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ABSTRACT

According to the Centers for Disease Control and Prevention, one in 10 American
adults, has some level of chronic kidney disease (CKD), a condition characterized by
reduced kidney function over time. Although recent research has uncovered many
pathways and mechanisms involved in the pathophysiology of kidney diseases, this has not
yet led to development of new drugs for the treatment of patients with these conditions. In
this dissertation, we introduce two potential therapeutic targets for different forms of CKD.
First, we discuss gating properties of the transient receptor potential cationic-6 (TRPC6)
channel, then we show dysregulation of this channel in models of focal segmental
glomerulosclerosis (FSGS). In a separate chapter, we introduce another channel protein,
the N-methyl-D-aspartate (NMDA) receptor, as a potential therapeutic target for treatment
of diabetic nephropathy.

Much of this work entailed making whole-cell recordings from highly specialized
kidney cells called podocytes. This technique was used to measure TRPC6 channel activity
in cells in vitro, as well as in ex vivo preparations in which podocytes are still attached to
the isolated glomerular capillary. Serum samples from a variety of primary FSGS patient
groups were obtained from collaborators. We used the sera to treat our cells in vitro and
investigate the effect of soluble factors in the patients’ serum on the activity and expression
levels of TRPC6 channels. Regarding the other target, we studied the effect of NMDA
inhibitors in alleviating the development of diabetic nephropathy in vivo.

| concluded that TRPC6 channels are dysregulated in FSGS. This suggested that

further development of TRPC6 inhibitors might be warranted as potential therapeutic



agents. We observed that diabetes caused a marked increase in the expression of renal
NMDA receptors, and that sustained treatment with NMDA antagonists reduces the
progression of nephropathy in two mouse models of type-1 diabetes. Consequently, it is

possible that this class of drugs can be useful for reducing the progression of nephropathy.

Vi
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1. INTRODUCTION

1.1 Kidney

Kidneys are the organs primarily responsible for the removal of metabolic waste
from our bodies [1]. Although this is true, our kidneys do much more than that. The kidneys
are responsible for regulation of water, electrolyte, and acid-base balance, excretion of
bioactive substances (hormones and many foreign substances); regulation of systemic
arterial blood pressure; regulation of red blood cell production; regulation of vitamin D
production; and gluconeogenesis [1]. Our kidneys are largely responsible for implementing
the “balance” concept, which states that our bodies are in balance for any substance when
the input and output of that substance are matched [1]. The kidneys respond to intake and
consumption by varying the output of water and other substances such as sodium,
potassium, phosphate, bicarbonate, and magnesium in the urine, thereby maintaining
balance for water and substances (constant total body water and metabolites content).
Kidneys excrete the end products of metabolic processes such as urea (from protein), uric
acid (from nucleic acid), creatinine (from muscle creatine) the products of hemoglobin
breakdown, and hundreds of other metabolic end products [1]. These end products have no
function in our body and many are harmful when they accumulate. Kidneys regulate the
arterial blood pressure, which is largely determined by blood volume over long time scales
[1]. Kidneys regulate blood volume by maintaining salt and water balance, in particular by
a process called pressure naturesis, in which elevated arterial pressures lead to increased
excretion of sodium and water. Kidneys also release vasoactive substances that regulate

myogenic tone in smooth muscles [1]. Kidneys release factors that regulate red blood cell



production and they metabolize vitamin D, which contribute to regulation of blood
chemistry and physical properties related to blood pressure [1]. Also, during a prolonged
fast, when our body requires glucose production and consumption, our kidneys serve as a

site for gluconeogenesis to synthesize new glucose from non-carbohydrate sources [1].

1.1.1 Glomerulus

Each kidney is comprised of approximately 1 million nephrons, which are made up
of a spherical filtering component, called the renal corpuscle, and a tubule extending from
the renal corpuscle [1]. The renal corpuscle allows formation of an initial ultrafiltrate of
blood that is subjected to further processing in the tubules. The corpuscle consists of a
dense tuft of interconnected capillary loops, called the glomerulus, surrounded by a balloon
like hollow layer of parietal epithelial cells called Bowman’s capsule. At one side of the
renal corpuscle, blood enters and leaves Bowman’s capsule through afferent and efferent
arterioles, respectively. On the opposite side, Bowman’s capsule has an opening that leads
the filtered fluid into the first portion of the tubule.

The glomerular filtration barrier is composed of three layers. The first layer is the
capillary endothelium of the glomerular capillaries, which is perforated by many large
fenestrae, allowing most of the acellular components of the blood to permeate. The second
layer is the glomerular basement membrane (GBM) formed by glycoproteins and
proteoglycans. The last filtration layer is a monolayer of epithelial cells called podocytes

that cover the GBM and face Bowman’s space [1].

1.1.2 Podocyte

Podocytes are highly specialized cells with finger-like processes called pedicels (or



foot processes) that extend from major processes, which in turn emanate from podocyte
cell bodies. The foot processes cover the GBM. These processes interdigitate with the
pedicels from adjacent podocytes, forming thin bridges of adhesion proteins in structures
called glomerular slit diaphragms. Podocyte foot processes with slit diaphragms cover the
outer part of the GBM and form a selective filtration barrier [1]. Podocyte injury or loss of
podocytes are a hallmark of progressive glomerular diseases such as focal segmental
glomerulosclerosis (FSGS), minimal change disease, diabetic nephropathy (DN), lupus
nephritis and membranous glomerulopathy [2, 3]. This dissertation focuses on two of these

chronic kidney diseases, DN and FSGS.

1.2  Chronic kidney diseases (CKD)

According to the Kidney Disease Outcomes Quality Initiative (KIGO), chronic
kidney disease (CKD) is present when kidney damage persists for three months and longer,
as expressed by structural or functional abnormalities of the kidney, with or without
decreased glomerular filtration rate (GFR) [4]. CKD is also diagnosed when a patient has
a GFR of less than 60 ml/min (normally > 90) per 1.73 m? for three months or more, with
or without histological kidney damage [4]. During the progression of CKD, some nephrons
are lost and the ones that survive must compensate for the loss of other nephrons to
maintain overall renal capacity.

Glomerular hyperfiltration (increased pressure and flow through individual
glomeruli) has initial adaptive effects by maintaining overall GFR, but in the long run, this
situation results in maladaptive consequences. The pathophysiologic mechanisms and

conditions such as endothelial injury, foot process effacement and detachment of



podocytes, and stimulation of cytokines and inflammatory substances, can further lead to
glomerular hypertrophy, proteinuria and infiltration of immune cells leading to
tubulointerstitial disease [5-10]. The risk of CKD is determined by many factors, including
genetic susceptibility, metabolic status including hyperlipidemia, hyperglycemia or
inadequate glucose control, hypertension, and smoking [11-22]. According to the US Renal

Data System 2015 (USRD), two-third of CKD cases are caused by diabetes [23].

1.2.1 Focal Segmental Glomerulosclerosis

One of the most common causes of the nephrotic syndrome is Focal Segmental
Glomerulosclerosis (FSGS). FSGS has been increasing in incidence in both African
Americans and Hispanics (both adults and children) in United States [24, 25]. In FSGS,
scarring (sclerosis) is observed in some glomeruli (focal) but only in a portion of the
glomerular capillary tuft (segmental). FSGS represents a syndrome that has multiple
pathogenic mechanisms and histologic patterns of injury. FSGS can be a primary renal
disease or a secondary disease caused by a variety of other conditions. The universal
clinical feature of FSGS is proteinuria, and the ubiquitous pathologic feature is the focal
segmental glomerular scarring and obliteration. The lesions occur in various distinctive
patterns sometimes referred to as perihilar, collapsing, cellular, tip lesion, and not-
otherwise-specified, depending on the appearance and location within the glomerulus [26].
In terms of etiology, FSGS can be classified as primary or idiopathic FSGS, secondary
FSGS, and familial forms [27, 28]. There does not appear to be a direct relationship
between the pathological mechanisms and the histological variant observed in renal

biopsies. The primary (idiopathic) forms of FSGS are sometimes associated with



alterations in circulating permeability factors such as serum-soluble urokinase plasminogen
activator receptor (suPAR), cardiotrophin-like cytokine-1 (CLC-1) and tumor necrosis
factor (TNFa) [29-36]. This is especially true in patients that do not respond to therapy
with glucocorticoids (steroid-resistant forms). Secondary forms of FSGS are associated
with drug toxicity, metabolic diseases such as sickle cell disease, HIVV and other viral
infections, chronic hypertension, and toxins [37-41]. FSGS lesions are often seen in later
stages of other forms of CKD, as renal function declines. Familial forms typically are
caused by mutations in certain genes expressed in podocytes, and can occur in autosomal

dominant and autosomal recessive forms [42].

1.2.1.1 Pathogenesis/ available treatments

Glomerular hypertrophy is typically observed in primary FSGS and often precedes
overt glomerulosclerosis in FSGS [43]. There is an increased risk for FSGS progression if
the glomerular area gets larger than 50% of the glomerular area of a normal age-matched
control [44]. Almost 1,000 FSGS patients each year receive kidney transplants; however,
within hours to weeks after kidney transplantation, FSGS recurs in approximately 30% to
40% of adult patients and up to 80% in children with steroid-resistant forms of the disease
[45]. During FSGS recurrence, foot process effacement precedes the development of overt
sclerosis. The presence of serum-soluble circulating permeability factors in the serum of
patients with primary FSGS, which induces increased glomerular permeability and
proteinuria, was suggested by cases of recurrence of FSGS after kidney transplantation [29-
36].

Podocytes are considered to be the originating site of FSGS pathogenesis. Changes



in podocyte structure, such as the effacement of foot processes, precede proteinuria [46].
This early stage podocyte damage is reversible; however, if the stimuli is sustained, it may
become the basis for further aggravating injury resulting in proliferation, cell cycle arrest,
apoptosis, and necrosis [46]. Significant loss of podocytes (~25%) ultimately leads to the
irreversible loss of the entire nephron.

There are very few effective drug treatments for primary FSGS. In recurrent forms,
plasmapheresis or protein absorption strategies are used to remove circulating factors.
Also, angiotensin converting enzyme (ACE) inhibitors or angiotensin receptor blockers
(ARB) may provide a substantial reduction in proteinuria, and a wide range of
immunosuppressive therapies are typically used, although the drugs used are toxic and are

not well tolerated.

1.2.1.2 Genetic forms of FSGS

Genetic analyses of familial FSGS have identified several mutations in genes
encoding podocyte proteins that have shed light on the functions of the glomerular filtration
barrier. For instance, mutation in a gene that encodes a podocyte actin-binding protein
called a-actin 4 (ACTN4) causes an autosomal dominant FSGS [42]. Patients with ACTN4
mutations typically require dialysis or translplantation by age of 30, and rare recurrence
will happen for some of these patients who go through transplantation [42]. An autosomal
recessive congenital nephrotic syndrome is caused by a mutation in the NPHS1 gene, which
encodes for a protein called nephrin [47]. Nephrin is one of the main adhesion proteins of
the slit diaphragm and is also widely used as a podocyte marker. Nephrin mutations lead

to severe congenital nephrotic syndromes even prior to birth.



1.2.1.2.1 Nephrotic Syndrome 2 (NPHS2) gene mutation

Podocin, the product of NPHS2 gene, is nonfunctional in many autosomal recessive
forms of FSGS. This typically results in early childhood onset of proteinuria, rapid
progression to end-stage renal disease, and no recurrence after renal transplantation [48].
Podocin belongs to the stomatin protein family. It is a cholesterol-binding hairpin loop
protein, and it is selectively expressed at the inner membrane leaflet of the slit diaphragm
domains of podocyte foot processes [49-51]. Podocin is expressed in the podocytes of fetal

and mature kidney glomeruli, and has a crucial role in the glomerular filtration barrier [52].

1.2.1.2.2 Transient Receptor Potential Cation-6 (TRPC6) gene mutation

TRPC6 channels are Ca2*-permeable cationic channels that are expressed in many
cells and tissues. Mutations in the TRPC6 gene have been implicated in the
pathophysiology of glomerular diseases. TRPCG6 is a member of the TRP superfamily of
ion channels, and a member of TRPC subfamily [53-55]. The initial reports described a
series of autosomal-dominant mutations in TRPC6 gene causing the familial forms FSGS
[56, 57]. Most of the mutant TRPC6 channels identified in FSGS patients show a gain of
function when they are heterologously expressed in human embryonic kidney (HEK-293)
cells [56-58]. In those studies, TRPC6 channels were usually activated in response to
stimulation of G protein-coupled receptors coupled to phospholipase C (PLC) signaling
cascades [56, 57, 59]. In addition, TRPC6 expression in podocytes is increased in certain
acquired (non-genetic) glomerular diseases such as membranous glomerulonephritis [60].
It has been reported that podocyte-specific overexpression of wild-type and mutant TRPC6
channels in mice results in foot process effacement, glomerulosclerosis, and albuminuria

[61].



Moreover, acute glomerular toxicity evoked by puromycin aminonucleoside is driven in
part by upregulation of TRPCG6 secondary to generation of reactive oxygen species (ROS)
[62]. Abnormal TRPC6 channel activation has been shown to play a significant role in the
pathophysiology of glomerular disease. The canonical pathway for TRPC6 activation is
through PLC, which leads to formation of diacylglycerol (DAG) from inner leaflet plasma
membrane phospholipids. DAG causes robust activation of heterologously expressed
TRPC6 channels [63]. Application of membrane-permeable DAG analogs such as 1-
oleoyl-2-acetyl-sn-glycerol (OAG) can also evoke robust activation of native TRPC6
channels in podocytes [64, 65]. Importantly, our group has also observed that ROS
contribute significantly to activation of TRPC6 channels evoked by insulin [65], N-methyI-
D-aspartate (NMDA) receptor agonists, including metabolites of homocysteine [66], and
by application of angiotensin Il (Ang Il) [67], ATP [68], and 20-HETE (unpublished data).
Other groups observed ROS-dependent activation of podocyte TRPC6 channels in
response to elevated glucose [69] and puromycin aminonucleoside [62]. Last but not least,
our lab showed that podocyte TRPC6 channels can be activated by mechanical stimuli, as
well as chemical stimuli [64]. Importantly, the mechanical activation of TRPC6 channels
in podocytes is not mediated by G protein signaling cascades in contrast to the situation in

vascular smooth muscle [70, 71].

1.2.2 Diabetic Nephropathy (DN)
Throughout the world, the number of people diagnosed with diabetes is increasing.
The increased prevalence of diabetes has also caused an increase in the number of macro-

and microvascular complications of diabetes such as stroke, coronary heart disease, DN,



and end stage renal disease. DN is diagnosed when diabetic patients have albuminuria

(ratio of albumin/creatinine > 30 mg/g), impaired glomerular filtration rate (< 60

mL/min/1.73m?), or both [72].

1.2.2.1 Histopathology

The histopathologic changes of DN have been well documented. The glomeruli of
DN patients show an increase in matrix secretion (mesangial expansion) and cell
enlargement. Also, a thickened GBM and podocyte foot process effacement are visible by
electron microscopy [72]. When podocytes are enlarged, or start losing their attachment to
GBM because of their foot process effacement, the filtration barrier fails, leading to an
increase in urine albumin excretion [72, 73]. In the vessels, the initial hyaline thickening
progresses to arterial hyalinosis of the afferent and efferent arterioles; this eventually leads
to glomerular hyperfiltration in the remaining nephrons [73, 74]. Diffuse diabetic
glomerulosclerosis and  characteristic ~ Kimmelstiel-Wilson  nodules  (nodular

glomerulosclerosis) are often observed later in the disease [75].

1.2.2.2 Pathophysiologic pathways and available treatments

There are several pathophysiologic pathways that lead to DN. These include
hemodynamic mechanisms, often attributed to vasoconstriction of the efferent arteriole by
angiotensin and endothelin [73, 76-78]. However, elevations in blood glucose by itself can
increase transmural pressures across glomerular capillaries owing to water and glucose
uptake in proximal tubules, and changes in tubuloglomerular feedback. Hyperglycemia
causes an increased glycolysis, which then upregulates four distinct mechanisms: the

polyol pathway [79-81], the hexosamine pathway [79], the production pathway of



advanced glycation end products (AGEs) [73, 82, 83], and activation of protein kinase C
(PKC) [84-87]. Last but not least, DN may be a consequence of inflammatory pathways.
Inflammatory pathways induce a chronically activated innate immune system and a low-
grade inflammatory state in patients with diabetes [88, 89]. Therapeutic options are still
limited. Glycemic control and renin-angiotensin-aldosterone system (RAAS) inhibition
with angiotensin converting enzyme (ACE) inhibitors and angiotensin receptor blockers
(ARBs) are used to reduce albuminuria in patients with diabetic kidney disease. The
rationale for RAAS inhibition is to reduce efferent arteriolar vasoconstriction that occurs
in response to RAAS, thereby reducing hyperfiltration. Sustained RAAS hyper-activation
is likely to have deleterious effects on many other renal cell types, including cells in the

interstitium.

1.3 Summary of objectives

The first objective of this research is to study physiological mediators and
transduction cascades that cause activation of TRPC6 channels. In this dissertation, | focus
on the effects of chemical stimuli such as ATP and 20-hydroxyeicosatetraenoic acid (20-
HETE) on the gating properties of TRPC6 channels in immortalized mouse podocyte cell
line (in vitro) and in intact podocytes covering the glomerulus from the ex vivo preparation
of isolated rat glomeruli. Following the material and methods section in chapter two of this
dissertation, I discuss the effects of ATP and 20-HETE on the activity of podocyte TRPC6
channels in the third and fourth chapter, respectively.

The second objective of this dissertation is to study the dysfunction of podocyte

TRPC6 channels in in vivo and in vitro models of a syndrome called focal segmental
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glomerulosclerosis (FSGS). Since mutations in the TRPC6 gene have been shown to cause
FSGS, | examine whether the gating properties of podocytes TRPC6 channels are altered
in these models in response to chemical and mechanical stimuli. Also, I examine the role
of multiple interacting circulating factors such as SUPAR and TNF on the TRPC6 channel
activity. For this study, | use a secondary FSGS model in rats, the effects of sera from
patients with primary FSGS on cultured podocytes, and the effects of recombinant SUPAR
and TNF on cultured podocytes.

The third objective of this research is to validate NMDA receptors as potential
therapeutic targets in diabetic nephropathy. Using two different type-1 diabetic mouse
model, | show that renal NMDA receptor subunit expression is increased, and sustained
treatment with NMDA receptor antagonists such as memantine and MK-801 reduces

nephropathy.
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2. MATERIALS AND METHOD

2.1  Cell Culture protocols

An immortalized mouse podocyte cell line (MPC-5) was obtained from Dr. Peter
Mundel of Harvard Medical School and maintained as described previously [90]. Podocyte
differentiation and expression of podocyte markers were induced by removal of y-

interferon and temperature switch to 37°C for 14 days.

2.2 Primary isolation of rat glomeruli

For glomerular isolation, male Sprague-Dawley rats (150-200 g from Charles River
Laboratories) were anesthetized with isoflurane and euthanized according to NIH
guidelines as approved by the University of Houston Institutional Animal Care and Use
Committee. Glomeruli were immediately isolated using a sieving procedure described
previously [64, 67, 91]. Isolated glomeruli were plated for 24 h at 37°C in RPMI-1640
medium supplemented with 10% fetal bovine serum (FBS) and 100 U/ml penicillin-
streptomycin on collagen-coated glass coverslips. By that time they adhered sufficiently
tightly to the substrate to allow analysis by whole cell recordings. To isolate mesangial
cells from glomeruli, the glomeruli were then plated onto collagen-coated dishes,
maintained in RPMI-1640 medium containing 10% fetal bovine serum, 100 U/ml penicillin
and 100 pg/ml streptomycin at 37°C for two weeks. At that time, cells that had migrated
out of the glomeruli had achieved approximately 80% confluence. The vast majority of
those cells had an elongated spindle shape, and expressed the mesangial cell marker a-

smooth muscle actin. In experiments on the effects of high glucose, cultured cells were

12



exposed for 24 hr to the standard RPMI-1640 medium (which contains 9 mM glucose),
supplemented with either 16 mM glucose (for a final glucose concentration of 25 mM) or

with 16 mM mannitol (as an osmotic control).

2.3  siRNA knockdown protocol

Protocol is followed using procedures described previously [63, 64, 66]. In brief,
the medium of MPC-5 cells or isolated rat glomeruli were changed out to antibiotic and
FBS free medium for 24 hours before transfection. The siRNA (either TRPC6 SiRNA,
podocin siRNA, or control siRNA) was diluted in serum/antibiotic free medium (5 uM
SiIRNA into 250 uM medium, for 35 mm plate). Lipofectamine was diluted 1:50 in a
separate tube. Both tubes were kept at room temperature for 5 minutes. Next, the contents
of both tubes were mixed and kept at room temperature for 30 minutes. The mixture was
then added to 2 mL of serum/antibiotic free medium in 35 mm plate, or spread onto 5 wells

of a 24-well plate for electrophysiology.

2.4  Electrophysiology

Methods for conventional whole cell recordings from podocytes were carried out
by standard methods that have been described in detail previously [64-67, 92]. Recordings
were made with an Axopatch 1D amplifier (Molecular Devices) and analyzed using
pClamp v 10 software (Molecular Devices). The bath solution contained 150 mM NacCl,
5.4 mM CsCl, 0.8 mM MgClz, 5.4 mM CaClz, and 10 mM HEPES, pH 7.4. Pipette
solutions in all experiments contained 10 mM NacCl, 125 mM CsCl, 6.2 mM MgClz, 10
mM HEPES, and 10 mm EGTA, pH 7.2. The use of Cs* in bath and pipette solutions

prevents contamination by current flowing through K* channels that are also expressed in

13



these cells [90]. The relatively high Ca?* concentration in the bath solution markedly
increases stability of whole cell recordings. In some experiments, the pipette solution also
contained guanosine 5’-O-(2-thiodiphosphate) (GDP-BS), a GDP analog resistant to
hydrolysis and phosphorylation that competitively inhibits G protein activation by GTP
[93]. Activators and inhibitors in the absence or presence of other agents were applied by
gravity feed through the recording chamber. Tempol was applied to cell line or glomeruli
30 min prior to electrophysiological analyses. To monitor TRPC6, currents were
periodically evoked by 2.5-s ramp voltage commands (-80 to +80 mV) from a holding
potential of -40 mV. Whole cell currents were quantified at +80 mV. It is possible to
compensate up to 80% of series resistance without introducing oscillations into the current
output of the amplifier. Data are presented as means + SE, and quantitative comparisons
were analyzed using ANOVA followed by Tukey’s post hoc test with P < 0.05 considered

significant.

2.5 Immunoblot/cell surface biotinylation assay

Methods used for immunoblot analysis from podocyte lysates have been described
in detail previously [65, 92, 94]. Filters were probed using primary antibodies, washed,
incubated with horseradish peroxidase-conjugated secondary antibodies, and visualized
using chemiluminescence. Methods for cell-surface biotinylation assays to measure steady-
state surface expression of TRPC6 channels were also described previously [65, 92, 94].
Briefly, after exposure to putative permeability factors or patient sera, cells were treated
with a membrane-impermeable biotinylation reagent (Pierce Biotechnology, Rockford, IL)

to selectively label proteins on the cell surface. The reaction was stopped, cells were lysed,
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and surface proteins were captured using immobilized streptavidin-agarose beads. A
sample of the initial lysate used to measure the total protein abundance.
2.6 RNA isolation, reverse transcription, and PCR
Total RNA from mouse renal cortex, immortalized mouse podocytes (MPC-5 cells)
and primary cultures of rat mesangial cells was isolated using the QIA™ shredder and
RNeasy™ mini kit (Qiagen Inc., Valencia, CA). RNA was stored at -80°C before being
reverse transcribed into cDNA. Aliquots of total RNA (1.0 pg) from each sample were
transcribed into the first strand cDNA using the ThermoScript™ RT-PCR System
(Invitrogen, Carlsbad, CA) according to the manufacturer’s description. The primer
sequences used in PCR were:
NR1: fd ACTCCCAACGACCACTTCAC, reverse GTAGACGCGCATCATCTCAA
NR2A: fd AGACCTTAGCAGGCCCTCTC, reverse CTCTTGCTGTCCTCCAGACC
NR2B: fd CCGCAGCACTATTGAGAACA, reverse ATCCATGTGTAGCCGTAGCC
NR2C: fd GCAGAACTTCCTGGACTTGC, reverse CACAGCAGAACCTCCACTGA
NR2D: fd CAGCTGCAGGTCATTTTTGA, reverse GGATCTGCGCACTGACACTA
NR3A: fd CAGAGGGATGAGCCAGAGTC, reverse CTTCCACACGGTTCAGGTTT
p-actin: fd AGCCATGTACGTAGCCATCC, reverse CTCTCAGCTGTGGTGGTGAA
Cycling parameters for PCR were 94° for 5 min, 30 cycles of 94° for 30 sec, 55° for 30
sec, 72° for 30 sec: and a final extension at 72° for 10 min. PCR products were separated
on agarose gels and visualized using ethidium bromide. The signals obtained for each
transcript were quantified using Image J™ software (Bethesda, MD). All experiments

were performed in triplicate.

2.7 Histology, immunohistochemistry, and electron microscopy
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In each experiment, rat or mouse kidneys was immersion-fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) solution, embedded in paraffin, and
2 um sections prepared for staining by periodic acid-Schiff’s (PAS). In addition, some
paraffin sections were immunostained with antibodies against various NMDA receptor
subunits (anti-NR1 from Abcam, Cambridge MA), anti-NR2A and anti-NR2B (Thermo
Fisher Scientific, Waltham MA), and anti-NR2C (Alomone Labs). Antigens were retrieved
using a citrate-based antigen unmasking solution (H-3300 Vector Laboratories, San Mateo,
CA). Slides were then quenched and blocked using manufacture’s protocol, and incubated
with primary antibody overnight at 4°C. Immunostaining was produced using the
Vectastain Elite ABC Kit™ (Vector Laboratories) and the DAB Peroxidase (HRP)
Substrate Kit™ (Vector Laboratories). Mesangial matrix expansion in PAS-stained
sections was calculated from fractional volume of the mesangium on all of the glomeruli
in a section using Adobe Creative Cloud-Ps CC on PAS-stained slides, and analyzed using
similar to those reported previously (34). The percentage of mesangial matrix occupying
each glomerulus was then rated on a scale from 0, 0%; 1, 25%; 2, 50%; 3, 75%; and 4,
100%. For each mouse, glomerular matrix expansion was evaluated in 15 glomeruli and
averaged to obtain a value for that animal. Statistical analysis was carried out on the mean
values from each group of animals, with N = 4 mice per group.

The other kidney was fixed by immersion in 3% glutaraldehyde plus 3%
paraformaldehyde in 0.1 M sodium cacodylate buffer pH 7.3 for ultrastructural analysis
using transmission and scanning electron microscopy (EM) at the High Resolution Electron
Microscopy Facility at the M. D. Anderson Cancer Center in Houston, TX.  For
transmission EM, the samples were post-fixed with 1% cacodylate buffered osmium
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tetroxide for 30 min, and stained en bloc with 1% uranyl acetate. The samples were
dehydrated by passing through graded ethanol, embedded in LX-112 resin, and allowed to
polymerize at 60° for three days. Ultrathin sections (50-70 nm thick) were cut using a
Leica Ultracut microtome (Leica, Deerfield USA), stained with uranyl acetate and lead
citrate in a Leica EM Stainer, and examined in a JEM 1010 transmission electron
microscope (JEOL USA Inc., Peabody, MA) at an accelerating voltage of 80 kV. Digital
images were obtained using an AMT Imaging System (Danvers, MA). The thickness of
the glomerular basement membrane (GBM) was measured from the digital images using
Adobe Creative Cloud-Ps CC. For each mouse, 15 glomeruli were selected and 3-4
different points of GBM from the same glomerulus were used for measurements to
calculate a mean GBM thickness for that animal. Statistical analyses of GBM thickness
on groups of animals was then carried out with N = 4 mice per group. For scanning EM,
fixed samples were washed with 0.1 M sodium cacodylate buffer pH 7.3, post-fixed
with1% cacodylate-buffered osmium tetroxide, washed in 0.1 M sodium cacodylate buffer,
and then with distilled water. The samples were then treated sequentially with filtered 1%
aqueous tannic acid, distilled water, filtered 1% aqueous uranyl acetate, and then rinsed
thoroughly with distilled water. Samples were dehydrated by passing through graded
ethanol, transferred through a graded series of hexamethyldisilazane (Electron Microscopy
Sciences, Hatfield, PA), and then air dried overnight. Samples were mounted onto double-
stick carbon tabs (Ted Pella Inc., Redding, CA) attached to glass slides, and coated under
vacuum using a Balzer MED 010 evaporator (Technograde International, Manchester, NH)
with platinum alloy to a thickness of 25 nm, and immediately flash carbon-coated under
vacuum. Samples were imaged in a JSM-5910 scanning electron microscope (JEOL USA
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Inc.) at an accelerating voltage of 5 kV.

2.8 Patient serum and plasma samples

Studies with serum and plasma samples were done following a protocol approved
by the University of Houston Committee for the Protection of Human Subjects. Serum or
plasma samples were taken from patients with biopsy proven FSGS that recurred after
transplantation following ethical review by panels at the institutions where the patients
were seen. Plasma samples from patients 001 and 006 were collected from patients seen
at the University of Bristol, UK. Those samples were collected during relapse and after
treatment with plasma exchange. Sera from patients 002 and 003 were collected from
patients at the Rush University Medical Center during a relapse. Sera from patients 004
and 005 were collected at the Department of Medicine Il at the University of Cologne,
Germany. The samples from patient 004 were collected during relapse and after this patient
achieved a remission as a result of intensive LDL apharesis therapy using a Miltenyi
TheraSorb™ column (Miltenyi Biotec, Gladbach, Germany) with preasborbed sheep
antibody against the B-100 component of LDL. These samples have been stored at -80°.
In most experiments, immortalized mouse podocytes were cultured with media containing
plasma or serum at 10% (replacing fetal bovine serum) for 24 hr. Controls in those cases
consisted of sera from healthy humans replacing fetal bovine serum. Serum from healthy
controls never produced changes compared to cells cultured in fetal bovine serum.
However, the plasma from patient 001 was applied to podocytes at 2% because higher

concentrations tended to be toxic.

2.9 Mouse models of type-1 diabetes
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All animal experiments were conducted according to protocols approved by the
Institutional Animal Care and Use Committee of the University of Houston. Male DBA/2]
mice (strain 000671) and D2.B6-Ins2Ak@Mathd mjce (Akita, strain 007562) of 5-6 weeks
age were purchased from the Jackson Laboratory, and were given free access to food and
water during the time of the experiments. In a subset of experiments, 10-week old DBA/2]
mice were administered five injections of streptozotocin (STZ) (40 mg/kg i.p in 0.1 ml of
0.1 M Na-citrate buffer, pH 4.5) or with the Na-citrate vehicle at 24-hr intervals. Treatment
with NMDA antagonists in low-dose STZ-induced diabetic mice began 15 weeks after the

completion of STZ treatment.

2.10 Chronic puromycin aminonucleoside (PAN) nephrosis

These experiments were carried out according to a protocol approved by the
University of Houston Institutional Animal Care and Use Committee. Sprague-Dawley rats
(100-150 g) were purchased from Charles River, and were given three injections of a sterile
solution of PAN (200 mg/kg i.p.) dissolved in 0.9% saline. Controls received the saline
vehicle. Injections were made at 30 day intervals. Periodically, animals were placed in
metabolic cages for 24 hr to collect urine for analysis of albumin excretion using a
commercial ELISA (Exocell Inc. Philadelphia, PA). At 10-14 days after the third injection,
animals were sacrificed by COz2 inhalation followed by cervical dislocation and both
kidneys were immediately excised. A portion of renal cortex of one kidney was removed
and fixed by immersion in paraformaldehyde overnight. Then sample was dehydrated,
embedded in paraffin, and 2 um sections were stained using the periodic acid-Schiff’s

method (PAS). The rest of the kidneys were used for isolation of glomeruli by sieving for
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use in electrophysiology and for analysis of podocyte proteins by immunoblot, as described
below. Calculation of mesangial score was done by analysis of PAS-stained sections as

described by [95] using Adobe Photoshop CC.

2.11 Surgical implantation of Alzet minipumps

All the following procedures carried out according to a protocol approved by the
University of Houston Institutional Animal Care and Use Committee. The least invasive
method of drug delivery was used in our Akita mice and low-dose STZ induced diabetic
mice, and control groups. The subcutaneous implantation of Alzet minipumps filled with
either drug or vehicle were performed. Mice were anesthetized, shaved and prepared for
surgical implantation using 70% ethanol and Lidocaine. A mid-scapular incision was made
in the skin and a hemostat was used to create a pocket for the pump. Finally, the filled
pump carrying either drug or vehicle was inserted in the pocket, exit port first. The incision
was closed with wound clips or sutures. NMDA antagonists or saline vehicle were
delivered continuously using Alzet™ model 1004 osmotic minipumps (Durect
Corporation, Cupertino, CA) implanted subcutaneously in the mid-scapular area under
isoflurane anesthesia. These pumps were filled with sterile-filtered solutions containing
memantine HCI, or (5S,10R)-(+)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-
5,10-imine maleate (MK-801), or 0.9% saline vehicle. Memantine was delivered at a dose

of 0.2 mg/kg/day, whereas MK-801 was delivered at 0.5 mg/kg/day.

2.12 Assessment of diabetic nephropathy
Just prior to initiation of treatment with NMDA antagonists or vehicle, mice were

weighed and mean arterial blood pressure was measured using a non-invasive tail cuff
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plethysmographic procedure (Kent Scientific Corporation, Torrington, CT). Mice were
then placed in metabolic cages for 24 hr and urine was collected and albumin analyzed
using the Albuwell M™ ELISA assay (Exocell, Philadelphia, PA). Animals were weighed
every 7 days during the course of drug treatment. After 28 days of drug or vehicle
treatment, a final 24-hr urine sample was collected for albumin excretion analysis, and
animals were sacrificed by COz2 inhalation. Kidneys were excised and a portion of renal
cortex was reserved for biochemical analysis. The rest of the kidney was used for
histological and ultrastructural analysis. Data on 24-hr albumin excretion were obtained

from N = 9-10 animals in each experimental group.

2.13 Reagents

The pan-TRP  channel inhibitor  1-[2-(4-methoxyphenyl)]-2-[3-(4-meth-
oxyphenyl)propoxy]ethyl-1H-imidazole hydrochloride (SKF-96365) was obtained from
Sigma. ATP, UTP, UDP, ADP, GDP-S, tempol, suramin, and D-609 were also obtained
from Sigma. 20-hydroxyeicosatetraenoic acid (20-HETE) was purchased form Cayman
Chemical Inc. TRPC6 siRNA, podocin siRNA and control siRNA were purchased from
Santa Cruz Biotechnology. The P2Y2-selective agonist 4-thiouridine-5’-O-(B,y-
difluoromethylene) triphosphate used in one set of experiments was obtained from Tocris
(catalog no. 4333). Rabbit antibodies against TRPC6 were obtained from Alomone Labs
(Jerusalem, Israel), antibodies against podocin and B3-integrin were obtained from Santa
Cruz (Santa Cruz, CA).

Recombinant TNF was obtained from R&D Systems (Minneapolis, MN). A large

recombinant form of SUPAR containing domains 1, 2 and 3 was obtained from R&S
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Systems. A smaller form of suPAR containing domains 2 and 3 was expressed in
Drosophila SF2 cells and purified form the conditioned medium by affinity
chromatography using the amino-terminal fragment of full-length urokinase (ATF;
residues 1-143) followed by reversed-phase HPLC using a C4 column on a Waters HPLC
system. The organic solvents were evaporated by Speedvac and the pure recombinant
protein was lyophilized, resuspended in water, and frozen for subsequent use. Cilengitide
was obtained from Seleck Chem (Houston, TX, USA).

Antigen unmasking solution, Vectastain Elite ABC Kit, M.O.M Kit, and
VectaMount were all purchased from Vector Laboratories. Anti-NR3A antibody and Anti-
NR1 antibody were purchased from Abcam. Anti-NR2A and Anti-NR2B antibodies were
from Zymed-ThemoFisher. Anti-NR2C was from Alomone Labs. MK-801 and memantine

were obtained from Sigma.

2.14 Statistical analysis

All experiments on immunoblot or cell surface biotinylation assays were performed
in triplicate and analyzed by densitometry using Image J™ software (Bethesda, MD). The
data are presented as fold changes relative to the lowest value observed in a control group.
These data are presented graphically as mean + SD. Unpaired student t-test used for
statistical analysis. Electrophysiological data on TRPC6 current amplitudes are presented
as fold changes of current observed at +80 mV relative to the current measured at a stable
baseline, prior to application of hypoosmotic stretch, OAG, or other agonists or blockers.
Those data are presented graphically as mean + S.E.M. and were analyzed using Student’s

unpaired t-test. There were always at least 10 cells in each group. Data from animal
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experiments are presented graphically as mean £ S.E.M. Quantitative data on renal
phenotypes were analyzed using weighted measures two-way ANOVA followed by
Tukey’s post hoc test. In these analyses the two independent variables were genotype
(Akita vs. DBA/2J) and drug treatment (NMDA antagonist vs. saline vehicle). A
statistically positive result was inferred when F values for the interaction between drug
effects and genotype, or for drug effects alone, indicated P < 0.05. Data from immunoblot
and RT-PCR are presented as mean x SD from triplicate measures. The analysis of the fold
increase in podocyte TRPC6 channel activity induced by 20-HETE were presented as two-

tailed unpaired T-test, one-way ANOVA and Tukey HSD test.
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3. ATP ACTING THROUGH P2Y RECEPTORS CAUSES ACTIVATION
OF PODOCYTE TRPC6 CHANNELS: ROLE OF PODOCIN AND
REACTIVE OXYGEN SPECIES

3.1 Introduction

Podocytes are highly polarized cells that cover the external surface of the
glomerular capillary. Podocyte foot processes attach to the capillary basement membrane
and are connected to each other through specialized junctions known as slit diaphragms
[96]. The extracellular portions of slit diaphragms are formed from the interacting
ectodomains of adhesion molecules such as nephrin and Nephl, which collectively
comprise a porous matrix through which water and small solutes pass as a result of
hydrodynamic and diffusive driving forces. The permselective properties of slit
diaphragms normally prevent significant movement of aloumin and comparably sized
macromolecules into the urinary space inside Bowman’s capsule. While slit diaphragms
and foot processes are often depicted as static structures, there is evidence that dynamic
processes within foot processes can alter the passage of solutes through slit diaphragms
[97, 98] and may in this way contribute to regulation of GFR. Even more dramatic changes
in the shape of podocytes may allow for a stronger attachment to the glomerular capillary
in the face of injury or stress, although this typically occurs at the expense of normal
glomerular filtration [99].

GFR is regulated by a number of feedback mechanisms that operate over several
time scales [100, 101]. A mechanism of particular importance is tubuloglomerular
feedback (TGF), a process in which cells of the macula densa detect changes in distal tubule
flow rate and luminal Na* content and initiate signals in response that ultimately act on
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glomerular cells to control GFR [102, 103]. While a vast body of work on TGF has focused
on regulation of vascular smooth muscle in the afferent and efferent arterioles [104-107],
recent studies have provided evidence that TGF generates a Ca>* wave that propagates from
smooth muscle through extra- and intraglomerular mesangial cells, into endothelial cells,
and into podocytes [108]. Importantly, the propagation of this Ca?* wave is suppressed by
extracellular ATP scavengers, and by blockade of P2 purinergic receptors [108]. In recent
years it has become clear that connexin and pannexin hemichannels can allow for regulated
ATP release from a wide variety of cells [109, 110]. It is notable that glomerular endothelial
cells (GENnCs) express connexin 40, which mediates release of ATP and propagation of
Ca?* waves, in part by extracellular diffusion of ATP [111]. Since only a short diffusion
distance would be required for ATP secreted from endothelial cells to act on podocytes,
this provides a potential mechanism for propagation of the final phase of the glomerular
Ca?* wave observed in TGF. Something like this would appear to be necessary, since
podocytes and GEnCs lie on opposite sides of the GBM and therefore cannot be connected
by gap junctions. The purpose of the present study is to examine the actions of ATP on
canonical transient receptor potential-6 (TRPC6) channels in podocytes.

TRPC6 channels are Ca?*-permeable cationic channels that play a role in G protein-
mediated signaling in a wide variety of cell types [112]. Podocyte TRPC6 channels in
podocytes are expressed in foot processes in a complex with other slit diaphragm proteins,
including podocin and nephrin [51, 56, 64, 113]. However, TRPC6 is also detected in the
major processes and in the podocyte cell body [113], where it exists in different
macromolecular complexes [52, 64, 92, 113]. TRPC6 is of particular interest because
mutations in these channels result in familial nephrotic syndromes [56-58]. Moreover,
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podocyte TRPC6 channels are upregulated in several acquired glomerular diseases [60],
and podocyte-specific overexpression of wild-type or mutant TRPC6 channels in mice
results in proteinuria and glomerulosclerosis [61]. Therefore there is considerable interest
in understanding the physiological mediators and transduction cascades that can cause
these channels to become active. ATP is an attractive candidate because of its role in TGF,
and because earlier studies have shown that it could evoke an increase in intracellular Ca*
in podocytes [114, 115].

We now report that ATP evokes a concentration-dependent increase in current
through TRPC6 channels in immortalized mouse podocyte cell lines, and in primary rat
podocytes that are still attached to the GBM in explanted decapsulated glomeruli. The
effects of ATP are blocked by the pan-P2 antagonist suramin as well as by inhibition of G
protein signaling, and mimicked by P2Y agonists such as ADP and UTP. These effects of
ATP are also blocked by TRPC6 knockdown using siRNA and by TRPC6 blocking agents.
We also report that podocin is required for robust responses to ATP in podocytes, and we
present evidence suggesting that reactive oxygen species play a role in the overall signal

transduction cascade leading from P2Y receptors to TRPC6.

3.2 Results

Our initial experiments were carried out on the differentiated cells of an
immortalized mouse podocyte cell line (MPC-5cells) that we have used in several previous
studies on TRPCG6 [64-67]. Cationic currents were evaluated during application of slow
duration (2.5 s) ramp voltage commands (-80 mV to +80 mV). Application of ATP by

gravity-fed bath superfusion evoked large cationic currents that showed substantial

26



outward rectification under our recording conditions (Fig. 1A) and which reversed rapidly
upon washout (not shown). The effects of ATP were concentration dependent, with half-
maximal currents typically occurring at ~10 uM (Fig. 1B), and with maximal responses
observed at 100 uM (Fig. 1B). Pretreating podocytes with 100 puM suramin completely
eliminated responses to ATP (Fig. 1, C and D), suggesting that they are mediated by P2
receptors. The P2 receptor can be subdivided into seven forms of ionotropic P2X receptors,
and a family of eight metabotropic receptors, known as P2Y(1234611121314) [116].
Transcripts encoding P2Y1, P2Y2 and P2Ys have been detected in rodent podocytes [114].
ATP can activate P2Y1 and P2Y2 receptors, whereas UTP can activate P2Y2 and P2Y4
receptors. Note, however, that the later are not inhibited by suramin. UDP preferentially
activates P2Ys, whereas ADP preferentially activates P2Y1 [116]. We observed that
cationic currents qualitatively similar but consistently smaller than those evoked by ATP
could be activated by 100 M or 200 uM of ADP, UTP, or UDP (Fig. 1E). Responses were
also evoked by the synthetic agonist 4-thiouridine-5’-O-(B,y-difluoromethylene)
triphosphate at concentrations where it is selective for P2Y2 receptors [117]. For all of these
nucleotides, response amplitudes were similar when they were evoked at 100 or 200 uM,
suggesting that they comprise the top of the concentration-response curves. These data
suggest that the functional P2Y1, P2Y2, and P2Ys receptors are expressed in mouse
podocytes, consistent with earlier investigations on transcript expression [114]. ATP
evoked larger responses than any of the other nucleotides, which suggests that its effects
are caused by simultaneous activation of multiple subtypes of receptors expressed in these

cells, most likely P2Y1 and P2Y? (since it is not able to activate P2Ys).
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Figure 1. ATP activates cationic currents in immortalized mouse podocyte cell lines. A:
whole cell currents recorded from a podocyte during ramp voltage commands (-80 to +80
mV in 2.5 s) before (left) and after (right) application of 200 uM ATP. Note marked
increase in rectifying cationic current after ATP application. B: concentration-response
relationship for ATP-evoked currents measured at +80 mV, at the end of ramp voltage
commands. Points are fitted with the Hill equation, with EC50 at 9.5 uM. Points are means
+ SE (N = 3 cells). C: cationic currents before and after ATP application in cell pretreated
with the P2 antagonist suramin. D: currents at +80 mV before and after ATP application in
control cells and in cells pretreated with 100 pM suramin (N = 9 cells per group). E: several
nucleotides can activate cationic currents in immortalized mouse podocyte cell lines. Mean
currents + SE recorded at +80 mV are plotted for ATP, ADP, UTP, and UDP at 100 and
200 puM, as indicated (N =5 cells per group).
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Irrespective of the relative contributions of the various subtypes of P2Y receptors,
responses to ATP were not seen when recording electrodes contained 50 UM guanosine 5°-
O-(2-thiodiphosphate) (GDP-S), a GDP analog resistant to hydrolysis and
phosphorylation that competitively inhibits G protein activation by GTP [93] (Fig. 2). We
have previously shown that this pipette solution also blocks responses to angiotensin 1l
(ANG 1), although activation of TRPC6 by hypoosmotic stretch persists under those
recording conditions [64]. These data indicate that podocyte responses to ATP are mediated

by G protein-coupled metabotropic receptors in the P2Y family [114].
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Figure 2. ATP activation of podocyte cationic currents requires G protein signaling. Whole
cell recordings of ATP-evoked currents in immortalized mouse podocytes. A: recording
made using an electrode filled with normal solution. B: recording made using electrode
filled with normal solution supplemented with 50 uM GDP-fS, an agent that prevents GTP
binding and thereby abolishes G protein signaling. Bar graph in C shows summary of
several repetitions of these experiments (N = 5 cells per group).
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The ATP-evoked cationic current appears to flow through endogenously expressed
TRPC6 channels. Currents activated by ATP were completely blocked by bath application
of 10 uM SKF-96365, a nonselective pan-TRP channel inhibitor (Fig. 3A). Podocytes
express TRPC5 and TRPC6 subunits [65, 113, 118], and those two types of channels are
both blocked by SKF-96365 [118]. However, they are differentially sensitive to
micromolar concentrations of La®*, as TRPC6 can be completely inhibited by micromolar
La*, whereas TRPCS5 is actually activated by La®" at that concentration [118, 119]. We
observed that 50 uM La®** rapidly and completely blocked currents evoked by 200 uM
ATP, suggesting that they are mediated by channels containing TRPC6 subunits, and
indicating that TRPC5 channels cannot be making a significant contribution to the ATP-
evoked currents in these cells (Fig. 3B). Consistent with this, we observed that transient
SiIRNA knockdown of TRPCG6 using procedures described previously [64, 65, 67] abolished
podocyte responses to ATP, whereas cells continued to respond to ATP after treatment
with a control siRNA (Fig. 4). The effectiveness of the siRNA was confirmed by
immunoblot (Fig. 4D).

Previous studies have shown that P2Y1, P2Y2, and P2Ys receptors are preferentially
coupled to Gqg [116] and therefore have the potential to activate phospholipases that feed
into TRPC6 [63]. The role of phospholipases in TRP channel signaling must be assessed
with caution, because several of the most commonly used phospholipase inhibitors, such
as U-73102, are direct inhibitors of certain TRP channels, including TRPC6 ( unpublished
observations). However, we have observed that tricyclodecan-9-yl-xanthogenate (D-609)
can be used for experiments on TRPC6 channels, since it does not block responses evoked
by diacylglycerol analogs. D-609 inhibits phosphatidylcholine-specific forms of
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phospholipase C (PLC) as well as certain forms of phospholipase A2. We observed that
pretreatment with 100 pM D-609 for 30 min abolished responses to ATP (Fig. 5),
suggesting that signaling from P2Y receptors to TRPC6 channels in podocytes entails

activation of phospholipases.
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Figure 3. ATP-evoked cationic currents are blocked by TRP inhibitors in immortalized
mouse podocyte cell lines. A: cationic currents evoked by 200 uM ATP are blocked by 10
MM SKF-96365, a nonselective inhibitor of TRP family channels, including TRPC6 and
TRPC5. B: ATP-evoked cationic currents are completely blocked by 50 uM La®*, an agent
that blocks TRPC6 but not TRPC5. C: summary of several repetitions of this experiment
(N=5).
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Figure 4. TRPC6 knockdown using siRNA eliminates ATP-evoked cationic currents in
podocytes. A: ATP effects in a podocyte 24 h after transient transfection with a control
SIRNA. B: ATP response in podocyte 24 h after transient transfection with sSiRNA targeting

TRPC6. C: summary (N = 6). D: immunoblot analysis of TRPC6 expression showing
effectiveness of the sSiIRNA knockdown.
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Figure 5. Phospholipase signaling is required for ATP activation of TRPC6 channels in
immortalized mouse podocytes. A: after establishing a response to ATP, bath application
of 100 uM D-609 reversed activation of the currents. In pilot experiments we have shown
that D-609 does not block TRPC6 activation by diacylglycerol analogs. B: cells were
pretreated with control solution or 100 uM D-609 for 30 min prior to testing of response
to ATP by whole cell recording (N = 6).
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Previous studies have shown that TRPC6 channels of podocytes become active in
response to signals that increase generation of reactive oxygen species [65-67], including
rapidly acting signals such as Ang Il [67]. We observed that 30 min pretreatment with 10
mM tempol, a membrane-permeable superoxide dismutase mimetic, abolished responses
to ATP (Fig. 6), suggesting a pathway similar to the one we previously described for Ang
Il [67]. In a more recent study we observed that podocyte TRPC6 channels reside in
multiprotein complexes that include the NADPH oxidase NOX2, which can generate ROS
locally to facilitate TRPCG6 activation in podocytes [92]. The interaction between TRPC6
and NOX2 is indirect, and coimmunoprecipitation of these proteins requires the hairpin-
loop inner membrane protein podocin [92]. As with our previous studies on Ang Il [67],
we observed that podocin knockdown using a panel of SiRNAs eliminated ATP activation
of TRPC6 channels, whereas responses were readily detected in cells transfected with a
control sSiRNA (Fig. 7). Immunoblot analysis showed that podocin siRNA produced strong

reductions in podocin expression but had no effect on TRPC6 (Fig. 7D).
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Figure 6. Reactive oxygen species contribute to TRPCG6 activation by ATP in immortalized
mouse podocytes. A: example of typical robust response to 200 uM ATP. B: ATP does not
evoke significant cationic currents in cells pretreated with 10 mM tempol for 30 min. C:
summary of results of this experiment (N = 6 cells).
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Figure 7. Podocin is required for ATP activation of TRPCG6 in podocytes. A: response to
200 uM ATP recorded 24 h after transient transfection with a control siRNA. B: response
to 200 uM ATP recorded 24 after transfection with an siRNA that targets podocin. C:
summary (N =6 cells). D: immunoblot analysis of podocin and TRPC6 expression showing
effectiveness of the sSIRNA knockdown.
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It is possible that changes in gene expression and cell physiology occur when
podocytes are immortalized and propagated as a cell line. If the response to ATP is
physiologically relevant, one would expect to see it in primary podocytes. To this end, we
have employed an isolated decapsulated rat glomerulus preparation in which podocytes
remain attached to the underlying glomerular basement membrane. This preparation does
not require enzymatic digestion, and the podocytes on the external surface of the
preparation can be readily seen using Hoffman modulation contrast optics. They are readily
accessible to the recording electrode (Fig. 8A), the bath solution, and any agents that we
may include in external culture media or recording solutions. We observed that bath
application of ATP evoked robust increases in cationic current in this preparation, and these
currents were completely blocked by subsequent exposure to 50 uM La®*" (Fig. 8, B and
C). Treating the isolated glomerulus preparation for 24 h with the same TRPC6 siRNAs
that we used on the immortalized cell lines resulted in a loss of ATP responses of podocytes
located along the outer margin of the preparation, whereas glomeruli treated with control
SIRNA continued to show robust responses to ATP (Fig. 9). Immunoblot analysis
confirmed reduction in TRPCG6 expression by siRNA (data not shown). Collectively these
data indicate that channel complexes containing TRPC6 subunits are required for ATP-
evoked cationic currents in primary rat podocytes, as in the immortalized podocyte cell

line.
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Figure 8. ATP evokes cationic currents in podocytes in isolated rat glomeruli. A:
modulation contrast optics view of isolated decapsulated rat glomerulus with patch
electrode attached to a podocyte located on the outer margin of the preparation. B: example
of typical ATP-evoked current, and complete blockade of this response by 50 M La** in
the continued presence of ATP. C: summary of this experiment (N = 5 cells per group).

o)

A. Control siRNA
0.4 0.3 | control

ATP

ATP (200 puM)

I (nA
o o
> ¢ 7

X
Current (nA)

B0 40 0 ] w40 0 ]
VM (mV) VM (mV)
R 0.4 )
_ TRPC6 siRNA ATP (200 uM) :
< 0.2 Control siRNA TRPC6 KD
= o Y
0.2
0 40 [ 0 =0 0 40 [ o =0
V_ (mV) VM (mV)

Figure 9. TRPC6 knockdown completely inhibits ATP responses in podocytes in isolated
rat glomeruli. Glomeruli in this ex vivo preparation were transfected with control sSIRNA
(A) or siRNA targeting TRPC6 (B) for 24 h. Cell culture medium was changed several
times, and glomeruli were then transferred to recording chamber, where whole cell
recordings were made from podocytes on the outer margin of the preparation. C: summary
of the results of this experiment (N = 5 cells per group).
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3.3 Discussion

In this study we have shown that ATP evokes robust activation of TRPC6 channels
in immortalized mouse podocyte cell lines and in primary rat podocytes still attached to
the glomerular basement membrane in ex vivo glomeruli. The effects of ATP are mediated
by a G protein-coupled pathway from P2Y receptors, through a phospholipase, to the
TRPC6 channels. At some point, most likely downstream of phospholipases [92], the
transduction cascade generates ROS, which contribute to TRPC6 activation. In addition,
the cascade requires podocin, which appears to function as a scaffold to allow for spatial
co-localization of the various transduction components within cholesterol-rich membrane
proteins [51, 64, 92]. In short, the transduction cascade is qualitatively similar to the one
used in these cells by Ang Il and AT1R receptors, which we have described recently [67].

Responses to ATP are generally larger than responses to Ang Il at concentrations
that evoke maximum responses [67]. The robustness of the response to ATP may occur
because its signals are simultaneously transduced through multiple forms of P2Y receptors
(especially P2Y1 and P2Y?2) [114], whereas Ang Il signals to TRPCG6 are only transduced
by ATR1. Responses to UTP, UDP, and ADP suggest the presence of multiple functional
P2Y receptors in these cells, which is largely consistent with a recent study [115]. It should
bear noting, however, that this last study did not detect Ca?* influx in response to UDP.
Collectively these observations also suggest that treatments that reduce ATP-evoked Ca?*
overload into foot processes through this pathway could be especially effective therapeutic
strategies. In this regard, a previous study has shown that sustained exposure to ATP can
cause cell death in podocytes [114].

In principle, Ca?* overload in foot processes could be reduced by agents that inhibit
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TRPC6 channels, or possibly by agents that inhibit ROS generation by NADPH oxidases
[62]. The present results raise the possibility that P2Y antagonists might also reduce Ca?*
overload, assuming they could be tolerated. In this regard, P2Y1 receptors expressed in
podocytes have been shown to mediate Ca?* influx [115] and are also expressed in proximal
tubules where they have been proposed to play a role in regulation of bicarbonate transport
[120]. P2Y1 knockout mice are viable, but kidney function has not been assessed in these
animals. P2Y2 receptors are expressed in podocytes and in several different nephron
segments and play a complex role in regulation of renal electrolyte and water transport
[121]. P2Ys is also expressed in renal vasculature, although it is not responsive to ATP
[122]. There is evidence suggesting that locally released ATP may modulate gating and
steady-state surface expression of the epithelial sodium channel ENaC in the distal nephron
[123-127] and may also regulate collecting duct aquaporin channels [128]. As a result,
there is a net salt-resistant increase in mean arterial pressure in P2Y2 knockout mice that
appears to be associated with changes in multiple homeostatic systems [121] and which is
consistent with the idea that global P2Y> activation results in a steady diuresis [129]. In
addition, P2Y2 knockout mice actually appeared to be more susceptible to various indexes
of kidney damage by 8 weeks after subtotal (5/6) nephrectomy, including an increase in
albuminuria compared with wild-type mice subjected to the same stress, although there
was no increase in glomerulosclerosis in these experiments in the knockout mice [130].
These results would tend to suggest that P2Y1 or P2Y2 might be the most promising
therapeutic targets for glomerular disease, with the caveat that the P2Y2 knockout mice
used in the studies cited above are complete, global (in every tissue) and constitutive
(including during embryonic development) [131]. Therefore it may not be straightforward
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to compare the physiology of those mice to what might occur with subtotal
pharmacological blockade in a system that developed normally.

One unanswered question from these studies is the the source of ATP that might
activate podocyte P2Y receptors during normal physiology. Glomerular endothelial cells
are able to secrete ATP through connexin and/or pannexin hemichannels [111], and we
favor this as a mechanism for propagation of Ca?* waves to podocytes during TGF. The
question of whether it is adenosine or ATP that carries the initial signals from the macula
densa to the afferent arteriole [106, 107] is immaterial as to how the Ca?* wave is
subsequently propagated into the rest of the glomerulus. We know from Lucifer yellow
dye-filling experiments that podocytes are not connected to other cells by gap junctions
(unpublished data) and therefore orthograde signals must pass into podocytes, and possibly
from one podocyte to another, by means of diffusible messengers. ATP is a prime candidate
for this, based on previous studies on the effects of suramin and ATP scavengers on
propagation of Ca?* waves through the glomerulus during TGF [108]. Obviously, ATP is
also freely filtered, and there would be minimal diffusional barriers for ATP released from
glomerular endothelial cells to podocytes. ATP can also be modified by extracellular
nucleotidases once it is secreted and can thereby produce ADP, which is also an effective
agonist in podocytes.

We note that podocin knockdown abolished the ability of ATP to evoke cationic
currents in podocytes. This observation is consistent with previous studies showing that
podocin potentiates chemical activation of TRPCG6 by diacylglycerol analogs [51, 64]. We
have recently reported that podocin is required for co-localization of TRPC6 channels and
NOX2 in podocytes [92], which can allow for a locally generated source of ROS to
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modulate TRPC6 gating as part of a physiological transduction cascade without the need
for toxic increases in cytosolic ROS. Thus our observations with podocin knockdown are
consistent with the observation that tempol (a ROS quencher) also blocks ATP activation
of TRPCG6 in podocytes. However, if local ATP concentrations were sustained for a long
period of time, for example during inflammation, it might result in oxidative damage to the
foot process.

In summary we have demonstrated that ATP evokes activation of TRPC6 channels
in podocytes through P2Y receptors, G protein signaling, and generation of reactive oxygen
species. ATP-evoked cationic currents are abolished by treatments that inhibit or
knockdown TRPCG6, and ATP causes the largest activation of TRPCG6 of any stimulus that
we have examined. Ectonucleotide signaling to podocytes may therefore play a role in

normal glomerular filtration or in the pathophysiology of glomerular disease.
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4. 20-HETE ACTIVATES PODOCYTE TRPC6 CHANNELS: POSSIBLE
PATHWAY FOR GLOMERULAR INJURY

4.1 Introduction

Podocytes are highly specialized terminally differentiated cells that cover the
glomerular capillary and form the final barrier for glomerular filtration. Changes in
podocyte ultrastructure often occur in response to glomerular injuries or disease processes.
If these insults are sustained, podocytes will detach or die, which above a threshold leads
to loss of the entire nephron [99]. Primary podocyte diseases can occur as a result of
mutations to key genes expressed in podocytes, for example gain-of-function mutations in
the gene encoding TRPCG6 channels [56, 57] or mutations in the NPHS2 gene encoding
podocin [52].

TRPC6 channels are Ca?*-permeable cationic channels that play a role in G protein-
mediated signaling in many cell types. Within the kidney, TRPC6 channels are expressed
in mesangial cells and podocytes, and possibly in other cell types including vascular
myocytes [112]. Within podocytes, TRPC6 channels are located in the slit diaphragm
domains of foot processes, as well as in major processes, and in the cell body [51, 56, 57,
113]. TRPCG6 channels in foot processes are components of larger complexes that include
podocin, nephrin, NADPH oxidases, and phospholipases [64]. Additionally, over-
expression of wild-type or mutant podocyte TRPC6 channels in mice results in proteinuria
[61] and increased expression of glomerular TRPCG6 is observed in acquired glomerular
diseases [58, 60, 61].

In the past decade, a growing body of evidence has suggested a role for 20-
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hydroxyeicosatetraenoic acid (20-HETE) in glomerular function and dysfunction. 20-
HETE is the w-hydroxylated metabolite of arachidonic acid produced by a family of
cytochrome P450 variants known as CYP4A, typically in transduction cascades that
include phospholipase A activation [132]. CYP4A is expressed in the renal cortex and
outer medulla, in the proximal tubule, the thick ascending loop, and within renal arterioles
[132-137]. 20-HETE is a potent vasoconstrictor of renal arteries [138-140], and it is known
to increase Ca®" influx in vascular smooth muscle cells [141], and to cause activation of
protein kinase C [141, 142], mitogen-activated protein kinases [143], tyrosine Kinases
[144], and the Rho kinase pathway [145]. There is evidence that 20-HETE is part of the
transduction cascades used by vasoconstrictors such as ANG I, vasopressin, endothelin
and norepinephrine [146-148].

In vascular smooth muscle, 20-HETE has been reported to cause activation of
TRPC6 channels, and to act synergistically with exogenous DAG, the canonical lipid
activator of TRPCG6 [70]. In the present study we test the hypothesis that 20-HETE activates
TRPC6 channels in immortalized mouse podocytes (MPC-5 cells) in vitro, and in primary
rat podocytes that are still attached to the glomerular basement membrane of isolated
glomeruli. We now report that 20-HETE exposure increases the steady-state surface
expression of TRPC6 and increases cationic currents through TRPC6 channels in
podocytes. We also show that 20-HETE and a DAG analog cause at least additive
activation of podocyte TRPC6 channels, and that the ROS are required for 20-HETE
modulation of TRPCG6 channels. Finally we show that podocin is required for endogenous

podocyte TRPC6 channels to response to 20-HETE.
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4.2 Results

In the kidneys, 20-HETE is stored in tissue lipids, representing a significant
reservoir in these tissues, and are released in response to hormonal stimuli such as
angiotensin 11- and receptor-mediated hydrolysis of phospholipids [149]. Therefore, during
glomerular injury, the concentration of renal 20-HETE increases in the vicinity of
podocyte. Here we observed that 1 pM 20-HETE increased steady-state cell surface
expression of TRPC6 channels in MPC-5 cells (Fig. 1A), and the increase was more than
2 fold (Fig. 1B). As a result, the abundance of TRPC6 channels on the cell surface of the

podocytes are doubled in response to 20-HETE.

Con 20-HETE

Surface
TRPCE

—

Surface/Total

Total
TRPCE
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Figure 1. 20-HETE increases steady-state cell surface expression of TRPC6 channels in
MPC-5 cells. A: Immunoblot analysis depicting increased expression of TRPC6 channels
in MPC-5 cells in response to 1 pM 20-HETE. B: Densitometric analysis of three
repetitions of the experiment shown in A.

Next, we exposed MPC-5 cells or isolated rat glomeruli to 1 uM 20-HETE by
gravity-fed bath superfusion, and performed the whole-cell recordings on podocytes.
Application of 1 uM 20-HETE to immortalized mouse podocytes evoked a cationic current

(Fig. 2A and 2B), which were further abolished by addition of 10 uM SKF 96365, a
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nonselective pan-TRP channel blocker, or 50 uM La** as a TRPC6 channel inhibitor. We
observed the same pattern in intact podocytes attached to the freshly isolated rat glomeruli
(data not shown). TRPC6 channels are completely blocked by micromolar concentrations
of La®*", however, TRPC5 which is another subunit expressed in podocytes are instead,
activated by micromolar concentrations of La®* [118, 119]. This observation suggest that
the cationic currents evoked by 20-HETE are mediated by TRPC6 channels in a
concentration dependent manner (Fig. 2C). To further confirm whether 20-HETE-induced
cationic currents require TRPC6 channels, we used siRNA protocol to knockdown TRPC6
channel transcripts and observed that 20-HETE did not activate TRPC6 channels in the
podocytes that were treated with TRPC6 siRNA; whereas, 20-HETE continued activating
these channels in the control set (Fig. 2D and 2E). To validate our siRNA knockdown
assay, we performed an immunoblot showing effectiveness of the siRNA knockdown (Fig.
2F). Overall, our data suggest that the 20-HETE-evoked cationic currents in immortalized

mouse podocytes are mediated by channels containing TRPC6 subunits.
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Figure 2. 20-HETE evokes TRPC6 channel currents in MPC-5 cells. A: Immortalized
mouse podocytes exposed to 20-HETE showed an increase in cationic currents that are
blocked by non-specific pan-TRP channel inhibitor SKF 96365 (10 puM), and TRPC6
channel blocker Lanthanum (50 puM). B: Currents at +80 mV in cells with no treatment
(control), treated with only 20-HETE, mixture of 20-HETE and SKF 96365, or mixture of
20-HETE and Lanthanum (La®") (N = 10). Tukey HSD test P < 0.01 and one-way Anova
P < 0.0001. C: Percentage maximum TRPC6 current in response to 20-HETE
concentrations. D: Immunoblot analysis of TRPC6 expression showing effectiveness of the
SiIRNA knockdown. E: Example of 20-HETE effects in a podocyte 24 h after transient
transfection with a control (nontargeting) and siRNA targeting TRPC6. siRNA TRPC6
knockdown eliminates 20-HETE-evoked cationic currents in MPC-5 cells. F: Summary of
several repetitions of this experiment (N = 6), with two-tailed P = 0.0001.
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20-HETE effects on TRPCG6 channel currents in podocyte cell line require podocin
and ROS. A recent work by our group showed that TRPC6 channels are located in a
multiprotein complex, where NADPH oxidase NOX2 exists and can locally generate ROS
to assist in activation of TRPC6 channels in podocytes [92]. TRPC6 channel and NOX2
interact via a hairpin-loop inner membrane protein called podocin [92]. We had previously
reported that podocin knockdown eliminated angiotensin IlI- and ATP-induced TRPC6
channel activation in podocytes [67, 150]. Here we observed that application of 20-HETE
to cells treated with podocin siRNA did not activate TRPC6 channels (Fig. 3A and 3B),
and podocin siRNA is effective in abolishing the protein expression of TRPC6 channels
(Fig. 3C). Moreover, consistent with our previous findings where we observed that TRPC6
channels become active in response to signals that increase production of ROS [65-67,
150], in this study we showed that 20-HETE increased the intracellular ROS levels in
podocytes (Fig. 4A). To further confirm whether ROS are required for 20-HETE
modulation of TRPC6 channels, we pretreated podocytes for 30 minutes with 10 mM
tempol, a membrane-permeable superoxide dismutase mimetic, and performed whole-cell
recoding from podocytes. Results indicated that pre-treatment of cells with tempol
abolished TRPCG6 channel activation in the presence of 20-HETE (Fig. 4B, 4C). In brief,
20-HETE effects on TRPC6 channels in podocytes required podocin and ROS.

20-HETE and OAG have synergistic effects on TRPC6 channels. The canonical
pathway of TRPC6 channels activation includes involvement of DAG. OAG is a
diacylglycerol analog and is widely used to activate TRPC6 channels in podocytes. To test
the hypothesis that 20-HETE and OAG have additive effects on TRPC6 channels, we first
applied 100 uM OAG to the bath solution and activated TRPCG6 channels, while OAG was

46



running, we then introduced 1 uM 20-HETE as well in the presence of OAG. We observed
that 20-HETE and OAG caused synergistic activation of TRPC6 channels in podocytes
(Fig. 5A and 5B). Also, it is observed that the order of activation does not matter (Fig. 5C
and 5D). This simply suggests that 20-HETE and OAG activate TRPC6 channels through
different pathways, and therefore, the presence of both molecules in the running bath

solution have additive effect on TRPCG6 activation.
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Figure 3. Podocin siRNA knockdown eliminates 20-HETE-induced TRPC6 channel
currents in MPC-5 cells. A: Example of 20-HETE effects in a podocyte 24 h after transient
transfection with a control (nontargeting) and siRNA targeting podocin. siRNA podocin
knockdown abolished 20-HETE-evoked cationic currents in MPC-5 cells. B: Summary of
several repetitions of this experiment (N = 6), two-tailed P = 0.0009. C: Immunoblot
analysis of TRPC6 expression in podocin knockdown cells and showing the effectiveness
of the siRNA knockdown.
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Figure 5. 20-HETE and OAG cause synergistic activation of TRPC6 channels. A: Example
of synergistic effects of OAG and 20-HETE in MPC-5 cells. B: Summary of several
repetitions of this experiment (N = 4), Tukey HSD Test P < 0.01, and one-way Anova P =
0.0013. C: Reverse order of the same experiment in A. D: Summary of several repetitions
of C (N =4), Tukey HSD Test P < 0.01, P < 0.05, and one-way Anova P = 0.003993.
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4.3 Discussion

Here we report that 20-HETE-evoked cationic currents in immortalized mouse
podocytes in vitro and in intact podocytes on the freshly isolated rat glomeruli (ex vivo) are
mediated by channels containing Ca?*-permeable TRPC6 subunits. Over-expression of
podocyte TRPC6 channels in mice results in proteinuria [61]; also, an increased expression
of glomerular TRPCG6 is observed in acquired glomerular diseases [58, 60, 61]. Proteinuria
and glomerular diseases are characterized by pathologic alterations in normal glomerular
structure and function, primarily in podocytes that form the filtration barrier. An increase
in intracellular Ca?* levels in podocytes, apoptosis, and podocyte loss are some key features
occurring in glomerular diseases. Therefore, increase in steady-state cell surface expression
of Ca?*-permeable TRPC6 channels and their increased activation could very well be the
primary pathway leading to glomerular diseases.

The podocin protein, TRPC6 channels, and NADPH oxidase NOX2 are present in
a complex found in the cholesterol-rich regions of the cell membrane [92]. NOX2 generates
ROS, which can immediately upregulate TRPC6 channels in its vicinity [92]. In this study,
we observed that exposing immortalized mouse podocytes to 20-HETE causes an increase
in the intracellular ROS levels. We also showed that 20-HETE induced activation of
TRPC6 channels in podocytes requires ROS. Podocin is a hairpin-loop inner membrane
protein that brings TRPC6 channels and NOX2 together. Podocin is also one of the key
proteins in the slit diaphragm. Mutations in the gene encoding podocin leads to primary
podocyte diseases [52].

We tested the hypothesis that podocin is required for the 20-HETE induced TRPC6
channels activation, and we observed that podocin is necessary for this TRPC6 activation
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mode. We also noticed that 20-HETE and OAG caused synergistic activation of TRPC6
channels in podocytes. This observation suggests that the pathway by which 20-HETE
activates TRPC6 channels is separate from the canonical activation pathway of these
channels. Hence, OAG and 20-HETE have an additive effect on activation of TRPC6
channels.

In the past decade, several studies imply that 20-HETE plays a key role in the renal
pathologies. 20-HETE is shown to regulate tubuloglomerular feedback, blood pressure,
chronic kidney disease, diabetic nephropathy (DN), and polycystic kidney disease (PKD)
[151-156]. Therefore, it is most likely that 20-HETE leads to an increase in intracellular
Ca?" levels in podocytes through activation of TRPC6 channels in pathological conditions,
which then leads to other downstream effects such as podocyte foot process effacement,
apoptosis, and podocyte loss. The role of 20-HETE in kidney pathology is controversial.
However, depending on the location of its synthesis and the target cell type, it may play a
protective or deleterious role in glomerular injury. Some studies showed that 20-HETE is
elevated in the serum of autosomal dominant PKD patients [155] and also in in vitro and
in vivo models of DN [157, 158]. Other studies showed that 20-HETE levels in renal
circulation are decreased in both type | and type Il diabetic animal models with
hyperfilteration and glomerular disease [159, 160]. There are supporting data on a
protective role of 20-HETE against renal injury by ischemia-reperfusion injury [161],
whereas, another set of data supports the fact that antagonists of 20-HETE play protective
roles in IRI, and not 20-HETE [162].

Here we report that 20-HETE activates TRPC6 channels in podocytes, which
allows for Ca* influx. Our results are consistent with previously published data on vascular
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smooth muscle cells [70]. In our study we report that 20-HETE causes an increase in ROS
levels that would further upregulate steady-state cell surface expression of TRPC6 channels
in podocytes. The increase in Ca?* influx make podocytes contract, which could very well
be part of a physiological response of podocyte to stimuli, in order to maintain the integrity
of the slit diaphragm, preventing podocytes from detaching from GBM, and providing
necessary stability to the glomerular capillary wall [163]. Consequently, inhibiting TRPC6
channels or pathways leading to 20-HETE-induced activation of these channels could be a

promising therapeutic target for glomerular injuries.
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5. DYSFUNCTION OF PODOCYTE TRPC6 CHANNELS IN IN VIVO
AND IN VITRO MODELS OF FSGS: A ROLE FOR MULTIPE
INTERACTING CIRCULATING FACTORS?

5.1 Introduction

Focal segmental glomerulosclerosis (FSGS) refers to lesions in which portions of a
glomerular capillary tuft are obliterated by extracellular matrix in a subset of glomeruli.
FSGS lesions can arise from any pathological process that causes a loss of podocytes and
denudation of patches of the external surface of a glomerular capillary. This can occur as a
consequence of podocyte detachment caused by hyperfiltration, by viral infections that
cause de-differentiation of podocytes, by chemically-induced podocyte damage, and as a
result of dysfunctions of immune responses [38].

In addition to these “acquired” forms of FSGS, genetic studies have identified
several genes that are mutated in familial forms of FSGS, two of which encode proteins
central to the current study. Mutations in the NPHS2 gene encoding the hairpin loop protein
podocin give rise to severe nephrotic syndromes that often present in children [52]. The
disease caused by NPHS2 mutations has an autosomal recessive mode of inheritance, and
many of the NPHS2 mutations identified to date give rise to non-functional proteins that
are frequently retained in the endoplasmic reticulum [49]. Several gain-of-function
mutations in the TRPC6 gene were subsequently identified in patients with familial FSGS
[56-58]. The TRPC6 gene encodes a Ca?*-permeable cation channel expressed in many
different cell types, including mesangial cells and podocytes. FSGS associated with TRPC6
mutations usually presents with an adult onset, and the resulting disease has an autosomal

dominant mode of inheritance [56, 57]. TRPC6 and podocin are expressed at the slit
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diaphragm domains of podocytes and there are functionally significant biochemical
interactions between these two proteins [49, 51, 56, 64]. Podocin, like other members of
the stomatin-prohibitin family, is a cholesterol-binding protein that tends to form higher-
order oligomers within lipid rafts. Podocin regulates the dominant mode of TRPC6 gating,
facilitating activation of these channels by G protein signaling pathways or by canonical
lipid activators such as diacylglycerol, but suppressing activation by as yet unknown
mechanotransduction pathways [64, 68, 92].

Many cases of histologically verified FSGS are idiopathic. Patients with nephrotic
levels of proteinuria have a high risk of progressive renal failure when they do not respond
to glucocorticoids [164]. Moreover, a substantial portion of patients who receive a kidney
allograft as a result of steroid-resistant primary FSGS will experience early recurrence of
nephrotic range proteinuria [164]. It is now generally accepted that recurrence of FSGS in
an allograft recipient is caused by circulating factors that cause changes in the cell
physiology of podocytes [32]. In addition, several studies have reported that patients with
primary FSGS have elevated glomerular expression of TRPC6 [60] and reduced expression
of podocin [165]. A loss of podocin can be recapitulated in vitro by exposing cultured
podocytes to serum from patients with recurrent FSGS [166, 167].

The identity of the circulating “permeability factor” in primary FSGS has been
controversial. One candidate is the soluble urokinase plasminogen activator receptor
(suPAR) [31], a term that encompasses a class of 22-50 kD glycoproteins shed from various
hematopoietic cells, endothelial cells, fibroblasts, and smooth muscle cells as a result of
proteolytic or phospholipase-mediated cleavage of a glycosylphosphatidylinositol-
anchored glycoprotein [168]. It was originally reported that total plasma suPAR levels are

54



elevated in a subset of patients with FSGS, especially patients with recurrent forms of
FSGS [31], and this association was subsequently found to be stronger when urine levels
of suPAR were measured [169]. However, other studies have not observed a correlation
between total plasma suPAR and primary FSGS, and instead have found that SUPAR levels
increase whenever eGFR levels decline [170, 171]. In addition, while an early study
showed that intravenous injection or transient cutaneous over-expression of recombinant
SUPAR could evoke proteinuria in mice [31], another study failed to detect proteinuria or
glomerulosclerosis in a mouse over-expressing a high molecular weight form of SUPAR in
the liver [170].

Other circulating factors have been proposed to mediate recurrent FSGS. A handful
of case reports have observed remissions of recurrent FSGS by anti-TNF therapy in
pediatric patients [36, 172, 173]. In addition, there are reports that circulating TNF is
elevated in patients with primary nephrotic syndromes [33], and monocytes isolated from
these patients secrete TNF at an order of magnitude greater rate than monocytes from
healthy controls [34, 174]. Moreover, effects of plasma from patients with recurrent FSGS
on podocyte cytoskeletal organization were blocked by antibodies that absorb soluble TNF
and by agents that block TNF receptors [36]. Mutations that cause hyperactivation of TNF
receptors cause severe nephrosis that can be blocked by etanercept, an inhibitor of TNF
receptors [175], and sustained TNF infusion induces glomerular pathology [176]. There is
also evidence that TNF increases the albumin permeability of isolated glomeruli [177].
Finally, other circulating factors, such as cardiotrophin-like cytokine 1, which activates
transduction cascades that overlap those of TNF, may also contribute to recurrent FSG. On
the basis of reported literature, there is reason to suspect that primary FSGS patients, even
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the subset whose disease recurs after transplantation, are not homogeneous.

The results in the present study support a model in which a loss of surface podocin
and an accompanying change in the dominant mode of TRPC6 gating occurs in several
experimental models of FSGS in vivo and in vitro. They also support a “multiple circulating
factor” model of primary FSGS, in which suPAR, TNF, and probably other circulating
factors produce distinct but additive or synergistic effects on podocytes that converge on
TRPC6. Put another way, the effects of a single factor, for example suPAR, may be
conditional. This model suggests that correlations between circulating levels of any one
circulating factor and clinical status in primary FSGS may not always be seen, even when

that factor contributes to the pathology.

5.2 Results

Repeated intraperitoneal (i.p.) injection of puromycin aminonucleoside (PAN)
produces sustained proteinuria accompanied by histological changes that resemble FSGS
in humans [178]. In the present experiments, Sprague-Dawley rats were given multiple i.p.
injections of PAN (200 mg/kg) or saline at 30-day intervals. Urine samples were collected
from each rat before this protocol, and 10 days after the first and second PAN injections.
This resulted in a marked increase in 24-hr urine albumin excretion (Fig. 1A). Rats were
sacrificed 30 days after the last PAN injection. A portion of one kidney was used for
histological analysis, which revealed sclerosis of glomeruli in the PAN treated animals
(Fig. 1B). We also observed protein casts in tubules accompanied by tubular atrophy and
interstitial hypercellularity as described by others (Fig. 1C) [179]. Glomeruli were isolated

from the remaining renal cortex using a standard sieving procedure. Using immunoblot
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analysis, we observed markedly reduced podocin abundance in glomeruli from PAN-
treated rats, whereas total TRPC6 and podocalyxin were increased relative to either actin

or total nephrin (Fig. 1D and 1E).
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Figure 1. Altered abundance of TRPC6 and podocin in PAN-induced secondary FSGS in
adult Sprague-Dawley rats. A: Increased 24-hr albumin excretion in chronic PAN
nephrosis, twelve weeks after first injection. B: Periodic acid-Schiff (PAS) staining of
FSGS lesions in a PAN-treated rat, compared to normal glomeruli from a saline-treated rat.
Glomerulosclerosis (*) and protein cast () are observed in PAN-treated rats. C: Lower
magnification of PAS staining showing tubulointerstitial fibrosis and hypercellularity (*),
and tubular protein casts (©*) in chronic PAN nephrosis model. D: Immunoblot showing
increased TRPC6 channel abundance and decreased podocin abundance in isolated
decapsulated glomeruli from a PAN treated rat. E: Densitometric analysis from a total of
four rats (D). Unpaired student t-test used for statistical analysis (P < 0.05).
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Whole-cell recordings were performed from podocytes in decapsulated glomeruli
isolated from saline-treated animals and rats with chronic PAN nephrosis (Fig. 2). Currents
were monitored during application of 2.5-s voltage ramps (-80 to +80 mV). In glomeruli
from saline-treated rats, modest and approximately equivalent increases in cationic currents
were evoked by a mechanical stimulus comprised of 70% hypoosmotic stretch as described
previously [64] (Fig. 2A) or after application of a membrane-permeable diacylglycerol
analog (100 uM OAG) (Fig. 2B). In previous electrophysiological studies on podocytes we
have shown that these currents are eliminated by TRPC6 knockdown and several agents
known to inhibit TRPC6 channels [67]. The currents evoked by mechanical stimulation
were typically around 5-10 fold larger in glomeruli isolated from PAN-treated rats (Fig.
2A). By contrast, OAG failed to evoke any increase in current in the majority of recordings
from PAN-treated rats, whereas podocytes from saline-treated controls responded
consistently (Fig. 2B). Data from many recordings of this type are summarized in Fig. 2C,
in which the ordinate represents the fold increase in current at +80 mV evoked by a given
stimulus (and thus 1.0 corresponds to the amplitude of the basal current prior to application
of stretch or OAG). In brief, chronic PAN nephrosis results in reductions in podocin
abundance in glomeruli accompanied by changes in the dominant mode of TRPC6
activation in podocytes that are qualitatively similar to those seen after podocin knockdown

[64].
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Figure 2. Altered cationic currents in podocytes in isolated decapsulated glomeruli from
chronic PAN nephrosis rats. A: Example of hypoosmotic solution effect and B: canonical
lipid activation effect on cationic currents during voltage ramp (-80 to +80 mV over 2.5 s).
Note large cationic currents observed in the presence of hypoosmotic bath solution
(mechanical stimulus) in PAN nephrosis rat compared to currents in saline treated controls.
By contrast, cationic currents evoked by membrane-permeable diacylglycerol analog
(OAG) were reduced in PAN nephrosis rat compared to those seen in the saline-treated
control. C: Summary of the fold increases of cationic currents in response to mechanical
stimulus (left) and canonical lipid activation (right) in podocytes of isolated rat glomeruli
(N =10 cells per group). Unpaired student t-test used for statistical analysis (P < 0.05).

The differentiated cells of an immortalized mouse podocyte cell line (MPC-5 cells)
were cultured for 24 hr in the presence of plasma samples from an adult male patient (001)
with recurrent FSGS taken while he was in relapse (in September of 2007), and a sample

taken after this patient had achieved remission as a result of intensive plasmapheresis (in
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October of 2007) (Fig. 3). These plasma samples were added to standard culture media at
a concentration of 2% and cells were exposed to this plasma for 24 hr. The plasma sample
taken while patient 001 was in relapse virtually eliminated podocin detected by
immunoblot, whereas a sample taken from the same patient, after remission was achieved,
had no effect on podocin abundance compared to cells cultured in fetal bovine serum (Fig.
3A, left). The sample taken in relapse also increased steady-state surface expression of
TRPC6 compared to the control, as measured by cell surface biotinylation assays, whereas
the sample taken in remission did not have this effect (Fig. 3A, right). We have seen a
similar pattern (increase in surface TRPC6 accompanied by loss of podocin) using serum
or plasma samples from several other patients with recurrent FSGS. Effects of samples
from two of these patients (denoted as 002 and 003) are shown in Fig. 3B). We should note
however, that plasma samples from some recurrent FSGS patents do not entirely
recapitulate this pattern. For example, plasma from patient 006 at a concentration of 10%
induced an increase in the surface abundance of TRPCG6 and this effect was greater during
a relapse of the disease, but this material had no effect on the abundance of podocin (Fig.
4). In addition, we note that the increase in surface abundance of TRPC6 is not an
obligatory consequence of the loss of podocin, since podocin knockdown in this cell line
actually caused a modest decrease in steady-state surface levels of TRPC6 (data not

shown).
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Figure 3. Changes in podocin abundance and TRPC6 channel cell-surface abundance in
immortalized mouse podocytes exposed to serum or plasma from patients with primary
FSGS for 24 hr. A: MPC-5 cells exposed to a normal serum and the plasma of patient 001
during relapse and remission. Plasma collected during the relapse period caused a loss of
podocin abundance, as well as an increase in the abundance of TRPCG6 on the cell surface.
These effects were markedly reduced with plasma taken from the same patient after
remission was achieved. Unpaired student t-test used for statistical analysis (P < 0.05). B:
Immunoblot analysis of surface TRPC6 and podocin abundance in MPC-5 cells exposed
to sera from recurrent FSGS patients 002 and 003. Sera from both patients increased cell
surface abundance of TRPC6 channels, but decreased podocin abundance. Unpaired
student t-test used for statistical analysis (P < 0.05 and P < 0.01).
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Figure 4. Plasma from recurrent FSGS patient 006 does not change podocin abundance in
MPC-5 cells. A: Exposing MPC-5 cells to plasma collected when patient 006 was in relapse
increased surface abundance of TRPC6 channels. This effect was reduced but not
eliminated with plasma collected during remission. B: Plasma from patient 006 evoked no
significant change in podocin levels detected by immunoblot. Unpaired student t-test used
for statistical analysis (P < 0.05 and P < 0.01).

Electrophysiological experiments were consistent with the biochemical pattern, as
we observed that mechanical stimuli evoked much larger cationic currents in cells cultured
with plasma from patient 001 in relapse compared to plasma taken from the same patient
while in remission (Fig. 5A, B). The mechanically-evoked currents were markedly reduced
by 50 uM La®*, but we have noticed that responses in cells exposed 001 serum were not
entirely blocked (Fig. 5A, B). This suggests that 001 plasma may have affect multiple
podocyte cation channels, and persistence in La®" suggests a possible contribution from

TRPCS [118]. While our work in this study focuses on TRPC6, we note that surface

expression of TRPCS is increased by 001 serum (data not shown). This is consistent with
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the electrophysiological observations with La®*, especially in light of recent studied
indicating that TRPC5 can also become active in response to mechanical stimuli [180, 181].
In addition, we observed that podocytes cultured in media containing 2% of patient 001
plasma taken in relapse had markedly reduced responses to 100 uM OAG (Fig. 5C, D).
Similar patterns were seen with serum samples taken from other patients with recurrent

FSGS (data not shown).
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Figure 5. Altered TRPC6 gating properties in MPC-5 podocytes exposed to plasma from
patient 001 collected during relapse of recurrent FSGS. A: Hypoosmotic solution effect on
TRPC6 currents during voltage ramps. These currents are blocked by La*" (50 uM), an
agent that blocks TRPC6 channels but which increases activation of TRPC5. B: Summary
of the fold increases of TRPCG6 currents in response to mechanical stimulus during relapse
and remission (N = 3 cells). C: Example of the diminished TRPCG6 currents in response to
membrane-permeable diacylglycerol analog, OAG. D: Summary of the fold increases of
TRPC6 currents shown in (C) (N = 10 cells). Unpaired student t-test used for statistical
analysis (P < 0.05).
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The circulating forms of suPAR occur in variety of forms that vary in domain
structure and the extent of glycosylation [168]. We have examined two different
recombinant forms of SUPAR, a smaller form consisting of protein domains 2 and 3, and a
larger commercially available form containing domains 1, 2 and 3. These recombinant
proteins were prepared in mammalian cells and are therefore likely to be extensively
glycosylated. Both forms of recombinant SUPAR produced a similar effect on cultured
podocytes at 10 ng/ml, and specifically caused a marked increase in steady-state surface
expression of TRPC6 accompanied by a marked reduction in total podocin abundance (Fig.
6A). In electrophysiological experiments carried out using the larger D1-D2-D3 form we
observed a marked increase in current responses to a hypoosmotic mechanical stimulus
(Fig. 6B and 6C) and a loss of responses to 100 uM OAG (Fig. 6C), similar to what was
seen following treatment with recurrent FSGS plasma samples, or after podocin
knockdown [64]. Treating podocytes with 10 ng/ml TNF for 24 hr also caused an increase
in surface levels of TRPC6 (Fig. 7). However, in marked contrast to SUPAR, exposure to
TNF did not produce a robust or consistent effect on podocin abundance (Fig. 7A) and in
this respect TNF differs markedly from suPAR. In addition, TNF treatment caused a
modest increase in responses to both 100 uM OAG or hypoosmotic stretch measured using
whole-cell recordings (Fig. 7B).

An earlier study on sera from patients with recurrent FSGS also reported loss of
podocin expression in immortalized human podocytes, and those workers reported that this
effect required 24 hr of exposure [167]. For comparison, we treated immortalized mouse
podocytes with sUPAR, TNF, or 001 plasma (in remission) for 3, 6, or 24 hr and then
examined podocin abundance. As with that earlier study, loss of podocin evoked by either
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SUPAR or 001 plasma required 24 hr, whereas podocin was essentially unaffected by TNF

(Fig. 7C).
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Figure 6. Altered distribution of TRPC6 and podocin evoked by two forms of recombinant
SUPAR. A: MPC-5 cells exposed to two forms of recombinant suPAR for 24 hr show an
increase in cell surface TRPC6 abundance and a reduced total abundance of podocin. B:
Examples of TRPC6 currents recorded from cells exposed to full length suPAR or normal
medium for 24 hr. Note marked increase in TRPC6 currents evoked by hypoosmotic
stretch. C: Summary of the fold increases of TRPCG6 currents shown in (B) (N =5 cells in
each group). Unpaired student t-test used for statistical analysis (P < 0.05).
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Figure 7. Effects of recombinant TNF on cell surface levels of TRPC6 and total podocin
abundance in immortalized mouse podocytes. A: MPC-5 cells exposed to recombinant
TNF (10 ng/ml) show an increase in cell surface TRPC6 and no consistent effect on
podocin. B: Summary of the fold increases in TRPC6 activity in response to OAG and
mechanical stimuli. TRPC6 currents recording during voltage ramps are increased in both
conditions compared to untreated controls. Bar graphs represent mean + SEM. C:
Immunoblot analysis showing loss of podocin evoked by suPAR or serum from patient
001, but not by TNF. All treatments were for 24 hr. Bar graphs represent mean = SD.
Unpaired student t-test used for statistical analysis (P < 0.05).

The effects of sUPAR and TNF on surface expression of TRPC6 and total
abundance of podocin appear to be at the very least additive, and possibly synergistic (Fig.
8A and 8B). To examine this, immortalized podocytes were cultured for 24 hr in presence

of 1 ng/ml of either sUPAR or TNF or in the presence of both factors, each at 1 ng/ml. At
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this low concentration, neither suPAR nor TNF were able to cause a robust or significant
effect on surface abundance of TRPC6. However robust increases in surface expression of
TRPC6 were consistently observed when both factors were present at 1 ng/ml.

The previous results, including the additive or synergistic effects of TNF and
SUPAR, suggest that at least in principle the responses of podocytes to one circulating factor
could depend on presence and/or concentrations of other circulating factors. Therefore we
examined whether a multiple-factor hypothesis based on TNF and suPAR could explain
some of the effects of recurrent FSGS sera and plasma on cultured podocytes. Obviously,
this does not exclude possible contributions from other circulating factors. In these
experiments we used commercial neutralizing antibodies raised against SUPAR (anti-
SUPAR, present at 2 ug/ml) and TNF (anti-TNF, present at 0.5 pg/ml). In pilot experiments,
we observed that these antibodies could completely block the actions of recombinant forms
of their target proteins at 10 ng/ml. The experiments in Fig. 8C-F show the effects of these
antibodies on actions of plasma from patient 001 while he was in relapse. The effects of
this plasma on podocytes were previously shown in Figs. 3 and 5. The plasma was
incubated with anti-TNF, anti-suPAR or both for 3 hr at 37°. The mixture was then added
to cultured podocytes for 24 hr. As with previous experiments, we observed a marked
increase in steady-state surface abundance of TRPC6 (Fig. 8C-D) and a loss of podocin
(Fig. 8E-F) when podocytes were exposed to plasma from patient 001. These effects were
slightly reduced by anti-suPAR, whereas anti-TNF was more effective. However, the
combination of anti-suPAR and anti-TNF abolished the effects of plasma 001 on TRPC6
and markedly reduced effects on podocin. It bears noting that these antibodies had no effect
by themselves or in combination on TRPCG6 levels in podocytes cultured in control
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conditions. We obtained a similar pattern examining podocin expression using serum from
patient 005 (data not shown). These data indicate that multiple bioactive factors including
SUPAR and TNF, and very possibly other factors, may be circulating in patients with
recurrent forms of FSGS, resulting in activation of signaling cascades that lead to

modulation of TRPCG6 and changes in the expression of podocin.
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Figure 8. Synergistic effects of SUPAR and TNF on surface expression of TRPC6 and total
abundance of podocin in MPC-5 cells. A: Low dose of 1 ng/ml of either SUPAR or TNF
does not induce a significant effect on surface abundance of TRPC6 unless the two factors
are applied together. B: Densitometric analysis of three repetitions of the experiment shown
in (A). C: The mixture of neutralizing antibodies raised against SUPAR (anti-suPAR, 2
pg/ml) and TNF (anti-TNF, 0.5 pg/ml) abolished the effects of patient 001 relapse plasma
on surface abundance of TRPC6. D: Densitometric analysis of three repetitions of the
experiment shown in (C). E: The mixture of neutralizing antibodies raised against SUPAR
and TNF abolished the effects of the 001 patient plasma on total abundance of podocin. F:
Densitometric analysis of three repetitions of the experiment shown in (E). Bar graphs
represent mean + SD. Unpaired student t-test used for statistical analysis (P < 0.05).
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Studies of integrin signaling in podocytes formed the original basis for the proposal
of suPAR as a circulating glomerular “permeability factor” in nephrotic syndromes [182].
Specifically, it was observed that induction of uPAR, the membrane-anchored form of
suPAR, caused activation of avB3-integrin, and that this was required for various stimuli
to cause foot process effacement in vivo or increases in podocyte motility in vitro.
Moreover, gene delivery of constitutively active 3-integrin into podocytes was sufficient
to cause proteinuria [182]. In the present experiments we examined total expression of 3-
integrin in cultured podocytes, and observed that this was increased after 24 hr exposure to
10 ng/ml TNF or 10 ng/ml suPAR (Fig. 9A, B). The effects of TNF were particularly
robust in this respect. At lower concentrations, these two factors appear to exert additive
effects on B3-integrin (Fig. 9C). Moreover, plasma of patient 001 during relapse caused an
increase in total abundance of B3-integrin (Fig. 9D). Plasma from the same patient after
remission was achieved was less active. Also, plasma from patient 006 during relapse or
remission evokes similar increase in total abundance of B3-integrin (Fig. 9E). Cilengitide
is a cyclic RGD peptide that is known to selectively antagonize outside-in signaling
through integrins that contain av subunits [183], of which the most abundant in podocytes
is avP3-integrin [184]. Previous studies have shown that cilengitide can reduce proteinuria
evoked by lipopolysaccharide [31] and also blocks several of the effects of recombinant
SUPAR on podocytes [31]. We observed that 10 uM cilengitide inhibited the effects of
SUPAR, TNF, and plasma from patient 001 and 006 on surface abundance of TRPC6 in

cultured podocytes (Fig. 10).
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Figure 9. Increased B3-integrin abundance in cultured podocytes exposed to recombinant
SUPAR or TNF, or sera of patients with primary FSGS. A: Total abundance of f3-integrin
in cultured podocytes is increased after 24-hr exposure to 10 ng/ml suPAR. B: Total level
of B3-integrin is increased in the presence of 10 ng/ml TNF. C: The mixture of 1 ng/ml
suPAR and 1 ng/ml TNF induced additive effects on B3-integrin abundance. D: Plasma of
patient 001 during relapse caused an increase in total abundance of B3-integrin. Plasma
from the same patient after remission was achieved was less active. E: Plasma from patient
006 during relapse or remission evokes similar increase in total abundance of B3-integrin.
Unpaired student t-test used for statistical analysis (P < 0.05).
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Figure 10. Effect of integrin inhibitor cilengitide (CGT) on surface abundance of TRPC6
in MPC-5 cells exposed to suPAR, TNF, and plasma from patients 001 and 006 with
primary FSGS. A: Cilengitide inhibits the effects of SUPAR, B: TNF, and plasma from C:
patient 001 and D: patient 006 on cell surface abundance of TRPC6 channels in

immortalized mouse podocytes. Unpaired student t-test used for statistical analysis (P <
0.05).

5.3 Discussion
The primary observation of this study is that large qualitative changes in the
behavior of podocyte cationic channels with the properties of TRPC6 occur in distinctly

different models of acquired nephrotic syndromes. These include the chronic PAN model
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of secondary FSGS in rats, and in vitro models in which immortalized mouse podocytes
were exposed to serum or plasma from patients with relapsed recurrent FSGS, or to
recombinant glomerular “permeability factors” implicated in primary FSGS. We also
observed that these changes in TRPC6 were reduced in serum or plasma taken from patients
who had achieved a remission of their disease.

In most of these models we observed a marked shift in the mode of channel gating
in whole-cell recordings, with greatly increased activation by mechanical stimuli
accompanied by reduced activation by a diacylglycerol analog and/or activation of G
protein-coupled purinergic receptors [68]. A similar change in the dominant mode of
TRPC6 activation occurs after podocin knockdown [67, 68, 92] and it is therefore of
considerable significance that there was a marked loss of podocin in chronic PAN
nephrosis, although it is possible that other proteins also contribute to this effect. A
comparable loss of podocin also occurred in cultured podocytes after exposure to SUPAR,
or after exposure to most of the recurrent FSGS serum or plasma samples tested, and the
magnitude of the serum effect again depended on disease severity at the time of sampling.
This effect is consistent with two previous reports of a reduction in podocin abundance in
cultured human podocytes exposed to serum from FSGS patients for several hours [166,
167].

Podocytes in their normal environment are exposed to large mechanical forces
owing to movements of the glomerular capillary caused by the cardiac cycle [185] as well
as possible effects of shear forces [186], and possibly distension of the sub-podocyte space
[187]. The question as to whether any member of the TRP family of cation channels plays
a direct role in normal physiological mechanotranduction is controversial, and it has been
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suggested that some if not all TRP family channels are insufficiently mechanosensitive to
respond directly to forces encountered in normal physiology [188]. Regardless of how that
issue is resolved, it remains possible that pathological changes that alter structure and
composition of cell membranes, such as a loss of podocin in foot processes [189], could
cause TRPC family channels to activate inappropriately in response to mechanical stimuli,
resulting in sustained and excessive Ca2+ influx. It bears noting that the mechanism of
mechanical activation of podocyte TRPC6 channels is not known, and while we favor the
hypothesis that the channels are directly mechanosensitive, we certainly cannot exclude
that it occurs secondary to effects on some other protein, or only occurs when the channels
are part of a specific protein complex.

In addition to changes in the dominant gating mode, the circulating factors
examined here caused a large increase in the steady-state surface expression of podocyte
TRPC6 subunits. In contrast to changes in the dominant gating mode, we observed that
increased TRPC6 surface expression is not an obligatory consequence of loss of podocin.
For example, siRNA knockdown of podocin actually led to a modest decrease of steady-
state surface abundance of TRPCG6 in podocytes. Moreover, exposure to TNF caused a
robust increase in surface expression of TRPC6 without affecting podocin.

The sera and plasma samples from recurrent FSGS patients that were tested here
contain more than one factor capable of activating cell signaling cascades that converge on
podocyte TRPC6 channels, as effects were reduced by neutralizing antibodies against
either SUPAR or TNF. With respect to TNF, several case reports and small studies over a
period of decades have suggested a role for this pro-inflammatory molecule in primary
nephrotic syndromes [33-36, 173]. TNF is reported to increase glomerular albumin
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permeability owing in part to oxidative stress [190]. In addition, recent studies have
proposed a role for circulating sSUPAR in primary FSGS [30, 31, 191]. On the other hand,
several studies have failed to substantiate total serum suPAR concentrations as a specific
biomarker for FSGS [192, 193], although SUPAR appears to be an independent risk factor
for incident kidney disease and future declines in glomerular filtration rate [194]. With
respect to FSGS and suPAR, uncertainties remain about the ELISA technology used in
many of these studies, lack of knowledge about which forms of circulating SUPAR are
pathogenic [195], and the possibility that total serum sUPAR may simply vary inversely
with GFR [171, 193], and patient heterogeneity [196].

However, another possibility is that primary FSGS can result from the net effects
of multiple circulating factors, which may vary from one patient to the next. In other words,
we propose here that there may be conditions under which suPAR could be pathogenic to
glomeruli even when it is present at normal serum concentrations. This proposal is based
on two observations. First, we observed that effects of SUPAR and TNF on surface
abundance of TRPC6 are at least additive and possibly synergistic. In addition, we
observed that the actions of plasma or serum from patients with recurrent FSGS in relapse
were attenuated by antibodies that neutralize sUPAR or TNF, with nearly complete
inhibition caused by a combination of these antibodies. We also observed that TNF and
suPAR caused marked increases in the abundance of 3-integrin subunits, and these effects
were mimicked by recurrent FSGS serum or plasma. It is thought that avp3-integrin
functions as a receptor or co-receptor for suPAR [31, 182, 197, 198], and in this regard,
cilengitide, an inhibitor of outside-in signaling through avp3-integrin [183], completely
blocked the increases in surface abundance of TRPC6 evoked by all of these treatments.
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Finally, we observed samples, for example the sample from recurrent FSGS patient 006,
which did not have any effect on podocin. It is quite likely that there are other circulating
factors not tested here that could contribute to recurrent FSGS in at least some patients.
One possible factor is cardiotrophin-like cytokine factor-1 (CLCF1), a member of the IL-
6 family [199, 200]. The transduction factor used by that cytokine uses several components
also used by TNF [199, 200], and might be expected to increase surface TNF without
affecting podocin.

There are several potential implications of these observations. The first is that
circulating levels of any one putative permeability factor may not always correlate with
proteinuria or disease severity but could still be an important factor driving the disease
process. A lack of correlation could be due to potentiating actions of a second circulating
factor such as TNF or CLCF1. It is also possible that one or more of the key pathogenic
factors is produced locally within glomeruli (as with TNF and suPAR) and is therefore not
captured in measurements from serum or plasma (but might be captured in urine
measurements). In fact, even the original report on circulating suUPAR noted a subset of
patients with primary and even recurrent FSGS with serum levels well below the cutoff
level of 3000 pg/ml [31]. In other words, in a multiple-factor model the sum of the activities
of the circulating factors capable of reaching podocytes may be more important than the
concentration of any one factor taken in isolation. At this time the number of different
factors capable of driving nephrosis is not known. This also suggests that in a generally
inflammatory milieu, for example in lupus erythematosus [201] and other secondary
glomeruloneophritis [202], sUPAR signaling may be more deleterious (compared to
children or young adults with primary nephrotic syndromes in which inflammation is
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generally not present). It is even possible that protective factors exist in the circulation to
varying degrees in different patients.

A second implication is that from a therapeutic perspective, the nature of the
circulating and/or locally produced factors that drive primary FSGS may not be crucial if
they converge onto a small subset of targetable pathways in podocytes. For example,
chronic PAN nephrosis and exposure to sera and recombinant factors similarly resulted in
a gain of podocyte TRPC6 channel function (and one of these also caused an increase in
surface expression of TRPC5). In this regard, an increase in glomerular TRPC6 protein
was reported previously in PAN nephrosis [60] and was confirmed here. It has been
observed repeatedly that TRPCG is able to increase its own expression in podocytes through
Ca?"-calcineurin-NFATc1 signaling pathways [59, 203]. We have observed that 24 hr of
exposure to TNF, suPAR, and FSGS patient sera are capable of causing NFATc1 activation
in cultured podocytes (unpublished data). As already noted, this suggests that therapeutic
approaches based on inhibition of TRPC6 warrant additional investigation.

Another pathway of therapeutic interest is mediated by avp3-integrin. An increase
in total levels of B3-integrin subunits were seen in response to TNF, suPAR, and most of
the recurrent FSGS blood samples that we have examined and we observed that the effects
of these agents on TRPC6 were reduced by cilengitide. It is thought that avB3-integrin
functions as a receptor or co-receptor for SUPAR [182] and several other factors [204].
TNF acts primarily on a distinct family of its own receptors but there is evidence that it can
cause activation of protein kinases that eventually lead to inside-out activation of integrins
[205]. Moreover, by increasing expression of a SUPAR receptor, TNF could allow the latter
to activate pathogenic signaling pathways at lower circulating concentrations. The
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importance of these observations is underscored by a growing number of studies showing
efficacy of integrin antagonists in animal models of proteinuric diseases [31]. In this regard,
we recently demonstrated that the ectodomain of syndecan-4 (Sdc4) can also cause
modulation of podocyte TRPC6 channels through cascades that are blocked by cilengitide
[94]. However, as with TNF, application of Sdc4 did not reduce the expression of podocin
[94]. In other words, loss of podocin expression is not an inevitable consequence of outside-
in signaling through integrins in podocytes. Therefore, it is possible that integrins are
necessary but perhaps not sufficient for all of the actions of SUPAR on podocytes.

Two well-characterized genetic forms of FSGS occur as a result of mutations that
lead to a gain of TRPC6 function [56-58] or a loss of functional podocin and/or
sequestration of the protein in the endoplasmic reticulum [49, 52]. Our recent study on
TRPC6 gating in podocytes demonstrated direct interactions between cytosolic domains
near the carboxy terminals of podocin and TRPCG6, and showed that large gains of TRPC6
activation by mechanical stimuli should occur after podocin knockdown [64]. Podocyte
foot processes are attached to a mechanically dynamic matrix and are subjected to
measurable pulsations driven by the cardiac cycle [185] and slower shear forces associated
with feedback regulation of single-nephron GFR [206]. Indeed, the gain of TRPC6 function
that occurs following loss of podocin in response to mechanical stimuli [64], is much larger
than is seen with the vast majority of TRPC6 mutations described to date [56, 57]. The loss
of podocin expression that we observed with most of the experimental manipulations in
this study predicts that a substantial gain of TRPC6 will be a hallmark feature of many, if
not, most forms of FSGS, including acquired forms associated with circulating factors or
as a result of earlier loss of podocytes. Thus it is possible that agents that reduce activation
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or expression of podocyte TRPC6 channels might be useful for therapy of many types of
nephrotic syndromes, and not just forms caused by gain-of-function TRPC6 mutations.
This assumes that inhibition of TRPC6 channels in other cell types would not represent an

insurmountable safety issue.
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6. THE NMDA RECEPTORS AS POTENTIAL THERAPEUTIC
TARGETS IN DIABETIC NEPHROPATHY: INCREASED RENAL
NMDA RECEPTOR SUBUNIT EXPRESSION IN AKITA MICE AND
REDUCED NEPHROPATHY FOLLOWING SUSTAINED
TREATMENT WITH MEMANTINE OR MK-801

6.1 Introduction

More than 40% of end-stage renal disease (ESRD) in the United States can be currently
attributed to diabetes mellitus [23]. The pathophysiology of diabetic nephropathy is
multifactorial, and includes contributions from dysregulation of metabolic pathways,
complex changes in renal hemodynamics, and genetic susceptibility [207-210]. The
reasons why only a subset of diabetic patients experience renal complications are not well
understood, and therapeutic options remain limited. Current mainstay therapies are based
on glycemic and blood pressure control, and reno-protective inhibition of renin-angiotensin
signaling systems [209, 210]. While these therapies can slow the progression of diabetic
nephropathy, many patients will nevertheless progress to ESRD [209, 210].

NMDA receptors are a class of cation-selective heterotetrameric ionotropic
receptors with a high intrinsic Ca?* permeability [211, 212]. These receptors are assembled
from several different subunits: NR1, NR2A, NR2B, NR2C, NR2D, NR3A and NR3B,
which are encoded by seven different genes. Functional NMDA receptors require two NR1
subunits that contain binding sites for the co-agonist glycine. They also require either two
NR2 subunits, which bind a number of different endogenous di-acidic agonists, or one NR2
and one NR3 subunit [213]. NMDA receptors were first characterized in the CNS, but

NMDA receptors are also expressed in peripheral organs, including the kidney. There is
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evidence that renal NMDA receptors play a role in regulation of blood flow, glomerular
filtration, proximal tubule reabsorption, and urine concentration in the collecting duct [66,
214-218]. NMDA receptors can be activated by several endogenously occurring di-acidic
molecules, including L-glutamate, L-aspartate, L-homocysteic acid (HCA), L-quinolinic
acid, and guanidinosuccinic acid, although L-glutamate and L-aspartate are relatively weak
agonists for podocyte NMDA receptors [66, 215, 216]. While work in the CNS has
predominantly focused on di-acidic agonists such as L-glutamate and L-aspartate, in
peripheral tissues it is possible that dynamic changes in glycine may also evoke NMDA
receptor activation [216-218]. In the CNS, sustained activation of neuronal NMDA
receptors can induce a form of neurodegeneration known as excitotoxicity [219]. Sustained
exposure of mouse podocytes to NMDA or HCA evokes a similar phenomenon
characterized by increased Ca®" influx, oxidative stress, altered expression of slit
diaphragm proteins, and apoptosis [66, 220, 221].

A recent study reported that renal NMDA receptor expression is upregulated in the
Akita mouse model of type-1 diabetes [222]. In addition, elevated plasma L-homocysteine
often occurs in patients with type-1 or type-2 diabetes and is significantly correlated with
renal complications [223-225]. Moreover, genes involved in L-homocysteine metabolism
are possible susceptibility loci for diabetic nephropathy [226-228]. L-homocysteine
spontaneously oxidizes to the NMDA agonist HCA, and albuminuria and glomerular
damage in mice with elevated plasma homocysteine can be prevented by treatment with
MK-801, a widely-used NMDA receptor antagonist [220]. Here we provide evidence that
sustained treatment with either of two structurally dissimilar NMDA receptor antagonists,
MK-801 and memantine, reduces nephropathy in a mouse model of type-1 diabetes.
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Memantine is already widely used clinically for treatment of Alzheimer’s disease, is well
tolerated, and currently undergoing a number of clinical investigations in humans,

primarily for neurodegenerative disorders [229-232].

6.2 Results

Immortalized mouse podocytes were cultured for 24 hr in a medium containing 9
mM glucose supplemented with 16 mM mannitol, or in a medium containing 25 mM
glucose. After differentiation, these cells normally express podocyte markers including
nephrin, synaptopodin, and podocin [64, 233, 234]. In initial studies we observed that they
also express all known NMDA receptor subunits and their transcripts. We focused on NR1
and NR2 subunits required to form functional receptors that respond to NMDA and other
di-acidic agonists. With RT-PCR we observed that 24 hr exposure to high glucose medium
increased the apparent abundance of NR1, NR2A, NR2B and NR2C subunit transcripts
(Fig. 1A, B). The same pattern was observed using immunoblot analysis; namely increased
abundance of NR1, NR2A, NR2B and NR2C subunits (Fig. 1C, D). Marked increases in
NMDA subunit abundance also occurred in primary rat mesangial cells after 24 hr exposure
to high glucose medium. In mesangial cells we observed increased abundance of transcripts
encoding NR1, NR2B, and NR2C, but not NR2A or NR2D subunits (Fig. 2A, B). By
immunoblot we observed increased abundance of those same subunits (Fig. 2C, D). Thus,
elevated glucose is sufficient to increase the expression of multiple NR1 and NR2 subunits

in two different glomerular cell types.
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Figure 1. Exposure to high glucose increases expression of NMDA receptor subunits in
cultured mouse podocytes (MPC-5 cells). A: Representative results of RT-PCR showing
increased abundance of transcripts encoding NR1, NR2A, NR2B and NR2C subunits in
cells cultured for 24 hr in a medium containing 25 mM glucose (HG). Control cells (Con)
were cultured in medium containing 9 mM with 16 mM mannitol as an osmotic control.
B: Densitometric analysis of three repetitions of the experiments shown in (A). Bar graphs
represent mean + SD. Unpaired student t-test used for statistical analysis (P < 0.01). C:
Immunoblot analysis showing increased abundance of NMDA receptor subunits in
podocytes cultured in HG compared to control (Con). D: Densitometric analysis of three
repetitions of the experiments shown in (C). Bar graphs represent mean + SD. Unpaired
student t-test used for statistical analysis (P < 0.05).
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Figure 2. Exposure to high glucose increases expression of NMDA receptor subunits in primary
cultures of rat mesangial cells. A: Representative results of RT-PCR showing increased abundance
of transcripts encoding NR1, NR2B and NR2C subunits in cells cultured for 24 hr HG medium
compared to cells cultured in normal glucose (Con). B: Densitometric analysis of three repetitions
of the experiments shown in (A). Bar graphs represent mean £ SD. Unpaired student t-test
used for statistical analysis (P < 0.05). C: Immunoblot analysis showing increased abundance
of NMDA receptor subunits in primary cultures of rat mesangial cells cultured in HG. D:
Densitometric analysis of three repetitions of the experiments shown in (C). Bar graphs represent
mean £ SD. Unpaired student t-test used for statistical analysis (P < 0.05).
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In these experiments we use male Akita mice (D2.B6-Ins2Akita/MatbJ), which are
heterozygous for the C96Y mutation in the Ins2 gene [235]. The control mice in our
experiments were wild-type DBA/2J mice. We examined expression of NMDA receptor
subunits in renal cortex from 12-week old animals. Using RT-PCR, we obtained evidence
for increased abundance of transcripts encoding NR1, NR2A, and NR2C subunits (Fig. 3A,
B). This pattern was also observed by immunoblot analyses of renal cortex (Fig. 3C, D).
The increase in the staining of NMDA receptor subunits in Akita mice is seen throughout
the kidney (Fig. 4). Using immunohistochemistry we observed marked increases in the
staining of NR1, NR2A and NR2C in most renal tubules, especially near the cortical-
medullary boundary (Fig. 4A). Within glomeruli, we observed more modest increases in

the staining of NMDA receptor subunits (Fig. 4B).
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Figure 3. Increased expression of NMDA receptor subunits in renal cortex of Akita mice.
A: Representative results of RT-PCR showing increased abundance of transcripts encoding
NR1, NR2A, and NR2C subunits in renal cortex in 12 week-old Akita mice compared to
12-week old DBA/2J control mice. B: Densitometric analysis from N = 4 mice per group.
Bar graphs represent mean + SD. Unpaired student t-test used for statistical analysis (P <
0.01). C: Immunoblot analysis showing increased abundance of NMDA receptor subunits
in Akita mice compared to DBA/2J controls. D: Densitometric analysis of analyses from
N = 4 mice per group. Bar graphs represent mean + SD. Unpaired student t-test used for
statistical analysis (P < 0.01).
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Figure 4. Increased IHC staining of NMDA receptor subunits throughout the kidney of
Akita mice. Immunohistochemistry for subunits that were increased based on previous
biochemical studies carried out in paraffin sections. A: Note especially large increases
in the staining of NR1, NR2A and NR2C in renal tubules. B: Signal in glomeruli for
NR1, NR2A and NR2C provides evidence for increase in podocytes of Akita mice.
Mice were 12-weeks old when these analyses were carried out. Negative control
sections were not exposed to a primary antibody.

Sustained activation of NMDA receptors can drive glomerulosclerosis in mice and
rats [220, 221]. Increased numbers of receptors could lead to excessive NMDA receptor

activation on cells even if endogenous ligands are not changed. However, there is evidence

86



that diabetes causes metabolic changes leading to increased levels of circulating agonists
[223, 225, 227, 236-240]. To examine if sustained NMDA receptor activation contributes
to the progression of diabetic nephropathy, we implanted osmotic minipumps containing
the NMDA antagonist MK-801 or saline subcutaneously into Akita mice and DBA/2J
controls at 8 weeks of age, an age at which there are very modest increases in urine albumin
excretion. The pumps delivered a dose of approximately 0.5 mg/kg/day of MK-801
continuously for 28 days. We observed that Akita mice do not gain weight at the same rate
as DBA/2]J controls (Fig. 5A). This was seen in both saline- and MK-801- treated animals.
In fact, reduced weight was actually greater in MK-801-treated Akita mice than in the
saline group. The reason why sustained MK-801 attenuates normal weight gain is not
known. In any case, this pattern suggests that MK-801 does not alleviate the primary
metabolic consequences of type-1 diabetes, and in other experiments we have observed
that 4-weeks of MK-801 treatment had no effect on blood glucose levels or mean arterial
blood pressure in either control mice or mice with type-1 diabetes (data not shown).

As with previous reports [235] we observed markedly increased 24-hr urine
albumin excretion in 12-week old Akita mice compared to DBA/2J controls (Fig. 5B). This
was attenuated in mice that received MK-801 compared to mice that received saline. These
data were analyzed using two-way ANOVA. We observed a significant effect of genotype
(P < 0.0001), and a significant interaction effect between drug treatment and genotype (P
< 0.05), indicating that the antagonist reduces renal manifestations of diabetes. MK-801
also reduced mesangial expansion in Akita mice, as assessed by computation of mesangial
scores from PAS-stained paraffin sections of kidney (Fig. 5C, D). Mesangial expansion is
not severe in Akita mice on a DBA/2J background [235] but is nevertheless reduced in
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Akita mice that received MK-801 compared to those that received saline, and the effect
was significant based on two-way ANOVA (P < 0.05). We also observed marked foot
process effacement and thickening of the glomerular basement membrane in Akita mice
by 12-weeks of age (Fig. 5E, F). Ultrastructure was markedly improved in Akita mice that
received MK-801 (Fig. 5E, F). There was a significant interaction effect between the effects
of MK-801 and genotype (P < 0.05) on GBM thickness, again indicating a therapeutic
effect of the drug. MK-801 had no discernible effect on glomerular ultrastructure in
DBA/2J controls. The effect of MK-801 can also be seen with scanning EM (Fig. 6). We
observed marked foot process flattening and disorganization in Akita mice that received
saline (Fig. 6A). There are still some abnormalities in Akita mice that received MK-801,
but overall structure is closer to normal. In general, effects of MK-801 on renal structure

and ultrastructure were more impressive than effects on albumin excretion.
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Figure 5. The NMDA antagonist MK-801 reduces progression of nephropathy in Akita
mice. A: Reduced weight gain in Akita mice was not alleviated by MK-801. Bar graphs
represent mean + SEM in this and all subsequent figures. B: Reduced 24-hr albumin
excretion in Akita mice that received MK-801 compared to saline-treated controls. The
effect of genotype (F =52.15, P <0.0001), and an interaction effect between drug treatment
and genotype (F = 5.2, P = 0.0283) were significant by two-way ANOVA with N = 9-10
mice per group. C: Representative PAS-stained sections of saline-treated and drug-treated
Akita mice and DBA/2J controls. D: Mesangial matrix expansion expressed as mesangial
score shows modest increase in Akita mice that received saline. This increase did not occur
in Akita mice that received MK-801. An interaction effect between drug and genotype on
this outcome is significant (F = 5.33, P = 0.0396, N = 4 mice per group). E: Representative
transmission electron micrographs of mice. Note extensive foot process effacement (red
arrowheads) and GBM thickening (asterisks) in Akita mice that received saline.
Ultrastructure is markedly improved in Akita mice that were treated with MK-801. F: GBM
thickness is increased in Akita mice treated with saline but not in Akita mice that received
MK-801. An interaction between the effects of MK-801 and genotype (F = 6.22, P =
0.0373, N =4 mice per group) on GBM thickness was significant.
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Figure 6. Scanning and transmission EM of glomerular capillary loops in control and Akita
mice at 12 weeks of age. A: Scanning EM show marked disorganization of foot processes
along surface of glomerular capillary in Akita mice. Note flattening of foot processes,
especially in areas within white lines. Foot process morphology is closer to normal in Akita
mice that received MK-801. Treatment with MK-801 has no effect on glomeruli in DBA/2J
mice. B: Transmission EM of glomeruli from Akita mice at the same magnification for
comparison.
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MK-801 is a strong NMDA receptor antagonist that produces profound cognitive
and behavioral effects [229, 241]. By contrast, memantine is a structurally distinct NMDA
receptor antagonist that spares a basal level of NMDA receptor-mediated synaptic
transmission while reducing excitotoxicity [229, 241]. It is well tolerated and is in wide-
spread clinical use for moderate-severe Alzheimer’s dementia [230-232]. Memantine or
saline were applied using osmotic minipumps implanted subcutaneously at 8 weeks of age
and delivered at a dose of 0.2 mg/kg/day. As with MK-801, we observed that memantine
did not alleviate lower growth rates in Akita mice compared to DBA/2J controls (Fig. 7A),
but reduced 24-hr urine albumin excretion in Akita mice (Fig. 7B). The interaction between
drug and genotype on albumin excretion was significant (P < 0.05). Memantine also caused
a trend toward reduction in mesangial matrix expansion (Fig. 7C, D) (F = 3.82, P = 0.0743)
in Akita mice. Memantine improved glomerular ultrastructure in Akita mice (Fig. 7E), with
some reduction in the amount of foot process effacement. However, effects of memantine
on GBM thickness (Fig. 7F) were not statistically significant. All these experimnets (with
both memantine and MK-801 treatments) were also performed in low-dose streptozotocin
(STZ) induced diabetic mice as another type-1 mouse model of diabetes, which are not
shown in this dissertation. But, overall, MK-801 also has some beneficial effects in the

low-dose STZ model, even though treatment was started later in the disease process.
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Figure 7. The NMDA antagonist memantine reduces progression of nephropathy in Akita
mice. A: Reduced weight gain in Akita mice was not alleviated by memantine. B: Reduced
24-hr albumin excretion in Akita mice that received memantine for 28 days compared to
saline-treated controls. The interaction between drug and genotype on albumin excretion
was significant (F = 4.58, P = 0.0403 with N = 10 mice per group). C: Representative PAS-
stained sections of saline-treated and drug-treated Akita mice and DBA/2J controls. D:
Mesangial matrix expansion expressed as mesangial score shows modest increase in 12-
week old Akita mice that received saline. This increase did not occur in Akita mice that
received memantine. Memantine also caused a reduction in mesangial matrix expansion (F
= 3.82, P =0.0743, N = 4 mice per group) in Akita mice. E: Representative transmission
electron micrographs of mice that received memantine or saline. Note reduction in the
severity of effacement in Akita mice that received memantine. F: The effect of memantine
on GBM thickness, in Akita mice was not statistically significant (P > 0.1) by two-way
ANOVA with N = 4 mice per group.
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6.3 Discussion

In this study we have tested the hypothesis that renal NMDA receptors contribute
to the progression of diabetic nephropathy in the Akita mouse model of type-1 diabetes.
We have observed that elevated glucose causes marked increases in NMDA receptor
abundance in two different renal cell types implicated in diabetic nephropathy; that there
are marked increases in the abundance of NMDA receptor subunits throughout the kidney
of Akita mice; and that sustained inhibition of NMDA receptors in vivo using two
structurally dissimilar antagonists reduces urine aloumin excretion. In addition, MK-801
improved structural and ultrastructural changes that occur in glomeruli of Akita mice
during early stages of diabetic nephropathy.

A surprising observation in this study is that all known NMDA receptor subunits
and their transcripts can be detected in a widely used immortalized podocyte cell line
(MPC-5 cells) and in primary cultures of rat mesangial cells. High glucose caused robust
increases in NR1 subunits in both cell types. These cell types differed in terms of which
NR2 subunits were upregulated by HG. Nevertheless, the biochemical pattern in both cell
types predicts marked increases in functional responses to agonists. The overall pattern in
podocytes is similar to that seen in the renal cortex of Akita mice but it should be noted
that the biochemical signal in kidney cortex extracts is almost certainly dominated by more
robust increases in the expression of NMDA receptor subunits in renal tubules. Increased
NMDA receptors were already present by 7 weeks of age in Akita mice, a time at which
nephropathy cannot be discerned using light microscopic histological methods and urine
albumin excretion is only slightly increased. This suggests that elevated renal NMDA
receptors drive the glomerular pathology and are not simply a response to it.
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Increased expression of NMDA receptors occurred throughout the kidney of mice
with type-1 diabetes, including in cortical and medullary tubules and within glomeruli.
Previous studies have shown statistical correlations between serum L-homocysteine and
the subsequent appearance of microalbuminuria in patients with diabetes [223, 225, 227,
236]. However, the marked induction of renal NMDA receptors that we and others observe
in mouse models of diabetes means that an excessive number of these receptors could be
activated even if circulating and locally produced agonists (e.g, HCA and L-quinolinic acid)
are present at normal levels. Obviously, any increase in circulating NMDA agonists, which
can occur as renal failure progresses [237-240] would cause even more of these receptors
to become active.

While many studies of early-stage diabetic nephropathy have focused on
glomerular and vascular elements, diabetes produces effects throughout the kidney as a
result of hyperfiltration, proximal tubule hyper-reabsorption, alterations in sodium delivery
to distal tubules, and marked increases in tubular flow rates [242, 243]. Indeed, in diabetes,
there are sustained changes in overall regulatory set-points resulting in marked changes in
Na* dynamics in diabetic tubules [242, 243]. An intriguing question is whether NMDA
receptor activation leads to sustained changes in expression of other transport proteins in a
wide range of renal cells in manner reminiscent of biochemical changes in neurons that
occur during NMDA receptor-mediated synaptic plasticity [244].

In the CNS, excessive activation of NMDA receptors induces Ca?*-overload and
oxidative stress, and over time can lead to neurodegeneration [245]. These observations
spurred development of several classes of NMDA antagonists, many of which are effective
in animal models of neurodegeneration [229, 241]. MK-801 is a non-competitive NMDA
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receptor antagonist that can cause nearly complete inhibition of NMDA receptors resulting
in cognitive and behavioral deficits, and therefore strong NMDA antagonists are not used
clinically. We observed that continuous MK-801 treatment for 28 days reduced nearly
every index in diabetic nephropathy. Importantly, a reduction in albumin excretion and
improvement in mesangial matrix expansion was observed with memantine, a second
structurally distinct NMDA receptor antagonist. Memantine also acts by blocking the
NMDA receptor pore, although blockade with this drug is less complete than MK-801.
Therefore, synaptic transmission through NMDA receptors is maintained in the presence
of memantine, while excessive activation, especially at extrasynaptic receptors, is
eliminated [229, 241]. Several clinical studies have shown that memantine can slow the
progression of cognitive decline in Alzheimer’s disease [230-232]. We observed that
memantine also reduced albumin excretion in Akita mice, and also reduced podocyte foot
process effacement and mesangial matrix expansion, albeit less than MK-801. Memantine
was administered at a dose of 0.2 mg/kg/day. This is less than in the experiments on MK-
801, but this dose was chosen to be comparable to the FDA-approved regimen of 20 mg
daily that is recommended for treatment of Alzheimer’s disease [246]. However, higher
doses of memantine are well tolerated and may produce additional benefits for selected
patients with Alzheimer’s disease [246]. It is possible that higher doses of memantine
might produce greater effects in diabetic nephropathy, as we saw with MK-801.

The mechanisms whereby NMDA antagonists could be beneficial to renal function
in diabetes are likely to be complex, especially given that NMDA receptors are expressed
and up-regulated in many different renal cell types in diabetic animals. NMDA antagonists
at the doses used here did not affect systemic mean arterial blood pressure. However,
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cortical NMDA receptors have been previously shown to exert a tonic vasodilatory
response, especially after glycine infusion, and it is possible that inhibition of these
receptors produces hemodynamic effects that help to preserve renal function in the
presence of hyperglycemia. NMDA receptors in collecting ducts are upregulated in
response to osmotic challenge [218], and perhaps this is relevant in the context of polyuria
that occurs in diabetes.

As mentioned previously, sustained application of NMDA to immortalized mouse
podocytes induce Ca?* influx, oxidative stress and changes in expression of slit diaphragm
proteins [66]. If this occurs in vivo, one would expect glomerulosclerosis and glomerular
dysfunction, as is seen in mouse models of hyperhomocysteinemia [220, 221]. With
continuing loss of renal function, circulating NMDA agonists such as HCA,
guanadinosuccinate, and L-quinolinic acid may increase, thereby producing a positive
feedback loop driving renal pathology.

In summary, we have observed that hyperglycemia and diabetes cause marked
increases in the expression of renal NMDA receptors throughout the kidney, and that
sustained treatment with NMDA antagonists reduces the progression of nephropathy in a
mouse model of type-1 diabetes. One of the agents tested here, memantine, is well tolerated
and in widespread clinical use for other conditions. It is possible that other clinically used
drugs in this class, such as dextromethorphan, might also be useful. In this regard, the
present experiments were carried out in a mouse model of type-1 diabetes in which there
is quite minimal B-cell function. However, there is evidence that patients with type-2
diabetes have improved insulin secretion and glycemic control after treatment with
dextromethorphan, in part due to effects on NMDA receptors on pancreatic islets [247,
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248]. In addition, a large number of NMDA antagonists that bind to sites on NR1 subunits
have been discovered [249]. Many of those have poor ability to cross the blood-brain
barrier. While that would limit their usefulness for most neurological conditions, it could
represent a strategy to strongly inhibit peripheral NMDA receptors without producing

cognitive dysfunction.
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7. CONCLUSIONS

In this dissertation, | have shown that mouse and rat podocyte TRPC6 channels are
activated in response to ATP and 20-HETE. Activation of podocyte TRPC6 channels by
ATP and 20-HETE requires generation of ROS, G protein signaling, and podocin (Fig. 1).
20-HETE- and ATP-evoked activation of TRPC6 channels are abolished by treatments that
inhibit or knockdown TRPC6 and podocin. | have also shown that ATP and 20-HETE

upregulate steady-state cell surface expression of TRPC6 channels in podocytes.
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Figure 1. Chemical stimuli ATP and 20-HETE activate mouse and rat podocyte TRPC6
channels. Activation of podocyte TRPC6 channels by ATP and 20-HETE requires
generation of ROS, G protein signaling, and podocin.
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Large qualitative changes in the behavior of podocyte cationic channels with the
properties of TRPC6 occur in distinctly different models of acquired nephrotic syndromes,
including the chronic PAN model of secondary FSGS in rats, and in vitro models in which
immortalized mouse podocytes were exposed to serum or plasma from patients with
relapsed recurrent FSGS, or to recombinant glomerular “permeability factors” (TNF and
SUPAR) implicated in primary FSGS. In most of these in vitro and in vivo models, TRPC6
currents are dramatically increased in response to the mechanical stimulus, but are
diminished in response to chemical stimuli, a phenomenon that closely correlates with the
loss of podocin in the cells. | also observed that these changes in TRPC6 gating properties
were reduced in serum taken from patients who were in a remission from their disease.

In the last chapter of this dissertation, | demonstrated that renal NMDA receptors
contribute to the progression of diabetic nephropathy in the Akita mouse model of type-1
diabetes. Moreover, elevated external glucose caused marked increases in NMDA receptor
abundance in podocytes and mesangial cells, both of which are implicated in diabetic
nephropathy. There are marked increases in the abundance of NMDA receptor subunits
throughout the kidney of Akita mice, and sustained inhibition of NMDA receptors in vivo
using two structurally dissimilar antagonists (MK-801 and memantine) significantly
reduced urine albumin excretion. In addition, MK-801 significantly improved structural
and ultrastructural changes that occur in glomeruli of Akita mice during early stages of
diabetic nephropathy.

These results suggest possible therapeutic strategies for treatment of these
devastating kidney disease. It is possible that small-molecule TRPC6 inhibitors could be
useful for treatment of all forms of FSGS, not just the rare subset of patients who have
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mutations in the TRPC6 gene, but also patients with mutations in NPHS2, and patients with
primary or secondary acquired forms of FSGS. Similarly small molecule NMDA
antagonists might be useful to reduce renal complications of diabetes in humans, which
accounts for a large portion of patients currently requiring dialysis for survival. One such
molecule, memantine, is already in widespread clinical use for patients with dementias.
Additional studies are needed by the results of these studies provide a strong rationale to

continue this line of research.
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