle). Scale
bar 500nm.
D) Double staining shows that TrkB mostly co-localizes with nephrin (upper panels) and
seldom with CD31 (lower panels, arrow). Scale bars 10μm.
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Fig 2. BDNF effects on podocyte processes

A) Immunostaining highlights the effects of BDNF (middle column) as compared to control
medium (left column). Phalloidin staining of filamentous actin (F-actin) emphasizes stress
fibers and cell ramifications, which appear more developed after BDNF incubation. Nephrin
positivity is evident along elongated cell processes, and TrkB expression looks increased.
All changes are abolished by TrkB silencing (right column). Scale bar 20μm.
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B) Limk1 and pLimk1 show increased expression after BDNF treatment (middle panels) as
compared to control (left panels). BDNF effects are abolished by TrkB silencing (right
panels). Scale bar 30 μm.
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Fig 3. BDNF has opposite actions on miRNA134 and miRNA132. Double transfection mimics
BDNF effects

A) Results of double transfection are shown by brightfield microscopy and F-actin. The
upper four panels show the presence of numerous elongated cell processes after 48h
miRNA132 overexpression coupled to miRNA134 silencing. In the lower four panels cells
look rounded and depleted of cell processes after 48h miRNA134 overexpression and
miRNA132 silencing. Scale bars 50μm.
B) Quantification of number (upper graph) and length (lower graph) of cell processes 48h
after double transfection with controls (sense miR-159 control, miRCURY LNA™
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knockdown probe) (dark-gray bars), miRNA132 overexpression coupled to miRNA134
silencing (pale-gray bars) and miRNA134 overexpression coupled to miRNA132 silencing
(gray bars).
C) WB analysis of p-cofilin (upper blot, 20kDa band), and p250GAP (upper blot, 250 kDa
band) demonstrates increased cofilin phosphorylation and reduced p250GAP after 48h from
cell transfection inducing miRNA132 overexpression coupled to miRNA134 silencing (lane
2), as compared to transfection with control clones (lane 3). P-cofilin is no more detectable,
whereas p250GAP does not show changes when miRNA134 is overexpressed and
miRNA132 is silenced (lane 4). Alpha-actinin 4 (band at 100 kDa) and total cofilin (lower
blot) are the loading controls. Lane 1: molecular weight marker.
The graph displays results from three experiments. Y axis: arbitrary units. Dark-gray bars:
miRNA132 overexpression plus miRNA134 silencing; pale-gray bars: control clones; gray
bars: miRNA134 overexpression plus miRNA132 silencing.
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Fig 4. BDNF repairs podocyte damage in Zebrafish larvae

A) Transmission Electron Microscopy of representative glomeruli from 5 dpf larvae. In
control conditions (upper left image) regularly spaced podocyte foot processes cover the
basement membrane (red arrows). After vehicle treatment (upper right image) very few
podocyte foot processes can barely be recognized (red arrows) and most of the basement
membrane looks diffusely covered by the podocyte cytoplasm. After BDNF treatment
(lower left image) podocyte foot processes look similar to the control condition (red arrows).
Scale bars 1μm.
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B) Real-Time RT-PCR for nephrin (upper graph) and TrkB1 (lower graph). mRNA was
obtained from 5 dpf Zebrafish larvae in control conditions and after vehicle and BDNF
treatment (10 animals per group). Vehicle treatment determines a significant reduction of
both nephrin and TrkB mRNAs. Their expression after BDNF treatment is similar to
controls. Y axis: normalized fold expression.
C) The images on the left show distribution of injected fluorescent dextran at 24 hours postinjection (hpi). As predicted, fluorescence is distributed throughout the body in a zebrafish
larva in control conditions (NT). Incubation with adriamycin dose-dependently (ADR20,
ADR30) decreases fluorescence at 24hpi, while accumulation due to pericardial edema can
be seen in the cardiac area. The graph on the right illustrates measurements of eye
fluorescence at injection (0 hpi) and after 24 and 48 hours. Measurements were taken from
30 animals per group.
D) Eye fluorescence at 24h is significantly lower in larvae receiving medium alone after
adriamycin incubation. BDNF treatment restores fluorescence intensity at control levels.
Measurements were taken from 30 animals per group. *p<0.05; **p<0.01.
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Fig 5. BDNF treatment in mouse adriamycin nephropathy

A) Representative images from vehicle-treated (left panels) and BDNF-treated mice (right
panels). At low magnification (upper panels, scale bars 100μm) glomeruli with segmental
sclerosis (red arrows) and dilated tubuli filled by proteinaceous material (white arrows) can
be observed in the renal tissue from a vehicle treated mouse. Tubular dilation (yellow arrow)
is still present after BDNF treatment, but protein casts are no more visible, and glomeruli
have a normal appearance. These features can be better appreciated at higher magnification
(lower panels, scale bars 50μm).
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B) Transmission (upper panels) and scanning (lower panels) electron microscopy pictures
show completely flattened podocyte processes from a vehicle-treated animal, and their
almost normal appearance after BDNF treatment (scale bars: 5μm).
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Figure 6. In vivo glomerular TrkB silencing impairs BDNF effects

Representative light microscopy (upper panels, Hematoxilin-Eosin, scale bars 50 μm) shows
a damaged glomerulus surrounded by dilated tubuli filled by protein casts in a mouse treated
with saline (left panel). BDNF is effective in reducing renal damage in a mouse injected
with scramble siRNA (middle panel), whereas the efficacy is blunted after silencing of TrkB
(right panel).
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Nephrin positivity (second row) can be clearly observed in a BDNF/scramble injected
animal (middle panel), whereas is barely detectable in glomeruli from a saline-treated and a
BDNF/TrkB-silenced mouse.
Cofilin staining (third row) does not show major changes in all experimental conditions.
Instead, P-cofilin (fourth row) is almost negative after saline (left panel) and BDNF/TrkB
silencing (right panel), and is clearly positive after BDNF/scramble siRNA (middle panel).
Scale bars 25 μm.
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