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PREFACE 

 

 

 

The mind is its own place, and in itself 

Can make a Heav'n of Hell, a Hell of Heav'n. 

-John Milton, Paradise Lost 
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ABSTRACT 

 

Podocytes play a dynamic role in regulating glomerular filtration. The focus here 

is on the regulatory mechanisms of podocyte expressed transient receptor potential 6 

(TRPC6) channels, an ion channel implicated in certain forms of proteinuric kidney 

disease. TRPC6 channels are polymodal and can be activated by either chemical or 

mechanical stimuli. Chemical stimulation is mediated by surface-expressed receptors, 

and the roles of angiotensin II type 1 receptors (AT1R), insulin receptors, and N-methyl-

D-aspartate receptors (NMDAR) on TRPC6 activity are studied here. In acutely isolated 

rat glomeruli, angiotensin causes an upregulation of TRPC6 activity, and this is mediated 

by the Gαq /PLC pathway. This angiotensin-evoked upregulation is partially dependent on 

the formation of reactive oxygen species (ROS). In mouse podocyte cell lines, insulin 

causes upregulation of TRPC6 through increasing ROS formation via NADPH oxidase 4 

(NOX4).  Similarly, NMDAR activation upregulates TRPC6, albeit through NOX2. The 

previously uncharacterized podocyte NMDAR has unusual properties with strong 

physiological implications. Specifically, podocyte NMDA receptors are essentially 

unresponsive to L-glutamate and L-aspartate and do not show glycine-mediated 

potentiation. These receptors respond to the agonists L-homocysteate and D-aspartate 

with large ionic currents that are potentiated by D-serine. Given their resistance to L-

glutamate-induced activation, podocyte NMDA receptors likely do not act in a localized 

glomerular signaling system. However, their response to ligands that circulate in both the 

normal and pathological state suggests a role for podocyte NMDA receptors in normal 
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glomerular function. Receptor-driven upregulation of TRPC6 comprises a class of 

potential targets for prevention and treatment of multiple acquired kidney diseases. 

Independent of receptor-mediated response, TRPC6 channels are mechanosentive and 

can be activated by membrane deformation in both podocyte cell lines and isolated 

glomeruli. This mechanosensitivity is repressed by podocin, a cholesterol-binding, 

membrane-associated partner of the TRPC6 channel. In addition, podocin mediates 

diacylglycerol activation of TRPC6, suggesting that podocin determines the favored 

mode of TRPC6 activation in podocytes. It is possible that disruption of the podocin-

TRPC6 complex at the slit diaphragm contributes to Ca
2+

 overload and eventual foot 

process effacement. Drugs that selectively target and suppress TRPC6 

mechanosensitivity could potentially serve as treatments for glomerular diseases.  
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1 INTRODUCTION 

 

1.1 Glomerular Filtration and Podocytes: 

The kidneys are responsible for the removal of toxins and waste products from the 

blood, and the functional unit of the kidneys is the nephron. The nephron itself is further 

divided into the renal corpuscles, located in the cortex of the kidney, and the renal tubules 

that descend into medulla of the kidneys (24, 35). The human kidneys possess 

approximately 2.5 million renal corpuscles that serve as the initial site of blood filtration. 

The renal corpuscle is comprised of glomerular capillaries and the glomerular capsule 

(24, 73). Blood enters the renal corpuscle via the afferent arteriole and passes into the 

glomerular capillaries. Here, water and small molecules from the plasma pass through the 

capillary wall and into the urinary space where they become known as the ultrafiltrate 

(93). At the same time cells and proteins are retained in the capillary loop and exit the 

corpuscle through the efferent arteriole. With a normal filtration rate of approximately 

125 ml per minute, the kidneys filter about 180 liters in a 24-hour period. Of this, only 

1.5 liters is excreted in the form of urine while the remaining majority is reabsorbed by 

the renal tubules. Protein loss is minimal, with greater than 99.99% of the plasma 

proteins prevented from ever entering the ultrafiltrate (46, 93). It is the capillary wall that 

ultimately acts as the filtration barrier of the glomerulus, and it is composed of three main 

components. First, the capillaries have an endothelial layer with many pore-like openings 

known as fenestrations that allow for the filtration of the blood plasma. Surrounding the 

endothelial layer is the glomerular basement membrane (GBM). The GBM is an acellular 

matrix of proteins that acts as both a size and charge selective filter to prevent passage of 
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proteins into the ultrafiltrate (46, 93). Typically, the GBM has a thickness of 300 to 350 

nm, and it is composed of type IV collagen, laminin, heparan sulfate proteoglycan, and 

other extracellular proteins (43). The components of the GBM are largely produced by 

the third layer of the glomerular filtration barrier, specialized epithelial cells known as 

podocytes. In addition to the podocytes, mesangial cells provide structural support for the 

capillary wall and serve a phagocytic function (2, 73). Mesangial cells may play a role in 

altering glomerular filtration rate by controlling the blood flow through the glomerular 

capillaries, but it is now thought that the podocytes that play the more significant role of 

regulating the contents of the ultrafiltrate (73, 93). Podocyte structural abnormalities, 

specifically foot process effacement, invariably lead to proteinuric pathologies and are an 

indicator of most glomerular diseases (24, 34, 43).  

Podocytes are terminally differentiated cells that surround the glomerular 

capillaries within the kidney (73, 93). When functioning properly, podocytes prevent the 

loss of most plasma proteins by producing the acellular components of the GBM and 

acting as a physical barrier by sheathing the capillaries with structures known as foot 

processes (43, 73). In addition to the structural components of the GBM, podocytes also 

produce matrix metalloproteinases (MMPs) that are important for remodeling and 

maintaining the GBM (43). The basement membrane domain of podocyte foot processes 

is anchored to the GMB via integrin- and dystroglycan-based adhesion complexes. These 

complexes facilitate contact mediated signaling, and podocyte-GMB contacts are 

necessary for maintaining podocyte structure. The foot processes of neighboring 

podocytes regularly interdigitate to form filtration slits with a uniform width of 

approximately 40 nm that act as a size-selective filtration barrier (35).
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Spanning these filtration slits is the slit diaphragm, a mesh-like network of 

membrane-bound proteins that physically couple adjacent podocytes (4, 24). Many of the 

proteins that make up the slit diaphragm have been identified, including nephrin, CD2-

associated protein (CD2AP), podocin and neph 1-3 (Illustration 1) (4, 46, 56, 57). These 

adhesion and cytoplasmic adapter proteins are thought to play a role in detecting cell 

membrane deformation and initiating signaling pathways that regulate the dynamic 

properties of podocyte foot processes (4). Nephrin has an extracellular domain that 

extends between neighboring foot processes and interacts with itself in trans. By 

spanning the slit diaphragm, nephrin is positioned to detect alterations in glomelular 

filtration pressure and can internally convey this signal via its intracellular domain (54, 

56). Defects of the nephrin gene are linked with a severe form of congenital nephrotic 

syndrome, indicating its essential role in normal renal function (8, 47, 56). Podocin is a 

cholesterol-binding, membrane-associated protein that thought to localize many 

components of the slit diaphragm. Similar to nephrin, mutations of the podocin gene 

result in early onset focal segmental glomerularsclerosis (FSGS) (27, 56).  As will be 

discussed, evidence suggests that podocin plays a role in modulating mechanosensitivity 

in the foot process (58).  
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1.       

Illustration 1: Simplified model of podocyte foot process in cross section. Nephrin from adjacent podocyte 

foot processes span the slit diaphragm. Transient receptor potential (canonical) channels 6 (TRPC6) are 

thought to interact with CD2-associated protein (CD2AP), podocin and nephrin. Calcium influx can lead to 

alterations in the actin cyctoskeleton. Multiple forms of G protein–coupled receptors (GPRC) can influence 

TRPC6 activity and other intracellular proteins. One such mechanism is through Gαq-Phospholipase Cβ 

(PLCβ) mediated generation of diacylglycerol (DAG). Synaptopodin is an actin-associated protein that 

influences podocyte shape and motility and can influence α-actinin 4(ACTN4), an actin bundling protein. 

Dystroglycan and the α3β1 integrin complex serve to anchor foot processes to the underlying glomerular 

basement membrane. 

 

 

By their very location, podocytes are exposed to hydrodynamic forces that at 

minimum require them to possess a certain structural rigidity, and more likely necessitate 

the ability for podocytes to actively contract (31, 34). Experimental findings conducted 

on cultured cells have supported the hypothesis that podocytes contract in response to 

mechanical stimulation. Specifically, actin rearrangement and tyrosine kinase activation 

have been observed in podocytes exposed to fluid shear stress (31). Furthermore, Ca
2+

 -

influx-dependent and Rho kinase-mediated stress fiber formation can be induced in 

podocytes exposed to linear strain (31, 32, 69). Maintenance of a contractile apparatus 



 5 

appears to be essential for podocyte function, in that disruption of the podocyte actin 

cytoskeleton portends foot process effacement and is closely associated with proteinuric 

kidney diseases. In addition, mutations of several actin-interacting proteins have been 

causatively tied to FSGS (31, 34, 60). It is speculated that cytoskeletal rearrangement and 

contractility may be necessary in order to periodically flush the filtration slits in order to 

remove blockages accrued during the filtration process (86, 87).  

Coupled with the structural proteins of the slit diaphragm, podocyte dynamics and 

function appear to also be greatly influenced by the interplay between ligand-gated 

receptors and ion channels (4, 20, 27). This subject will be expanded upon further in the 

following sections, but a general overview will be discussed here. Podocytes are known 

to express a number of surface receptors, including insulin receptors, angiotensin II type 

1 receptors (AT1R), and both ionotropic and metabotropic glutamate receptors (25, 45, 

49, 88, 106). Many of these receptor initiated signaling cascades result in the activation 

of other Ca
2+ 

-permeable channels at the cell surface and the release of internal Ca
2+

 

stores that can then alter cytoskeletal dynamics. One such class of these surface expressed 

channels is the transient receptor potential (TRP) family of channels. Previous studies 

have shown that multiple types of TRP channels are associated with the slit diaphragm 

complex and play a role in podocyte function and glomerular filtration (4, 20, 27, 41). 

Following a 2005 study, it was found that a subset of familial FSGS is caused by 

mutations in the TRPC6 channel, it became subject to further investigation (98). As the 

TRPC6 channel is one of the main points of focus of this study, only a brief introduction 

will be given here; the next section is dedicated to describing the TRPC6 channel, its 

regulation, and its role in podocyte physiology. That stated, overexpressing either wild 
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type TRPC6 or gain-of-function mutant TRPC6 in mice is sufficient to induce proteinuric 

kidney disease analogous to FSGS (72). In addition, activation of the AT1R results in 

TRPC6 upregulation and TRPC6-mediated Ca
2+

 influx; it is suspected that other 

receptors can mediate similar responses. As I show, this is in fact the case, with both 

insulin receptor- and NMDAR-driven signaling cascades converging on the TRPC6 

channel. Although it is known that the AT1R can influence TRPC6 activity, the precise 

mechanism behind this action has, until now remained elusive (25, 49, 88). Here, using 

isolated rat glomeruli, I show that angiotensin causes an upregulation of TRPC6 through 

a G αq /PLC pathway, and that this effect is at least partially dependent on NADPH-

oxidase (NOX) and the formation of reactive oxygen species (ROS).  

While TPRC6 channels are located in the podocyte cell body, major processes 

and foot processes, the TRPC6 channels only associate with podocin at the slit diaphragm 

and, as a result, may play a particularly important role in podocyte dynamics (4, 27, 34). 

As part of the podocin dependent, megadalton signaling complex at the slit diaphragm, 

TRPC6 can serve as a potential conduit for Ca
2+

 entry and thereby induce cyctoskeletal 

rearrangement. More intriguingly, the podocin-TRPC6 interaction suggests a 

mechanosensitive function (56, 58).  It has been shown that podocin can regulate TRPC6 

channel activity when coexpressed in Xenopus oocytes. Due to its homology with MEC-2 

and other proteins involved in regulating channel sensitivity to stretch, it has been 

proposed that podocin acts in similar fashion on TRPC6 channels in podocytes (53, 58). 

This theory is supported by my findings that siRNA knockout of podocin causes an 

increased mechanosensitive response in mouse podocytes. In addition, I found that 
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podocin is necessary for diacylglycerol activation of podocyte TRPC6 channels, 

indicating a dual regulatory role for podocin. 

As stated, podocytes express N-methyl-D-aspartate (NMDA) receptors, but their 

function has not been fully characterized (1, 38). I show that NMDAR activation causes 

an increase in TRPC6-mediated currents, a process that was found to be NOX2-ROS 

dependent. TRPC6 channels aside, in cultured podocytes, antagonism of the NMDA 

receptor has been reported to cause significant cytoskeletal remodeling and redistribution 

of nephrin (38). Again, some nephropathies are associated with compromised nephrin 

function, and there are reports of nephrin downregulation in diabetes (4, 38, 43, 95). 

These observations implicate a potential role for NMDA receptors in these diseases. 

Furthermore, podocytes have been shown to possess glutamate containing vesicles and 

other components necessary for localized glutamatergic signaling (38). Any role for 

NMDA receptors in any localized signaling system is questionable, as will be explained 

by our most recent findings. Nonetheless, our group has shown that sustained activation 

of NMDA receptors causes activation of secondary signaling cascades in podocytes, 

including protein kinases Erk and Akt and the small GTPase Rho (1, 67). Given the 

implications of NMDA receptors being essential for maintaining podocyte structure and 

function, characterizing their physiological properties may herald new therapeutic 

methods for treating various nephropathies.  

 

1.2 TRPC6 channels: 

 The mammalian Transient Receptor Potential (TRP) superfamily of channels 

consists of six loosely related families of cation channels that show marked divergence in 
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their mode of activation, function, and selectivity (7, 17). TRP channels obtained their 

moniker from the trp mutation in Drosophila that was required for photoreceptors to 

exhibit transient voltage responses to continuous light. All TRP genes encode channel 

subunits that co-assemble as tetramers to form a functional ion channel (30). These 

tetramers can be comprised of either one type of subunit (homotetramers) or a 

combination of familial subunit types (heterotetratmers). All TRP channel subunits 

possess six-spanning membrane α-helical domains, with the pore-forming region found 

between S5 and S6, and intracellular NH2 and COOH termini (17). Of the mammalian 

TRPs, the TRP canonical (TRPC) family is the most structurally similar to the 

Drosophila TRP channel (7). The TRPC family is composed of 7 known members 

(TRPC1-7), six of which are expressed in humans (TRPC2 being a pseudogene). All 

TRPC channels have similar intracellular domains, and TRPC NH2-termini are 

characterized by a variable number of ankyrin repeats. On the COOH-terminus is a 

highly conserved 25-residue TRP domain  that contains a sequence known as TRP box 1, 

followed by a proline-rich sequence referred to as TRP box 2. A calmodulin and IP3 

receptor-binding (CIRB) region follow the TRP domain. The remaining COOH-terminus 

is more variable among TRPC members, but at least one coiled-coil domain is present 

(17, 27). Based on additional similarities in sequence and function, the TRPC family is 

commonly divided into two subgroups; TRPC1/4/5 and TRPC3/6/7 (20). Both subgroups 

can be activated by phospholipase C (PLC), although the downstream pathways diverge. 

Recall that PLC is an enzyme that cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) 

into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). DAG remains 

membrane bound and acts as a second messenger for signaling. IP3 on the other hand, is a 
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freely soluble entity that can diffuse into the cytoplasm where it initiates additional 

signaling cascades. The TRPC1/4/5 subgroup can be activated by IP3-mediated release of 

intracellular Ca
2+

, while the TPC3/6/7 group is directly activated by diacylglycerol 

(DAG) (7, 17, 20, 51).  

There are many additional forms of TRPC activation, but they often depend on 

cell context and the tetrameric make-up of the functional channels. Lysophospholipids, 

generated by phospholipase A2 (PLA2), and oxidized phospholipids, accumulated with 

the formation of ROS, can stimulate TRPC5 (30, 51, 99). Arachidonic acid, another 

product of  PLA2, and its metabolites can stimulate TRPC6 (61). In addition, TRPC6 is 

redox sensitive and can be directly activated by ROS (40). Tyrosine phosphorylation can 

also activate some types of TRPC channels (50). Apart from chemical modification, some 

TRPC channels display sensitivity to membrane stretch and shear force (29, 39). This 

mechanosensitivity may depend on both TRPC binding proteins and the lipid domain 

surrounding the channel. It is thought that tension on the cell membrane results in 

thinning of the bilayer, thereby inducing a conformational change of the TRPC channel 

from the closed to the open state (107). The toxin from the Tarantula spider, GsMTx-4, is 

believed to disrupt this membrane-channel tension and is extensively used to study 

putative mechanosensitive channels (9, 108).    

TRPC3, TRPC5, and TRPC6 have been detected in immortalized podocyte cell 

lines. In addition to TRPC5 and TRPC6, TRPC1 and TRPC2 have been detected in 

mouse glomeruli and have an expression pattern indicative of being podocyte specific 

(20, 48, 112). Of these, TRPC6 has been subject to the greatest degree of study due to its 

association with familial and acquired glomerular diseases. In 2005, a gain-of-function 
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mutation of the TRPC6 channel was associated with a hereditary form focal segmental 

glomerulosclerosis (FSGS) (112). It was later shown that overexpression of either wild-

type or mutant TRPC6 induces foot process effacement and glomerular disease in mice 

(72). Related to this, wild-type TRPC6 upregulation has been detected in a subset of 

acquired proteinuric kidney diseases, including membranous nephropathy and minimal 

change disease (82). Many additional FSGS causing mutations of TRPC6 have been 

identified, and while all are located on the NH2 and COOH terminals, not all mutations 

result in an overt gain of function (20, 48, 102). 

As with all TRPC channels, TRPC6 is a non-specific cation channel. However, its 

permeability to Ca
2+

 is voltage-dependent, and at more depolarized membrane potentials, 

TRPC6 effectively becomes a monovalent cation channel (6, 33). It seems that by itself, 

TRPC6 is a limited carrier of Ca
2+

 into podocytes and is unlikely to generate significant 

changes in intracellular Ca
2+

 concentrations beyond a small nanodomain surrounding the 

channel. Nevertheless, such localized effects may be sufficient to activate other closely 

associated ion channels (20, 27). It was discovered that large-conductance Ca
2+

-activated 

K
+
 channels (BKCa channels) are also expressed in podocytes, and they closely associate 

with TRPC6 channels (27, 65, 69). It is theorized that TRPC6-mediated Ca
2+

 entry may 

be sufficient to activate BKCa channels, which would then drive the cell to a more 

negative potential. This model sets up a possible feedback system whereby BKCa 

channels maintain the sufficiently negative voltage necessary to enable calcium influx 

through the TRPC6 (27, 65). Sustained Ca
2+

-influx could trigger cytoskeletal 

rearrangement and altered gene transcription in the short term; in the long term, excessive 

Ca
2+

 levels could result in podocyte effacement and apoptosis. Based on this proposed 
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model, one can see how increased TRPC6 activity can easily become detrimental to 

podocytes and may partly explain the pathologies associated with many TRPC6 

mutations (20, 27).   

As stated, TRPC6 channels can be activated by products of PLC. Many receptor 

types that are found on podocytes can stimulate PLC and potentially influence TRPC6 

function (4, 47, 54). Additional signaling cascades that lead to the formation of ROS can 

also activate TRPC6 (40, 120). Both PLC and ROS pathways can be initiated by the same 

receptor and both components may be necessary for full activation of TRPC6.  It is 

known that angiotensin II type 1 receptors (AT1R) are expressed by podocytes, and 

angiotensin activates TRPC6 in these cells. However, to date, the precise mechanism 

responsible for this activation is unknown. AT1R is a serpentine G-protein coupled 

receptor that can activate both PLCβ and multiple isoforms of NOX (Illustration 2) (16, 

29, 49, 76). I show that both pathways are involved in AT1R mediated TRPC6 activation, 

and blocking either of them results in a diminished effect of angiotensin. 

The insulin receptor is another receptor type expressed in podocytes (4, 66, 68). 

Prior to our work, it remained unknown if insulin affects TRPC6 activity in podocytes. 

As a receptor tyrosine kinase, the insulin receptor can activate both PLCγ and NOX4, so 

it is reasonable to assume that insulin signaling may influence TRPC6 activity. It is 

already known that insulin signaling is necessary for normal glomerular function (27). As 

with many other cell types, insulin stimulates podocytes to take up glucose by increasing 

the surface expression of glucose transporters (66). Research carried out by other 

members of our group found that insulin also increases surface expression of BKCa 

channels in podocytes (68). Similarly, we found that insulin causes a rapid increase in 
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TRPC6 surface expression, and I show here that there is a functional increase of TRPC6 

in response to insulin. I also show that the effects of insulin on TRPC6 are dependent on 

the production of ROS. 

NMDA receptors are also expressed on podocytes, and I show that they can 

activate TRPC6 in a NOX2 dependent manner (1, 67). Because such a large body of my 

work involves this receptor, I will reserve further comment on the NMDA receptor for 

the section dedicated to its discussion. 

 

 

2.  
 

Illustration 2: Simplified model of angiotensin II type 1 receptor (AT1R) activation of TRPC6. Activation 

of AT1R leads to simultaneous activation of NADPH-oxidase (NOX) and the Gαq subunit of a 

heterotrimeric G-protein. The NOX isoform remains unknown in podocytes. Gαq triggers phospholipase C 

(PLC) to generate diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). DAG directly activates 

TRPC6. In addition, NOX generates H2O2 which activates the redox-sensitive TRPC6 channel. Solid-line 

arrows represent direct pathways that are known to occur. Dashed-line arrows represent pathways that are 

either indirect or the exact mechanism remains to be determined.  
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 TRPC6 channels are expressed on the podocyte cell body, along the major 

processes, as well as the foot processes, where its function at the slit diaphragm is of 

particular importance (27). TRPC6 interacts with both podocin and nephrin at the slit 

diaphragm and is thought to act as part of a signaling complex that regulates cytoskeletal 

dynamics (4, 54). In nephrin-deficient mice, there is increased expression of TRPC6 and 

alteration in its localization at the slit diaphragm (4, 56). Nephrin also initiates signaling 

pathways that directly effect TRPC6 activity. Specifically, Fyn-kinase can be activated 

by nephrin and it directly alters TRPC6 activation by tyrosine phosphorylation. Fyn-

kinase can also recruit and activate PLCγ, leading to the production of DAG and 

subsequent TRPC6 activation (4, 47).  

Podocin seems to regulate TRPC6 by binding directly to the channel and other slit 

diaphragm proteins and by creating a cholesterol-rich microdomain that surrounds the 

channel (4, 54, 101). Altering the lipid profile of the cell membrane effects membrane 

pliability; the addition of cholesterol decreases membrane elasticity (101). Podocin 

therefore creates a more rigid membrane around the TRPC6 complex, and it has been 

found that podocin-dependent activation of TRPC6 requires cholesterol (58). In 

transfected Xenopus oocytes, it was found that podocin increased TRPC6 sensitivity to 

OAG, a DAG analogue, i.e. OAG caused greater activation of TRPC6 in cells 

coexpressing podocin than in cells expressing TRPC6 alone. As stated in the previous 

section, podocin is homologous to the MEC-2 protein found in C. elegans (58). In the 

nematode, MEC-2 forms part of a multiprotein channel complex and is necessary for 

touch sensitivity (53, 58). These facts have led to the hypothesis that podocin regulates 

the mode of activation of the TRPC6 channel at the slit diaphragm. I show that podocin 
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suppresses TRPC6 stretch-sensitivity and enhances OAG activation of TRPC6 in both 

cultured and glomerular-attached podocytes. Furthermore, I show that the TRPC6 stretch 

response is increased after cholesterol depletion, indicating that the podocin-TRPC6 

interaction is dependent on podocin binding to cholesterol.  

 

1.3 NMDA receptors: 

Ionotropic glutamate receptors are a major class of heteromeric ligand-gated ion 

channels that are divided into three subclasses based on their pharmacological specificity 

to selected agonists. These subclasses are N-methyl-D-aspartate (NMDA) receptors, α-

amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors, and kainate 

(KA) receptors (78). Among the three, NMDA receptors are unique in that they are 

highly permeable to Ca
2+

 ions, are tonically inhibited at normal cell resting potential by a 

Mg
2+

 block of the channel pore, and typically require the binding of coagonist for 

channel opening (62, 79, 80).  

NMDA receptors are heteromeric tetramers that incorporate a combination of 

NR1, NR2 and NR3 subunits (90). A single gene, subject to alternative splicing, 

generates eight functional NR1 subunits. Four genes encode for NR2 A, B, C, and D, and 

the NR3 A and B subunits are also distinct transcripts (12, 78, 90, 116). Prototypically, 

NMDA receptors are formed from two dimers of the NR1 and NR2 subunits, with at least 

one NR1 subunit obligatory for functionality. While the NMDA receptor subunits all 

share the same basic topology, they differ in their binding sites. L-glutamate, the 

canonical agonist for NMDA receptors, binds to NR2 subunits on their extracellular 

agonist-binding domain (ABD) (78, 90). Other agonists such as L-aspartate, L-
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homocysteine (HC), and L-homocysteate (HCA) also bind to the ABD and share a 

similar structure with glutamate. In addition to their ABD, NR2 subunits posses an 

allosteric modulator site located on their N-terminal domain (NTD). Allosteric inhibitors 

such as Zn
2+

 bind to this site, preventing channel activation. The NR1 subunits contain 

the co-agonist binding site. Informally known as the “glycine site,” the co-agonist 

binding site can also be activated by endogenous D-serine (84, 90). Occupation of this 

co-agonist site is thought to be necessary for channel opening, and antagonists of the site 

prevent NMDA receptor activity. Less is known about the NR3 subunit, but it has also 

been found to bind both glycine and D-serine, albeit with much higher affinity than the 

NR1 subunit (12, 90). In addition, the presence of the NR3 subunit reportedly lowers 

NMDA receptor sensitivity to Mg
2+

 and significantly reduces Ca
2+

 permeability. It 

follows that NR1/NR3 heteromers do not form glutamate activated receptors, as they lack 

an ABD. Interestingly, NR1/NR3 heteromers do form glycine-activated cationic 

channels. It is believed that functional NMDA receptors are assembled in vivo from 

NR1/NR2 heteromers and NR1/NR2/NR3 triheteromers (12). 

First identified in neurons, NMDA receptors have been found to play a crucial 

role in mediating excitatory synaptic transmission and changes in synaptic strength (95, 

116). Outside of the nervous system, NMDA receptors have been detected in a multitude 

of tissue types, including heart, parathyroid, bone, pancreas, immune cells, erythrocytes, 

and kidney (19, 75, 76, 77). In erythrocytes, NMDA receptor activation facilitates the 

formation of nitric oxide (76), while in proximal tubule cells there is evidence that 

NMDA receptor subunits play a role in Na
+
 reabsorption (19). Apart from these and a 
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few other instances, the function of many of these peripheral NMDA receptors remains 

largely uncharacterized.  

Functional neuronal NMDA receptors are permeable to K
+
, Na

+
, and Ca

2+
, with 

permeability contingent upon prior depolarization of the cell. At the cellular resting 

potential, Mg
2+

 blocks the pore, and although NMDA receptors can be activated, no 

current is permitted (78, 80). The opening of non-NMDA, glutamatergic channels results 

in depolarization of the cell that is sufficient to remove the Mg
2+

 from the pore site (80). 

NMDA receptors display relatively slow activation kinetics, with current reaching a peak 

10 to 20 ms post-activation (75). The degree that NMDA receptors are permeable to Ca
2+

 

is determined by the subunit composition of the NMDA receptor, but at typical 

extracellular concentrations, the selectivity for Ca
2+

 exceeds that for Na
+
 10-fold in most 

NMDA receptors (78, 116). As a result NMDA receptors are ideally suited to initiate 

Ca
2+

 dependent signaling cascades, while at the same time posing a risk for Ca
2+

-induced 

exitotoxicity. In neurons, over-stimulation of NMDA receptors triggers cellular death via 

the production of reactive oxygen species (ROS), the excessive activation of Ca
2+

-

dependent kinases and proteases, and disruption of Ca
2+

-dependent ion channel 

functionality (15). It has been shown both in vivo and in neuronal cultures that NMDAR 

activation can trigger NADPH oxidase 2 (NOX2)-dependent ROS production (10, 116, 

117). The precise mechanism of this process remains unclear, but one theory holds that 

Ca
2+

-influx through the NMDA triggers the activation of nitric oxide synthesis, the 

subsequent generation of nitric oxide, leading to the eventual activation of protein kinase 

G (PKG). PKG is thought to then activate Rac1, a small (~21 kDa) signaling GTPase, 

that is an essential component of the active NOX2 complex (10). The ROS generated by 
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NOX2 can not only directly affect the redox sensitive NMDAR, but cause further 

downstream effects. As I show, this NMDAR-mediated signaling cascade can have a 

detrimental impact on podocytes. 

Recently, NMDA receptors have been identified in human and rodent glomeruli 

(96). While not definitive, there is some evidence that systemic inhibition of these 

receptors results in a tendency to develop proteinuria, although our group has been unable 

to confirm this. Here, evidence is presented that the negative effects of NMDA receptor 

activation may in part be the result of TRPC6 upregulation. I found that NMDAR 

activation causes an upregulation of TRPC6 through increasing ROS formation via 

NOX2 in mouse podocyte cell lines. It is of note that the TRPC6 effects of both 

angiotensin and insulin also depend on the formation of ROS, albeit through slightly 

different mechanisms. Previously, it was hypothesized that NMDAR signaling may occur 

in a very localized manner (19, 38, 96). Podocyte foot processes have both glutamate 

containing vesicles and glutamate transporters, and it seems plausible that glutamate 

release from adjacent foot process could serve as a limited range signal (38, 96). 

However, as will be shown further below, our findings do not suggest a role for NMDA 

receptors in a signaling pathway that involves localized release of glutamate.   

Here I show that podocytes from cell lines and primary cultures express 

functional NMDA receptors with a set of properties that distinguishes them from 

previously characterized NMDA receptors. While readily activated by NMDA, podocyte 

NMDA receptors are essentially unresponsive to L-glutamate and L-aspartate and are not 

potentiated by glycine. Despite their resistance to the classical agonists, podocyte NMDA 

receptors are inhibited by typical competitive and non-competitive antagonists. In 
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addition, these receptors respond to both L-homocysteate and D-aspartate with large ionic 

currents that are significantly mediated by calcium influx. D-serine acts as a potentiator 

of the evoked currents, and antagonists of the D-serine binding site inhibit NMDA 

receptor current.  

 

1.4 Summary of objectives: 

 The purpose of this research is to study polymodal activation of TRPC6 channels 

in podocytes, i.e. chemical and mechanical stimuli. Chemical activation is mediated by 

surface-expressed receptors, so it is necessary to identify and characterize the signaling 

pathways that can influence TRPC6 channel activity in podocytes. I focused on three 

specific receptors that are known to be expressed in podocytes; the angiotensin II type 1 

receptor (AT1R), the insulin receptor, and the NMDA receptor (Illustration 3A).  

Based on previous research, it is hypothesized that AT1R-mediated activation of 

TRPC6 is Gαq-PLC dependent and may involve reactive oxygen species (ROS). Using 

whole cell current recordings obtained from glomeruli-attached podocytes, I tested these 

assumptions.  Less was known about the role of the insulin receptor in TRPC6 activation. 

Our preliminary data suggested that insulin increases surface expression of TRPC6, and I 

set out to determine if insulin has a functional effect on TRPC6 channel activity. There 

are multiple downstream effects from the insulin receptor and the production of peroxide 

and other ROS are implicated in normal insulin receptor signaling. Given that TRPC6 

channels are redox-sensitive, I investigated the role of ROS in regulating TRPC6 

channels. The final receptor studied was the NMDA receptor. Again, the physiological 

role of podocyte NMDA receptors remains unclear. I began by further characterizing the 
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NMDA receptor itself. I sought to determine the ligands, both agonists and antagonists, 

as well as channel permeability properties of the NMDA receptor. There is speculation 

that the NMDA receptor may facilitate TRPC6 channels in podocytes. I wanted to 

determine whether this is actually the case, and by what mechanism it may occur. 

Finally, there has been much conjecture over TRPC6 mechanosensitivity in 

podocytes (Illustration 3B, C, D, and E). I tested the hypothesis that TRPC6 channels are 

activated by membrane stretch and other forms of membrane deformation. Membrane 

cholesterol levels were altered in order to determine the how membrane fluidity affects 

TRPC6 mechanosensitivity. I also investigated the potential role of podocin in regulating 

TRPC6 mechanosensitivity, and whether podocin has any additional regulatory roles.      
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3.  

Illustration 3: Illustration of objectives. The research presented is focused on polymodal activation of 

TRPC6 channels in podocytes. A: Multiple forms of receptor-mediated activation are examined. The 

mechanism of angiotensin II type 1 receptor (AT1R) mediated activation is studied as well as TRPC6 

activation by insulin receptor and NMDA receptor-mediated signaling. B: Prior to this work, it was 

uncertain if podocyte TRPC6 channels are mechanosensitive. It will be determined whether this is the case, 

and what, if any, role podocin plays in regulating TRPC6 mechanosensitivity (C). Altering cholesterol 

levels can cause membrane deformation, and will be used to study the mechanosensitivity of TRPC6 

channels. D: Addition of cholesterol to the outer leaflet of the plasma membrane is thought to cause an 

outward curvature of the membrane. E: Selective removal of cholesterol from the outer leaflet is thought to 

cause an inward deflection of the membrane. The methods used to alter cholesterol levels is described in 

the text. 

 

 

 

A. 

B. C. 

E. D. 

? 
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2 MATERIALS AND METHODS 

 

2.1 Cell culture and glomerular isolation: 

Immortalized mouse and human podocyte cell
 
lines (obtained from Dr. Peter 

Mundel then at the University of Miami
 
Miller School of Medicine, now at Harvard 

Medical School) were maintained as described in detail previously (90).  Cell lines were 

propagated at 33°C in the presence of mouse γ
 
-interferon (10 U/ml; Sigma).  Removal of 

γ-interferon and raising
 
the temperature to 37°C for 2 weeks induced differentiation

 
and 

expression of podocyte markers (90).  To prepare primary cultures of podocytes, 6-week 

old mice were anesthetized with pentobarbital and sacrificed according to procedures 

approved by the University of Houston Institutional Animal Care and Use Committee and 

kidneys were excised and placed in ice cold PBS.  The capsule and adhering fat were 

removed, and the cortex was carefully dissected and chopped into 1 mm
3
 pieces using a 

razor blade.  A preparation enriched in glomeruli was made using a standard sequential 

sieving procedure using three stainless steel sieves with mesh sizes of 190 µm, 140 µm 

and 104 µm. A fourth mesh screen of  73.7 µm was used as a final barrier, and glomeruli 

were collected at this stage. A similar procedure was used for isolating glomeruli from 

rats, however the mesh size for the sieves were 230 µm, 190 µm, 140 µm, and the final 

barrier sieve was 104 µm. For acutely isolated podocytes, glomeruli were then collected 

by brief centrifugation and incubated at 37°C in a saline free of divalent cations 

containing 0.5 mg ml/ml Sigma type II collagenase for 20 min.  The glomeruli were 

transferred to cell culture medium and  gently dissociated by 10 passes through a fire-

polished Pasteur pipette (tip diameter 0.5 mm), and the cell suspension was plated onto 
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poly-D-lysine-coated or collagen-coated glass coverslips.  Recordings were made 72 hr 

after plating, at which time glomerular cells were adherent and podocytes could be 

readily identified by their primary processes extending from the cell body, which were 

easily seen under Hoffman modulation contrast optics. Intact rat glomeruli were first 

isolated by the described sieving procedure and then collected by pipette, spun down, and 

directly plated on collagen-coated coverslips. Recordings were carried out 24-72 hours 

post plating in order to allow for sufficient adherence. Panels of siRNAs directed against 

TRPC6 and podocin, and non-targeted siRNAs for use in control experiments, were 

obtained from Santa Cruz Biotechnology and transfected into podocytes using 

Oligofectamine™ (Invitrogen) in serum-reduced medium according to the 

manufacturer’s directions.  Experiments were carried out 24-hr after transfection with 

siRNA.   

 

2.2 Whole-cell recordings and data analysis: 

Whole-cell recordings were made at room temperature (21-23°C) using standard 

techniques.  For TRPC6 recordings, the control bath solution (100%) contained 150 mM 

NaCl, 5.4 mM CsCl, 0.8 mM MgCl2, 5.4 mM CaCl2, and 10 mM HEPES, pH 7.4.  To 

prepare a 70% hypoosmotic solution, 700 ml of the control solution was simply diluted to 

a volume of 1 L.  In experiments using pressure pulses as a mechanical stimulus, the 

external solution was the same as the normoosmotic 100% control except that the 

external Ca
2+

 was reduced to 0.8 mM to facilitate detection of inward currents at more 

negative membrane potentials (63).  Pipette solutions in all experiments contained 10 

mM NaCl, 125 mM CsCl, 6.2 mM MgCl2, 10 mM HEPES, and 10 mm EGTA, pH 7.2.  
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For experiments on hypoosmotic stretch, the bath was perfused at a constant flow rate 

(0.3 ml/min) and outwardly rectifying currents were periodically evoked by ramp voltage 

commands (-80 to + 80 mV over 2.5 sec) from a holding potential of -40 mV.  This was 

done in normal and 70% hypoosmotic solutions, which in some experiments also 

contained drugs or inhibitors, as indicated.  Whole-cell currents were quantified at +80 

mV as described previously (90).  To evoke inward deformations of the membrane, glass 

micropipettes with tip diameters of ~ 1 m were filled with normal external saline 

containing 60% sucrose, and were positioned 40-50 M from a podocyte cell body under 

whole-cell clamp.  Pressure pulses of 34 kPa (5 p.s.i) were applied using a 

Picrospritzer™ pressophoresis system, which, with optimal placement of the 

micropipette, resulted in visible and highly reproducible deformation of the plasma 

membrane.  This stimulus was applied in a constantly flowing bath while the cell 

membrane potential was held at -60 mV.  To examine effects of shear force, whole-cell 

recordings from rat podocytes in isolated glomeruli were made in a static 0.5 ml bath, and 

mechanical stimulation was applied by briefly initiating a flow at 0.3 ml/min while the 

cell was held at -60 mV.  In these experiments, we only recorded from cells in which 

large primary processes could be seen emanating from the cell body, and we choose cells 

on the outer margin of the glomerulus that would be directly exposed to the flowing bath. 

For pharmacological experiments, recombinant human insulin, 1-oleoyl-2-acetyl-sn-

glycerol (OAG), U73122, ONO-RS-082, angiotensin II, apocynin, losartan, suramin, 

chelerythrine, diphenylene iodium (DPI), and cytochalasin D were obtained from Sigma. 

SKF-96365 was from Calbiochem.  Manganese (III) tetrakis (4-benzoic acid) porphyrin 

chloride (MnTBAP) was from Percipio Biosciences. GsMTx4 was from Smarttox. 
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For NMDAR recording, the external bath normal external saline contained (mM): 

150
 
NaCl, 5.4 KCl, 0.8 MgCl2, 5.4 CaCl2, and 10 HEPES-NaOH, pH 7.4.  In experiments 

designed to examine relative ionic permeability, CaCl2 was increased to 10 mM in the 

control solution and nominally decreased to 0 mM in the experimental solution and 

NMDA responses obtained over a range of membrane potentials in both solutions.  

Recording electrodes were filled with a solution containing (mM):  120 KCl, 10 NaCl, 10 

HEPES-KOH,
 
and 10 EGTA, pH 7.2.  In some experiments MgCl2 was increased to 5 

mM in internal or external solutions, as indicated (in which case EGTA was omitted from 

the internal solution).  The resistance of filled recording electrodes was 4-6 MΩ.  In pilot 

studies we used recording electrode solutions in which KCl was replaced with CsCl, and 

identical results were obtained.  Because recordings lasted longer with KCl, we used 

those solutions for the rest of these studies.  It was possible to compensate 80-90% of the 

series resistance without introducing oscillations into the current output of the clamp 

amplifier (Axopatch 1D, Molecular Devices, Sunnyvale, CA).  Agonists (NMDA, L-

glutamate, L-aspartate, D-aspartate, L-homocysteate, or glycine) were obtained from 

Sigma and dissolved in extracellular saline at various concentrations and applied by 

pressure injection (4 lb/in
2
 = 27.6 kPa for 1-60 sec duration) from a second micropipette 

(~2 µm tip diameter) positioned 30-40 µm from the cell body of the podocyte.  The 

amplitudes and waveforms of responses to agonists showed some variability from cell to 

cell depending in part on injection pipette placement relative to the podocyte cell body, 

and the bath perfusion rate. However, once the pressure injection pipette was placed, 

amplitudes and waveforms of responses in individual cells were highly reproducible and 

could often be maintained for up to 30 min with little variation.   With this apparatus, 
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only a single concentration of agonist could be applied to any given cell.  The antagonists 

MK-801 and D-2-aminophosphovaleric acid (obtained from Sigma), and L689,560 

(obtained from Tocris) and allosteric modulators (glycine or D-serine) were dissolved in 

extracellular saline and applied to cells by bath superfusion.  Macroscopic currents were 

digitized with a Digidata 1322A interface
 
(Molecular Devices) and stored for off-line 

analysis with pCLAMP
 
software (Molecular Devices).  Curve fitting was carried out 

using the non-linear least squares algorithms implemented in Origin v 6.0 software 

(Microcal Software Inc., Northhampton, MA). 

 

2.3 Immunoblot analysis, cell-surface biotinylation assays, and nuclear localization 

of NFAT: 

Immunoblot analysis and cell-surface biotinylation were carried out using standard 

methods as described in detail previously (65, 66, 67, 68, 69). The primary antibodies 

were rabbit anti-TRPC6 (Alomone), rabbit anti-p47(phox) and rabbit anti-NOX2 (Santa 

Cruz), rabbit anti-NOX4 (Epitomics), rabbit anti-podocin (Santa Cruz), rabbit anti-

nephrin (Abcam), and mouse monoclonal anti-β-actin (Millipore). For cell-surface 

biotinylation assays, intact podocytes were treated with a membrane impermeable 

biotinylation reagent, sulfo-N-hydroxy-succinimidobiotin (Pierce Biotechnology, 

Rockford, IL) (1 mg/ml) for 1 h. The reaction was stopped, cells were lysed, and 

biotinylated proteins from the cell surface were recovered by incubation with 

immobilized streptavidin-agarose beads. A sample of the initial cell lysate was retained 

for analysis of total proteins, and in some experiments of β-actin. These samples were 

quantified by immunoblot analysis followed by densitometric analysis using Image J™ 
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software. Bar graphs describing these data were constructed from 3-5 repetitions of each 

experiment. NFAT localization in podocyte nuclei was measured using a commercial 

assay (Active Motif) and a nuclear extract kit purchased from the same manufacturer. In 

this assay we also used a mouse monoclonal anti-histone and a mouse monoclonal anti-

β-actin (Millipore). In separate experiments on NFAT localization, podocytes were 

subjected to various treatments and fixed in 4% paraformaldehyde at room temperature 

for 10 minutes. Fixed cells were permeablized, blocked and incubated with rabbit anti-

NFATc1 (Active Motif) and nuclei were counterstained with 4'-6-diamidino-2-

phenylindole (DAPI) for 1 hour at 37°. After washing, cells were treated with AlexaFlour 

488-conjugated anti-rabbit IgG (Molecular Probes), and then rinsed, mounted, and 

images were collected on an Olympus FV-1000 inverted stage confocal microsope using 

a Plan Apo N 60X 1.42NA oil-immersion objective, and processed by FluoView™ 

software. 
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3 RESULTS 

 

3.1 Angiotensin modulates TRPC6 channels in isolated rat glomeruli: 

 It is known that podocytes express functional angiotensin II type 1 receptors 

(AT1R), and it has been shown that angiotensin causes increased expression of TRPC6 

and TRPC6-mediated Ca
2+

-influx (25, 49, 90). Additional studies have shown that 

AT1R-mediated upregulation of TRPC6 transcription is dependent on the 

calcineurin/NFAT pathway(88), but this pathway does not explain the observed, acute 

effects of angiotensin on TRPC6 functionality. Using isolated rat glomeruli, I was able to 

further characterize the signaling pathways required for AT1R facilitation of TRPC6 

function. I obtained whole cell recordings from cells located at the peripheral surface of 

the glomeruli. The cells’ location and morphology were used to identify them as 

podocytes.  In these experiments, K
+
 ions that would normally be present in physiological 

solutions were replaced by Cs
+
 in both the bath and pipette solutions. In addition, external 

Ca
2+

 was raised to 5.4 mM to improve the stability of whole cell recordings. Macroscopic 

currents were evoked by 2.5s voltage ramps from -80 to +80 mV, and currents at +80 mV 

were quantified for analysis. 

 I found that angiotensin has a dose dependent effect on cationic current evoked by 

voltage ramps (Fig. 1, A).  Angiotensin had a noticeable effect at concentrations as low as 

0.1 nM, with the largest effects observed at concentrations of 100 nM. At larger 

concentrations (≥1 mM), angiotensin had an inhibitory effect. The maximum observed 

outward current occurred at +80 mV, and this value was used to plot the dose-

dependency curve. There was an increase in both inward and outward current, and (Fig. 
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1, B). At a negative holding potential (-60 mV), 10 nM angiotensin evoked a substantial 

increase in inward current when measured from baseline (Fig. 1, C). 

 In order to substantiate that the increased current was mediated by AT1R, I 

applied the AT1R inverse agonist, losartan (100µM), prior to angiotensin wash-on. 

Losartan effectively inhibited any increase in measured current (Fig. 2, A and B), thereby 

further implicating AT1R. 

 Cationic current could potentially be mediated by channels other than TRPC6 

(41). In order to verify the identity of the channel facilitated by AT1R, I utilized two 

known inhibitors of TRPC6.  SKF-96365, is an agent that blocks cationic channels in the 

TRPC family (81). At micromolar concentrations, lanthanum (La
3+

) blocks TRPC6 while 

at the same time activating TRPC5 (64). Angiotensin-evoked currents were effectively 

blocked by the SKF-96365 compound (10 µM) (Fig. 3, A and B), indicating that the 

current was TRPC mediated. La
3+

 (50 µM) had similar effects (Fig. 4, A and B), 

indicating that the current was specifically TRPC6 mediated. Furthermore, the La
3+

 trials 

convincingly negated the possibility of any involvement of TRPC5. As final 

substantiation that angiotensin is upregulating TRPC6 specifically, I used siRNA to 

knockdown TRPC6. Transfected cells, showed a significantly reduced response to 

angiotensin compared to control cells transfected with a scrambled siRNA sequence (Fig. 

5, A - C).  

 I next determined the signaling pathways involved in AT1R activation of TRPC6. 

It is known that AT1R is a Gαq –coupled receptor, and Gαq can activate PLCβ (25,46). 

No angiotensin-evoked activation of TRPC6 was observed whe suramin (100 µM), a Gαq 

inhibitor, was included in the pipette solution (Fig. 6, A). D609 is a selective competitive 
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inhibitor of PLC and chelerythrine is a cell permeable PKC inhibitor. Addition of D609 

(100 µM) to the bath solution blocked a significant portion of angiotensin mediated 

increase in TRPC6 current (Fig. 7, A and B). On the other hand, chelerythrine (10 µM) 

did not inhibit the effects of angiotensin (Fig. 7, C). Taken together, these results indicate 

that AT1R activation of TRPC6 is PLC dependent, but does not require PKC. 

 TRPC6 is a redox-sensitive channel, and it is known that AT1R signaling can 

generate ROS (27, 40, 46). I used multiple methods in order to determine if the 

generation of ROS plays a role in AT1R activation of TRPC6. The effects of angiotensin 

were blocked by concurrent treatment with 100μM of MnTBAP, a membrane permeable 

mimetic of superoxide dismutase and catalase (Fig. 8, B). ROS can be generated via 

NADPH-oxidases (NOX), and AT1R is reported to activate NOX2 and NOX4 (16). Both 

apocynin and DPI are inhibitors of NOX enzymes. Separately, apocynin (10 µM) and 

DPI (10 µM) greatly inhibited the effects of angiotensin (Fig. 8, C and D), though a 

statistically significant effect of angiotensin remained. Nonetheless, these findings 

indicate that AT1R is promoting free radical formation via NOX activation, and this 

process is in part necessary for angiotensin activation of TRPC6. 
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Figure 1: Angiotensin II activates cationic currents in glomerular attached podocytes. A: 

angiotensin II has a dose dependent effect on cationic currents recorded from rat 

glomerular attached podocytes. Whole-cell currents were evoked by ramp voltage 

commands (-80 mV to +80 mV in 2.5 seconds) before and after addition of angiotensin to 

the bath solution. Dose response was measured by subtracting the maximum outward 

current obtained in the normal bath solution from the maximum outward current obtained 

in the presence of angiotensin, as shown in B. Angiotensin doses ranged from 0.1nM to 

1µM, with doses increasing by a factor of 10. Angiotensin had the greatest effect at 

100nM, with higher doses resulting in reduced current. Each data point is the average of 

5 cells (n = 5). Error bars indicated ±SE. B: example of traces obtained using ramp 

voltage command both before and after application of angiotensin (1nM). ΔI indicates the 

value used to plot the dose response curve. C: angiotensin (100nM) evokes inward 

cationic current when cell is held at -60mV. Inward current was sustained in the presence 

of angiotensin.  
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Figure 2: Losartan inhibits angiotensin activation of cationic current. A: example of 

traces showing that pre-application of losartan (100µM) prevented angiotensin (1nM) 

(abbreviated as AII) evoked activation of cationic current. B: no significant (n.s.) (P < 

0.0001, Student’s unpaired t-test, n = 5) increase in either inward or outward current was 

observed when angiotensin (1nM) was applied in the presence of losartan (100µM).  
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Figure 3: Angiotensin-activated current is sensitive to TRPC blocker, SKF-96365. A: 

example of traces showing that angiotensin (1nM) evoked currents were effectively 

blocked by SKF compound (10µM) in a single cell. B: angiotensin resulted in a 

significant increase in both inward and outward current (P < 0.0001, Student’s unpaired t-

test, n = 5) compared to currents measured in control conditions. Angiotensin (1nM) 

activated current was significantly inhibited by SKF compound (10µM).  
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Figure 4: Angiotensin-activated current is sensitive to TRPC6 blocker, Lanthanum 

(La
3+

). A: example of traces showing that angiotensin (1nM) evoked currents were 

effectively blocked by La
3+

 (50µM) in a single cell. B: angiotensin resulted in a 

significant increase in both inward and outward current (P < 0.0001, Student’s unpaired t-

test, n = 5) compared to currents measured in control conditions. Angiotensin (1nM) 

activated current was significantly inhibited by La
3+

 (50µM).  
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Figure 5: Angiotensin does not increase current in TRPC6 knockdown cells. A: example 

of traces obtained from cells treated with control siRNA both before and after angiotensin 

application (1nM). B: example of traces obtained from cells treated with TRPC6 siRNA 

both before and after angiotensin application (1nM).  C: mean currents at ±80 mV 

recorded in cells treated with vehicle or TRPC6 siRNA (each group n = 5). Data were 

analyzed by 2-way ANOVA, which showed that TRPC6 knockdown had a significant (P 

< 0.005) effect on cell sensitivity to angiotensin activation.  
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Figure 6: Suramin, a Gαq-protein inhibitor, prevents angiotensin activation of cationic 

current. A: example of traces showing that inclusion of suramin (100µM) in recording 

pipette solution prevented angiotensin (1nM) evoked activation of cationic current. B: no 

significant (n.s.) (P < 0.0001, Student’s unpaired t-test, n = 5) increase in either inward or 

outward current was observed in response to angiotensin (1nM) when suramin (100µM) 

was present in the recording pipette solution. 
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Figure 7: Inhibition of PLC but not PKC prevents angiotensin activation of cationic 

current. A: example of traces showing that pre-application of the PLC inhibitor, D609 

(100µM) prevents angiotensin (1nM) evoked activation of cationic current. B: no 

significant (n.s.) (P < 0.0001, Student’s unpaired t-test, n = 5) increase in either inward or 

outward current was observed in response to angiotensin (1nM) when D609 (100µM) 

was present in the bath solution. C: pre-application of the PKC inhibitor, chelerythrine 

(10µM) did not inhibit angiotensin (1nM) activation of cationic current (P < 0.0001, 

Student’s unpaired t-test, n = 5).  
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Figure 8: Angiotensin activation of cationic current is greatly dependent on NOX 

activity and the presence of reactive oxygen species. A: mean effects of angiotensin 

(1nM) on group of control cells (n = 5 for all groups) showing significant increase in 

inward and outward current (P < 0.0001, Student’s unpaired t-test). B: mean effects of 

angiotensin (1nM) on group of cells pretreated (12hr) with MnTBAP (100μM) showing 

no significant increase current (P < 0.0001, Student’s unpaired t-test). C: mean effects of 

angiotensin (1nM) on group of cells pretreated (12hr) with apocynin (10μM) showing 

reduces effect of NOX inhibition on current activation (P < 0.0001, Student’s unpaired t-

test). D: mean effects of angiotensin (1nM) on group of cells with pre-application of DPI 

(100μM) showing reduces effect of NOX inhibition on current activation (P < 0.0001, 

Student’s unpaired t-test). 
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3.2 Insulin modulates podocyte TRPC6 channels: 

Previous studies on TRPC6 channels in heterologous expression systems showed 

that their activation gives rise to outwardly rectifying macroscopic cationic currents that 

are much larger in the presence of DAG analogs (20, 51) and that are reduced in the 

presence of millimolar external Ca
2+

 (33). I observed macroscopic currents with these 

characteristics by means of conventional whole cell recordings from differentiated 

podocytes derived from mouse cell lines (Fig. 9). In these experiments, K+ ions that 

would normally be present in physiological solutions were replaced by Cs+ in both the 

bath and pipette solutions. In addition, external Ca
2+ was raised to 5.4 mM to improve the 

stability of whole cell recordings. Macroscopic currents were evoked by 2.5-s voltage 

ramps from -80 to +80 mV, and currents at +80 mV were quantified for statistical 

analysis. I observed that cationic currents evoked by voltage ramps under these 

conditions had an average reversal potential of -4 mV under the recording conditions 

used in these experiments (N = 18 cells). These currents were substantially larger in cells 

exposed for 5 min to 100 µM OAG, a membrane-permeable analog of DAG that can 

activate TRPC6, TRPC3, and TRPC7 channels (20). Moreover, these cationic currents 

were markedly reduced after superfusion of 10 µM SKF96365, an inhibitor of 

nonselective cation channels of the TRPC family (81) (Fig. 9, A and B). They were also 

blocked by superfusion of 100 µM La
3+

, which blocks TRPC6 channels (64), but 

increases activation of TRPC5 channels (22, 48, 56) (Fig. 9, C and D). Using a similar 

design, I observed that treating podocytes with 100 nM insulin could also evoke a 

significant increase in cationic currents in podocytes that could be instantly blocked by 
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bath superfusion of either 10 µM SKF-96365 (Fig. 10, A and B) or 100 µM La
3+ (Fig. 

10, C and D). 

More than one functional member of the TRPC family is expressed in podocytes 

(27, 41, 109). Because of the lack of perfectly selective inhibitors, there is no single 

experimental design that would allow for completely unambiguous isolation of whole cell 

currents or, for that matter, any functional responses that are mediated by endogenously 

expressed TRPC6 channels. However, I performed two other experiments that suggest 

that most or all of the insulin-stimulated current is due to modulation of TRPC6 channels. 

In one set of experiments, I examined the effects of OAG in control cells and in 

podocytes previously treated with insulin for 24-hr, and I analyzed the results using a 

two-way ANOVA (Fig. 11, A). Currents were recorded from 10 cells in each group (for a 

total of 40 cells in this experiment). There was a significant effect of both insulin (F1 = 

199.38, P < 0.0001) and OAG (F2 = 26.35, P < 0.0005) in the overall data set. 

Importantly, there was also a statistically significant interaction between these two 

treatments (F1,2 = 37.74, P < 0.0002). This last result indicates that the response to OAG 

depends on whether cells were previously treated with insulin. Post hoc analysis 

indicated that both OAG and insulin were effective when applied by themselves, but that 

applying OAG to cells immediately after 24-hr exposure to insulin treatment did not 

produce any additional effect. In other words, insulin appears to completely occlude the 

response to OAG, an observation that is consistent with the hypothesis that OAG and 

insulin are modulating the same population of channels in podocytes. 

Previous studies showed that the set of channels that can be activated by OAG is 

comprised of TRPC3, TRPC6, and TRPC7 (20). Therefore, in another set of experiments, 
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I examined the effects of OAG and insulin in wild-type podocytes and in a subclone of 

the same cell line stably expressing siRNA targeting TRPC6 channels. I observed a 

nearly complete loss of both OAG-evoked cation currents and insulin-stimulated cation 

currents in the TRPC6 knockdown cells compared with controls (Fig. 11, B), even though 

the knockdown is less than 100%. Currents were recorded from 10 cells in each group 

(for a total of 60 cells in this experiment). Analysis of these data by two-way ANOVA 

revealed significant effects of the TRPC6 knockdown (F1 = 17.18, P < 0.005), as well as 

significant effects of insulin or OAG treatment (F2 = 66.21, P < 0.0001). Most 

importantly, there was a highly statistically significant interaction between these two 

classes of independent variables (F1,2 = 55.47, P < 0.0001). I found that TRPC6 

knockdown abolished the ability of podocytes to increase cationic currents in response to 

either insulin or OAG. Fluorometric assays, conducted by Dr. Eun Young Kim, indicated 

that insulin increases H2O2 production, and it is known that TRPC6 channels are redox 

sensitive. I observed that treatment of podocytes with H2O2 at 250µM for 30 minutes 

resulted in significant increase of TRPC6-mediated current (Fig. 11, C and D). 

Pretreatment with the free radical scavenger MnTBAP inhibited the effects of H2O2. 
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Figure 9: Properties of podocyte cationic currents activated by the diacylglycerol analog 

oleoyl-2-acetyl-sn-glycerol (OAG). A: examples of currents recorded during 2.5-s ramp 

voltage commands as indicated above the traces in cells treated with vehicle (top traces) 

or after 5-min exposure to 100 µM OAG (bottom traces) for 5min. Superimposed traces 

to the left are from single cells before and after bath application of 10 µM SKF96365. 

The traces on the right show SKF96365-sensitive currents obtained by digital subtraction. 

The dotted lines running through the subtracted traces denote the zero-current level. Note 

that SKF96365-sensitive currents are much larger after OAG treatment. B: summary of 

results of several repetitions of the experiment shown in A. Ordinate is the amount of 

mean SKF96365-sensitive current measured at +80mV. *Significant (P < 0.001, 

Student’s unpaired t-test) increase in current after OAG treatment (n = 10 cells in each 

group). Note that these are group means. The cells exposed to vehicle were not exposed 

to OAG. C: as in A except that currents in vehicle- or OAG-treated cells were blocked by 

bath superfusion of 100 µM La
3+

. D: summary of several repetitions of the experiment 

shown in C, showing that La
3+

-sensitive currents are significantly larger in OAG-treated 

cells (P < 0.001, Student’s unpaired t-test, n = 5 cells in each group). 
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Figure 10: Insulin increases cationic currents in podocytes.  A: currents evoked during 

voltage ramps in control podocytes (top traces) and in podocytes treated with 100 nM 

insulin for 12 h (bottom traces), as indicated. Superimposed traces to the left are from the 

same cell before and after bath application of 10 µM SKF96365. The traces on the right 

show SKF96365-sensitive current calculated by digital subtraction. The dotted lines 

running through the subtracted traces denote the zero-current level. Note that SKF96365-

sensitive currents are much larger in cells treated with insulin. B: summary of results of 

several repetitions of the experiment shown in A. Ordinate is the mean SKF96365-

sensitive current measured at +80 mV. *Significant (P < 0.0001, Student’s unpaired t-

test) increase in current after insulin treatment (n = 10 cells in each group). C: as in A 

except that currents in control or insulin-treated cells were blocked by bath superfusion of 

100 µM La
3+. D: summary of several repetitions of the experiment shown in C, showing 

that La
3+-sensitive currents are significantly larger in insulin-treated cells (P < 0.001, 

Student’s unpaired t-test, n = 5 cells in each group). 
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Figure 11: Insulin activates OAG-sensitive currents in podocytes that are eliminated by 

TRPC6 knockdown, and H2O2 activates TRPC6. A: insulin treatment occludes 

electrophysiological responses to OAG in podocytes. Control podocytes, or podocytes 

treated with 100 nM insulin for 12 h, were exposed to vehicle or 100 µM OAG for 5 min, 

and whole cell quantification of currents at +80 mV was carried out as in Figs. 2 and 3. 

Bars represent means ± SE for 10 cells in each group. Data were analyzed by 2-way 

ANOVA and Tukey’s post hoc test. The effect of a combination of insulin and OAG was 

not significantly different from those evoked by either OAG or insulin alone. B: mean 

currents at +80 mV recorded cells treated with vehicle, with 5 min of OAG, or 24-hr of 

insulin in wild-type podocytes or in TRPC6 knockdown podocytes, as indicated. Data 

were analyzed by 2-way ANOVA, which showed that TRPC6 knockdown had a 

significant (P < 0.005) interaction effect on responses to OAG and insulin. Post hoc 

analysis indicated that responses to OAG and insulin were eliminated in TRPC6 

knockdown cells. C: mean currents at +80 mV recorded from control cells, cells 

pretreated with MnTBAP with and without H2O2,  and cells treated with H2O2 (250µM) 

for 30 minutes (for all groups n = 10, P < 0.001, Student’s unpaired t-test). D: 

representative traces of currents obtained from cells in C. 
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3.3 NMDAR activation modulates podocyte TRPC6 channels in a ROS dependent  

      manner: 

I observed an increase in functional macroscopic currents with pharmacological 

properties of TRPC6 after treating podocytes with NMDA receptor agonists (Fig. 12). In 

these experiments, podocytes were treated with NMDA receptor agonists and antagonists 

for 24-hr. It is known that TRPC6 channels are activated by the diacylglyercol analogue 

OAG. In order to maximize the observed effects of NMDA receptor activation on TRPC6 

channels, cells were then treated with 100μM OAG for 15 min prior to whole-cell 

recordings. I have previously shown that the OAG-evoked macroscopic currents in 

podocytes are eliminated by TRPC6 knockdown (66). Whole-cell currents were evoked 

by 2.5-s duration ramp voltage commands (-80 to +80 mV) before and after application 

of 50μM La
3+

 (Fig. 12, A), which blocks TRPC6 channels but not TRPC5 channels in 

podocytes (64). The La
3+

-sensitive components of the currents were obtained by digital 

subtraction in each cell and then quantified (Fig. 12, B). I observed that La
3+

-sensitive 

currents (measured at +80 mV) in cells previously exposed to NMDA were nearly 3-fold 

larger than those observed in untreated cells, and the effects of NMDA were blocked by 

concurrent treatment with either 10μM MK-801 or 100μM MnTBAP (Fig. 12, A and B).  

In addition, I observed that the currents recorded using these protocols were almost 

completely inhibited by 50μM SKF-96365 (Fig. 12, C), an agent that blocks cationic 

channels in the TRPC family, and which nearly eliminates TRPC6 currents in podocytes 

at this concentration (66). In order to determine the mechanism of NMDA receptor 

activation of TRPC6, multiple fluorometric and surface biotinylation assays were carried 

out by Dr. Kim (67).  Dr. Kim observed increased surface expression of p47(phox) after 
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24-hr of NMDA treatment, and inhibition of NMDA effects by a ROS scavenger. By 

contrast she did not see marked increases in steady-state surface expression of NO2 or 

NOX4. Recall that p47(phox) is one of two cytosolic auxiliary subunits of NOX2, and its 

translocation to the cell surface is an essential step leading to activation of NOX2 

catalytic activity (10). These findings indicate that NMDA receptor activation triggers 

NOX2 generation of H2O2. I have already shown that peroxide treatment activates 

TRPC6 channels in podocytes. Using surface biotinylation assays, Dr. Kim found that a 

24-hr treatment with 50 or 100μM NMDA caused a robust increase in the steady-state 

surface expression of podocyte TRPC6 channels. This effect was blocked by concurrent 

application of MK-801 or MnTBAP. It is known that sustained activation of NMDA 

receptors in podocytes can engage functionally significant pathways that are downstream 

of TRPC6. One such pathway entails activation of nuclear factor of activated T-cells 

(NFAT) (67). Highly phosphorylated NFAT normally resides in the cytosol. However, 

TRPC6-mediated activation of calcineurin results in dephosphorylation of NFAT, 

causing some of it to translocate to the nucleus where it can regulate gene expression 

(67). Dr. Kim looked at NMDA’s effect on NFAT mobilization (Fig. 13). Using an assay 

based on cell fractionation, Dr. Kim observed that 100 μM NMDA treatment for 24 hours 

caused a marked increase in the amount of NFAT that is located in nuclei (a cell fraction 

enriched in histone), but did not produce a substantial effect on cytosolic NFAT (a much 

larger pool in a cell fraction in which actin is abundant). This effect of NMDA was 

blocked by concurrent exposure to either 10 μM MK-801 or 50 μM SKF-96365. 
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Figure 12: NMDA treatment increases TRPC6-like cationic currents in podocytes. 

All cells were treated with 100 μM OAG for 15 min before recordings were made. A: 

Examples of whole-cell currents evoked by ramp voltage commands (-80 mV to +80 mV 

in 2.5 seconds) made from a holding potential of -40 mV. Traces on left show currents 

before and after bath superfusion of 50 μM La
3+

, and traces on right are digital 

subtractions (control - La3+). Examples shown are from control cells and from cells 

treated for previous 24-hr with 100 μM NMDA in presence and absence of 10 μM MK-

801 or 100 μM MnTBAP, as indicated. NMDA was not present at the time recordings 

were made. Note increase in La
3+

-sensitive currents in NMDA-treated cells, and 

inhibition of this effect by MK-801 and MnTBAP. B: Summary of results of recordings 

with n = 10 cells in each group. Ordinate represents La3+-sensitive current measured at 

+80 mV. Asterisk indicated P < 0.05 as determined by one-way ANOVA followed by 

Tukey’s post hoc test. C: As in panel A except that traces show currents evoked before 

and after application of 50 μM SKF-96365. 
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Figure 13: NMDA increases nuclear localization of NFAT in podocytes. Experiments 

were carried out by Dr. Eun Young Kim.  A: NMDA treatment for 24-hr increases the 

amount of NFAT detected by immunoblot in a nuclear extract of podocytes. B: Histone 

expression was used to monitor loading. There was no change in NFAT expression in the 

cytosolic fraction in which actin expression was used to monitor loading. The effects of 

NMDA were blocked by either 10 μM MK-801 or 10 μM SKF-96365, an inhibitor of 

TRPC6 channels. 
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3.4 Podocyte TRPC6 channels are mechanosensitive: 

In my initial studies I examined whether mechanical stimuli could evoke 

activation of endogenously expressed TRPC6 channels of differentiated immortalized 

podocyte cell lines. In my experiments, membrane stretch was evoked by changing from 

a 340 mOsm/L bath saline (100%) to a hypoosmotic saline diluted to 70% of control (238 

mOsm/L).  The amplitudes of cationic currents were monitored by periodic application of 

ramp voltage commands (from -80 mV to + 80 mV over 2.5 sec).  I observed a marked 

increase in cationic currents in podocyte cell lines during application of 70% 

hypoosmotic extracellular solutions.  This increase in current was fully reversible when 

the bath was returned to the original 100% saline (Fig. 14, A).  Hypoosmotic stretch 

produces a highly reproducible response, resulting in a current typically about 2-fold 

greater than control at +80 mV, based on recordings from more than 80 immortalized 

podocytes.  The effect of hypoosmotic stretch on cationic current was blocked by 

pretreating cells with 10 M SKF-96365, a pore-blocking inhibitor of TRP superfamily 

channels (Fig. 14, B). I observed that the effect of membrane stretch on cationic currents 

in podocytes was completely blocked by pretreatment with 50 M La
3+

 (Fig. 14, C), 

suggesting that currents activated by hypoosmotic stretch are mediated primarily by 

TRPC6.  To confirm this more directly, I used siRNA to selectively reduce expression of 

TRPC6.  Transfecting podocytes with a panel of siRNAs directed against TRPC6 reduced 

total expression to <20% of that observed in cells transfected with a control siRNA (Fig. 

15, A).  This treatment nearly abolished the hypoosmotic stretch-evoked increase in 

cationic current (Fig. 15, B and C), confirming that this response requires functional 
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TRPC6 channels, as I previously observed with La
3+

- and SKF-96365-sensitive currents 

activated by analogs of DAG (66, 67). 

 I was also able to activate these cationic currents using other mechanical stimuli 

in podocyte cell lines.  In one set of experiments, a micropipette with a tip diameter of ~1 

m was placed adjacent to the podocyte cell body, and was used to eject extracellular 

saline containing 60% sucrose using a pressure pulse of 5 p.s.i. (34 kPa) (Fig. 16, A).  

The sucrose was included mainly to increase the density of the solution and thus the 

efficacy of the mechanical stimulus.  These pressure pulses evoked a localized slight 

inward deformation of the plasma membrane that could be readily observed using 

Hoffman modulation contrast optics.  This stimulus also evoked a transient inward 

current at -60 mV that could be evoked repeatedly.  This response was completely 

blocked after perfusion of saline containing either 50 M La
3+

 (Fig. 16, B) or 10 M 

SKF-96365.  Based on these experiments, it is clear that the TRPC6 channels expressed 

in immortalized mouse podocytes can be activated by stimuli that cause deformation of 

the plasma membrane.   

I next examined if similar responses could be observed in podocytes in a more 

intact preparation.  To do this, I made whole cell recordings from rat podocytes in 

explanted glomeruli.  Briefly, rat glomeruli were isolated using a sieving procedure and 

allowed to adhere to a collagen-coated glass coverslip.  After 24-72 hr, glomeruli adhere 

sufficiently tightly to allow stable whole-cell recording from cells on the outer margins of 

the glomeruli.  These cells were chosen because it is possible to see the initial segments 

of primary processes extending from the podocyte cell body under Hoffman modulation 

contrast optics with a 40x objective. Note that in this preparation, the podocytes are still 
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attached to the glomerular capillary.  In my initial experiments, I observed a robust 

increase in cationic currents after application of a hypoosmotic stretch using the same 

recording and pipette salines used in the experiments on immortalized cell lines.  The 

resulting cationic currents are qualitatively similar to those in immortalized podocyte cell 

lines, and the percentage increase in current evoked by membrane stretch was similar.  

However, both basal and stretch-evoked currents in the explanted glomerulus preparation 

were substantially larger than those observed in podocyte cell lines.  As with 

immortalized cell lines, the stretch-evoked currents in explanted glomeruli were blocked 

by bath application of 50 M La
3+

 or 10 M SKF-96365 (Figs. 17, A and B).  I also used 

the explanted glomerulus preparation to apply a shear force evoked by fluid flow over the 

surface of the cell. In these experiments, whole cell recordings were made from 

podocytes in a static bath.  Simply introducing a flow of saline over the podocytes in this 

preparation was sufficient to evoke an inward current which reversed as soon as the flow 

was halted (Fig. 17, C).  These responses could be evoked repeatedly.  Moreover, this 

response was almost completely blocked when the flow stimulus was applied in a bath 

solution containing 50 M La
3+

 (Fig. 17, D).    

Previous investigators working in other cell types have demonstrated that TRPC6 

channels show changes in gating in response to various mechanical stimuli (29, 39, 91).  

However the mechanisms that underlie these responses are controversial (39, 107) and 

may be cell-type specific.  In cerebral arteries there is evidence that TRPC6 channels 

become active as a result of stretch-evoked activation of signaling cascades that act 

through various phospholipases. As a result, stretch responses on those cells can be 

blocked by phospholipase inhibitors (107).  This type of phenomenon does not appear to 
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explain the mechanical activation of podocyte TRPC6 channels, as I observed that 

normal hypoosmotic stretch activation could be recorded from podocytes treated with the 

pan-phospholipase C inhibitor U73122 or the pan-phospholipase A2 inhibitor ONO-RS-

082 (Fig. 18, A and B).  Moreover, the mechanical forces that lead to activation of 

TRPC6 appear to propagate through the plasma membrane, rather than through 

underlying cytoskeleton.  Thus, treating podocytes with 1 M cytochalasin D (Cyto D) 

for 20 min caused a marked disruption of filamentous actin networks in podocytes, based 

on phalloidin staining (Fig. 19, D).  This treatment also increased the mean amplitude of 

hypoosmotic stretch-evoked currents but had no effect on basal currents (Fig. 18, A and 

B), suggesting that actin filaments are not required to evoke a mechanical response, and 

that they actually constrain the expansion of the plasma membrane during hypoosmotic 

stretch.  By contrast, stretch-activation of podocyte TRPC6 was completely inhibited by 

GsMTx4, a peptide toxin originally isolated from the Chilean tarantula spider 

Grammostola spatulata (9, 108).  GsMTx4 can inhibit the mechanical activation of a 

wide range of structurally dissimilar mechanosensitive channels, although notably it does 

not block mechanical activation of TRPC6 in cerebral vascular smooth muscle, which is 

thought to be a secondary response to phospholipase activation (9).  Because both 

enantiomers of GsMTx4 are equally effective, this toxin is thought to act at the lipid-

protein interface to prevent transmission of force to key residues in mechanosensitive 

channels (9, 107, 108).  I observed that pretreatment of podocytes with 2.5 M GsMTx4 

completely eliminated responses to hypoosmotic stretch in podocytes.  Moreover, 

perfusion with GsMTx4 caused complete inhibition of a fully developed hypoosmotic 

stretch response in less than 3 min (Fig. 19, C).  Collectively these experiments are 
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consistent with a model in which various mechanical forces are transmitted directly to 

TRPC6 channels through the leaflets of the podocyte plasma membrane (9). Membrane 

deformation can be induced chemically by insertion of anionic amphipaths into the cell 

membrane. The addition of trinitrophenol increases cationic current in podocyte cell line 

with a significant increase in maximum outward current (Fig. 20, A and B). Membrane 

fluidity, or its ability to stretch, can be influenced by membrane cholesterol levels (14). 

Methyl-β-cyclodextran (MβCD) can be used to remove cholesterol from the cell 

membrane, or MβCD can be preloaded with cholesterol and used to insert additional 

cholesterol into the membrane (14, 101). For cholesterol depletion, cells were treated for 

24 hours with 10mM MβCD. Treated cells displayed increased hypoosmotic stretch 

response (Fig. 21). Conversely, after addition of cholesterol by a 24 hour treatment of a 

10mM MβCD-cholesterol complex, podocytes showed markedly reduced hypoosmotic 

stretch response (Fig. 22). 

 

3.5 Podocin differentially modulates chemical and mechanical activation of podocyte 

TRPC6 channels: 

Podocin is selectively expressed in the SD domain of podocyte foot processes in 

vivo, and Huber and coworkers showed that podocin and TRPC6 can co-

immunoprecipitate when they are co-expressed in heterologous expression systems (58). 

Dr. Eun Young Kim in our group used co-immunoprecipitation of proteins endogenously 

expressed in the immortalized mouse podocyte cell line to confirm this interaction. This 

interaction could be easily detected regardless of which protein was targeted for the 

initial precipitation.  To assess which portions of the proteins are involved in the 
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interaction, constructs encoding the soluble NH2- and COOH-terminals of TRPC6 with 

HA tags (HA-TRPC6-N and HA-TRPC6-C) were expressed in HEK293 cells. Dr. Kim 

found that direct interactions between podocin and TRPC6 occur at the cytosolic COOH-

terminals of these proteins. 

 To establish a physiological role for podocin in regulation of endogenously 

expressed TRPC6 channels, I utilized a transient siRNA protocol that reduced podocin 

expression to <10% of that observed in podocytes transfected with a control siRNA (Fig. 

23, A).  This procedure did not affect the total expression of TRPC6 channels as assessed 

by immunoblot. Importantly, I observed a very large increase in the amplitude of cationic 

currents evoked by hypoosmotic stretch in podocin knockdown cells compared to 

controls treated with a non-specific siRNA (Fig. 23, B).  Indeed, this manipulation 

evoked the largest TRPC6 currents that we have ever seen in these cells, regardless of the 

stimulus used for their activation.  We should also note that the large stretch-evoked 

currents in podocin knockdown cells were completely blocked by bath application of 50 

M La
3+

 or 10 m SKF-96365, and currents were eliminated after siRNA knockdown of 

TRPC6 itself. Thus, podocin knockdown is not uncovering a pharmacologically distinct 

mechanosensitive channel.  By contrast to its effects on stretch responses, podocin 

knockdown largely suppressed the increases in cationic current normally evoked by 100 

M of the membrane-permeable DAG analog 1-oleoyl-2-acetyl-sn-glycerol (OAG) (Fig. 

23, C).  We have previously shown that those responses are entirely mediated by TRPC6 

in mouse podocyte cell lines (66).  In addition, siRNA knockdown of TRPC6 in podocin 

KD cell lines prevents an increase in whole cell current in response to hypoosmotic 
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stretch (Fig. 24, A and B). Collectively this data indicate that in podocytes the presence 

or absence of podocin affects the preferred mode of activation of TRPC6 channels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 55 

Figure 14:  Hypoosmotic stretch activates currents through TRPC6 channels in 

immortalized mouse podocyte cell lines.  A: Representative example of currents in a 

single cell evoked by ramp voltage commands (-80 mV to +80 mV over 2.5. s from a 

holding potential of -40 mV) in normal external saline (100%), in hypoosmotic saline 

(70%) and after return to normal saline (100%, right).  Note reversible increase in 

ourwardly rectifying cationic currents. B: Examples of hypoosmotic stretch responses in 

a control cell (left) and in a different cell in the presence of 10 M SKF-96365 (right).  

Currents recorded in normal and hypoosmotic solutions are superimposed. C:  Examples 

of hypoosmotic stretch responses in a control cell (left) and in a different cell in the 

presence of 50 M La
3+

 (right).  D: Summary of results from several cells.  The ordinate 

is the mean difference current  s.e.m. (70% saline – 100% saline) at +80 mV in control 

conditions and in the presence of 10 M SKF-96365 or 50 M La
3+

 as indicated.  N = 10 

cells in each group.  
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Figure 15: Stretch induced currents are primarily TRPC6 mediated. A: Western blot 

results of TRPC6 siRNA knockdown on total TRPC6 levels. B: Summary of effects of 

TRPC6 knockdown with N = 10 cells in each group. Asterisk indicates P < 0.05 

compared to control.  C: Representative examples of hypoosmotic stretch‐evoked 

currents in TRPC6 knockdown and control cells. 
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Figure 16: Currents evoked by pressure pulses in mouse podocyte cell lines. A; 

Schematic diagram showing experimental design.  Normal saline containing 60% sucrose 

to increase viscosity is applied to the cell body by pressophoresis from an adjacent 

micropipette. B: This stimulus produces a distinct inward current in normal saline, but 

not after application of external saline containing 50 M La
3+

.  In this figure, two 

responses from the same cell are shown superimposed.  Holding potential was -60 mV.  

Similar responses were seen in eight other cells. 
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Figure 17: Hypoosmotic stretch evokes cationic currents in primary rat podocytes in 

glomerular explants. Whole-cell recordings are from podocytes on the external margin of 

the preparation.  These cells could be identified by larger primary processes emanating 

from the cell body. A: Representative recording from a single cell showing currents 

evoked by ramp voltage commands in normal saline (left), in hypoosmotic saline (center) 

and in hypoosmotic saline containing 50 M La
3+

. B: Representative recordings from a 

single cell showing complete inhibition of hypoosmotic stretch response after application 

of 10 M SKF-96365. C: Examples of cationic currents repeatedly evoked by flow of 

bath saline in podocyte on the external margin of isolated glomerulus. D: Example of 

recording showing complete block of flow-evoked currents after introducing 50 M La
3+

 

into the bath.      
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Figure 18:  Hypoosmotic stretch responses persist after inhibition of phospholipases in 

mouse podocyte cell lines. A: Representative responses to hypoosmotic stretch in control 

cells (left), in cells treated with the pan-phospholipase A2 inhibitor ONO-RS-082 

(middle) and in cells treated with the pan-phospholipase C inhibitor U73122 (right). B: 

Summary of several repetitions of these experiments, with N = 8 cells in each group.  No 

statistically significant differences were observed.   
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Figure 19:  Evidence that forces are transmitted to TRPC6 channels through the lipid 

bilayer in mouse podocyte cell lines. A: Representative examples of stretch-evoked 

cationic currents in a control cell (left) and in a different podocyte that had been treated 

with cytochalasin D for 20 min (right). B: Summary of several repetitions of this 

experiment.  Note marked increase in stretch-evoked currents after cytochalasin D, N = 8 

cells in each group.  C: Recording from a single cell in control saline (right), during 

hypoosmotic stretch (middle) and complete blockade of the hypoosmotic response within 

minutes of adding 2.5 M GsMTx4 (right). D: Actin filament staining of podocytes 

before and  after cytochalasin D treatment. 
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Figure 20: Deformation of cell membrane with an anionic amphipath increases cationic 

current in podocyte cell line. A: representative traces showing the effects of washing on 

trinitrophenol (500µM). B: mean effects of trinitrophenol on a group of cells (n = 9). 

TNP caused a significant increase in maximum outward current (P < 0.0001, Student’s 

unpaired t-test). 
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Figure 21: Sustained depletion of membrane cholesterol increases stretch-activated 

currents in podocytes. A: representative tracings from two cells treated for 24hr. with 

10mM MβCD. Treated cells displayed increased hypoosmotic stretch response. B:  

representative traces obtained from a control cell. Stretch response was measured as a 

reference for the cholesterol depleted cells. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 21. 

A. 

B. 



 63 

Figure 22: Addition of membrane cholesterol suppresses stretch activation in podocytes. 

A: representative tracings from two cells treated for 24hr. with 10mM MβCD-cholesterol 

complex. Treated cells displayed limited hypoosmotic stretch response. B:  representative 

traces obtained from a control cell. Stretch response was measured as a reference for the 

cholesterol depleted cells. 
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Figure 23:  Podocin knockdown affects mechanical and chemical activation of podocyte 

TRPC6 channels. A: Immunoblot results of siRNA knockdown of podocin showing no 

effect on TRPC6 levels. B: Representative examples of hypoosmotic stretch responses in 

control cells (left) and in podocin knockdown cells (right).  Note very large amplitude of 

currents after podocin knockdown.  C: Summary of several repetitions of this experiment 

showing 4-5 fold increase in difference currents, N = 12 cells in each group. D: Typical 

responses to the membrane-permeable DAG analog OAG (100 M) in control (top) and 

podocin knockdown cells (bottom).  Traces show currents in single cells before and after 

bath application of OAG.  In control cells, OAG evokes a marked increase in cationic 

currents, but these responses are nearly eliminated after podocin knockdown. E: 

Summary of several repetitions of this experiment, showing nearly complete block of 

OAG responses in podocin knockdown cells (N = 8 cells in each group, P < 0.0001, 

Student’s unpaired t-test).   

 

 

 

 

 

 

 

 

 

 

 

Figure 22. 

Figure 23: Podocin knockdown cell lines show increased sensitivity to stretch that is 

primarily TRPC6 mediated. A, Representative examples of hypoosmotic stretch‐evoked 

currents in podocytes from a podocin KD cell-line. Traces on the left represent currents 

recorded from cells treated with a control siRNA sequence. Traces on the right represent 

currents from cells treated with TRPC6 siRNA. B: summary of effects of TRPC6 

knockdown with N = 5 cells in each group (P < 0.001, Student’s unpaired t-test). 
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Figure 24: Podocin effects TRPC6-mediated current. A: Representative traces obtained 

from podocin KD cells treated with control siRNA and TRPC6 siRNA. TRPC6 

knockdown significantly reduces hypoosmotic stretch activated current. B: Summary of 

several repetitions of this experiment, showing TRPC6 knockdown significantly reduced 

inward and outward current. (n = 8 cells for both groups, P < 0.0001, Student’s unpaired 

t-test).  
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3.6 Application of NMDA evokes inward current in podocytes: 

 

Whole-cell recordings were first obtained from differentiated cells of an 

immortalized mouse podocyte cell line. Pressure injection of NMDA onto podocytes 

voltage clamped at -60 mV consistently evoked inward currents. Each cell displayed 

evoked currents that were internally similar in amplitude and reproducible with repeated 

applications of NMDA (Fig. 25, A).  NMDA application evoked currents in all of the 86 

podocytes tested in normal physiological conditions. As a control, bath saline was 

sprayed onto 10 cells using the same pressure injection method, and no effect was 

observed (data not shown).  Regardless of the number of applications or the duration of 

the application, the cells displayed no appreciable desensitization to NMDA (Fig. 25, B).  

The amplitudes of the NMDA-evoked currents were concentration dependent.  I was 

limited to applying a single concentration of NMDA to an individual cell, so each 

concentration from a range of 1 µM to 1 mM was tested in a separate group of four cells. 

100 μM NMDA was sufficient to elicit a maximal response (Fig. 25, C).  Using a non-

linear least squares algorithm, the concentration-response curve could be fitted with the 

equation I  =  IMax / {1 + (EC50/NMDA)
n
} where I is the mean current evoked by a given 

concentration of NMDA, IMax is the mean response to a saturating concentration of 

NMDA, EC50 is the concentration of NMDA that yields half-maximal mean responses, 

and n is the Hill coefficient, which describes the steepness of the dose-response curve.  

The fitted curve has an EC50 of 36 μM NMDA, and a Hill coefficient n of 1.98.  These 

values are similar to NMDA sensitivities measured in cultured telencephalic neurons, 

which have an estimated EC50 for NMDA of 25-40 µM and Hill coefficients of 1.3-1.4 

(92, 94).   
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3.7 Podocyte NMDA receptors display high permeability to Ca
2+

: 

Under physiological conditions, the reversal potential for NMDA-evoked currents 

was slightly positive to 0 mV (Fig. 26, A and B).  Relative Ca
2+

 permeability of podocyte 

NMDA receptors was determined by obtaining current-voltage characteristics and 

reversal potentials in external solutions containing 10 mM free Ca
2+

and in the same cells 

after bath perfusion with Ca
2+

 free-external solutions (Fig. 26, C and D).  No other 

divalent cations were present in the extracellular solutions. In Ca
2+

-free bath solution 

evoked-inward currents were appreciably reduced between -60 and -20 mV. In addition, 

outward rectification at potentials positive to +20 mV were increased (Fig. 26, C).  

Further clarification of the reversal potentials were obtained by recording at a range of 

membrane potentials between -20 and +20 mV. After switching to Ca
2+

-free external 

saline, we observed a shift in reversal potential of -4.1 ± 0.2 mV (mean ± S.E.M., n = 4 

cells) (Fig. 26, D).  The mean shift in reversal potential was used to estimate relative 

ionic permeabilities according to the following equation: 

 

               PCa/PM =    Mo (1 – {exp [2(ΔER)/(RT/F)] }) 

  

                          exp [2(ΔER)/(RT/F)][4Ca0] 

 

Here PCa is the permeability to Ca
2+

, PM is the permeability to monovalent cations, Mo is 

the total activity of external monovalent cations, ΔER is the change in reversal potential 

after perfusion with Ca
2+

-free solution, Cao denotes the activity of Ca
2+

 used in the 

control extracellular solution, and R, T, and F have their usual meanings.  Published 

activity coefficients for Na
+
 (110) and Ca

2+
 (11) were used to estimate the PCa/PM of 
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NMDA receptors in podocytes. We found that at room temperature, podocyte NMDA 

receptor PCa/PM = 2.11. While this value is less than the PCa/PM of 4-5 that was measured 

for NMDA receptors of cultured hippocampal neurons using similar methods (62, 79), it 

still represents significant Ca
2+

 permeability. At high external concentrations, Ca
2+

 can 

act as a partial pore blocker
 
(79) and I observed similar effects on NMDA-evoked 

currents in differentiated cells of a human immortalized podocyte cell line (data not 

shown) and also in primary cultures of mouse podocytes examined 72 hr after their 

preparation from isolated glomeruli (Fig. 27).   

  

3.8 NMDA-evoked currents in podocytes are inhibited by Mg
2+

 and recognized 

NMDA receptor antagonists: 

Consistent with other NMDA receptors (90, 100), evoked currents in mouse 

podocyte cell lines were inhibited by superfusing external salines containing elevated (5 

mM) Mg
2+

 (Fig. 28, A and B). When recording pipettes filled with a solution containing 

5 mM Mg
2+

, NMDA application failed to evoke currents in any of 6 cells tested (Fig. 27, 

C). Additionally, NMDA-evoked currents were also inhibited by both the uncompetitive 

inhibitor MK-801 (10 μM) (Fig. 29, A and C) and by the competitive antagonist D-2-

aminophosphonovaleric acid (D-APV) (10 μM) (Fig. 29, B and D).  While I was unable 

to observe a recovery from MK-801 inhibition even after 30 min of washout (data not 

shown), the effect of D-APV was at least partially reversible over a period of 10-20 min 

(Fig. 29, B).  
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3.9 Podocyte NMDA-evoked current is potentiated by D-serine: 

Either glycine or D-serine can act as obligatory co-agonists for neuronal NMDA 

receptors (113, 114), but I observed that superfusion of glycine at concentrations up to 10 

mM had no significant effect on the amplitude of NMDA-evoked currents in podocytes 

(Fig. 30, A and B). To test if glycine could evoke currents by itself, 10 mM glycine was 

pressure injected onto podocytes. Again, no evoked-current was observed (Fig. 30, C).   

Despite these findings, bath superfusion of 1 mM D-serine caused a marked and 

statistically significant increase in the amplitude of NMDA responses in podocytes (Fig. 

31, A and B). This effect was almost completely blocked after application of 100 nM 

L689,560, a potent inhibitor of the NR1 allosteric site (42) ( Fig. 31, C).  The fact that 

such inhibition occurs in the presence of D-serine suggests that occupation of the co-

agonist binding site by an allosteric modulator is necessary for receptor activation.   

 

3.10 Podocyte NMDA receptors have a highly atypical agonist activity profile: 

In more than 30 cells tested, I was unable to detect robust responses to L-

glutamate. This lack of effect occurred even at concentrations as high as 10 mM.  Rarely, 

I observed responses of around 10-20 pA (Fig. 32, A), but in the majority of cells no 

evoked currents were observed.  Tests of glutamate application were carried out in the 

presence and absence of glycine or D-serine, and a range of glutamate concentrations 

were tried. All of these conditions yielded essentially no response from the differentiated 

cells of an immortalized mouse podocyte cell line. These findings were replicated in 

primary cultures of podocytes (data not shown), further verifying that podocytes typically 
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do not respond to glutamate.  I also found that podocytes do not respond to L-aspartate, 

another potential NMDA receptor agonist (Fig. 32, A).  Despite these observations, I 

found that I was able to evoke inward currents with D-aspartate (Fig. 32, A), at roughly 

half the amplitudes of those evoked by NMDA. L-homocysteate (HCA) also evoked 

inward currents, this time with amplitudes comparable to NMDA-evoked responses.  

HCA-evoked currents were appreciably reduced by 10 μM D-APV, indicating that HCA 

acts through NMDA receptors (Fig. 32, B).  To rule out the possibility that L-glutamate 

acts as an antagonist or partial agonist I examined responses to NMDA before and after 

application of 1 mM L-glutamate.  Again, the presence of glutamate had no effect (Fig. 

32, C).  
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Figure 25: Responses to NMDA in differentiated cells of an immortalized mouse 

podocyte cell line. A: Whole-cell recordings from two different podocytes.  A 

micropipette filled with 100 µM NMDA placed adjacent to the recorded cells was used to 

deliver NMDA in response to brief pressure pulses shown by the lines above the traces.  

Once the pipette was placed, responses to NMDA in a given cell were very consistent, as 

shown by response to three separate NMDA applications in each of the two cells.  The 

holding potential in these experiments was -60 mV. B: Responses to NMDA do not 

desensitize or fade during prolonged application.  This record shows a response to a 

continuous 60-sec application of 100 µM NMDA to a podocyte at a holding potential of -

60 mV. C: Concentration-response curve for NMDA in podocytes.  Data points show 

mean ± S.E.M of currents evoked by a given NMDA concentration applied to groups of 

four cells.  The superimposed curve is a non-linear least squared fit to the logistic 

equation with an EC50 of 36 µM NMDA and a Hill coefficient of 1.98 (R
2
 = 0.96413).   

 

 

 

 
 

 

 

 

 

Figure 25. 

NMDA   NMDA NMDA NMDA 

100 
pA 

5 sec 

VM = -60 mV 

A. 

B. 

C. 

NMDA 

100 
pA 

5 sec 

1 10 25 50 75 100 1000

0

25

50

75

100

125

150

M
e

a
n

 c
u

rr
e
n

t 
(p

A
)

NMDA ( M)



 72 

Figure 26: Reversal potentials of NMDA-evoked currents in mouse podocyte cell lines.  

A: NMDA-evoked currents in a podocyte at the holding potentials indicated to the left of 

each trace. B: Current-voltage plot of the data shown in A. C: Current voltage-plots for 

NMDA-evoked currents in podocytes in 10 mM external Ca
2+ 

and in the same cells after 

perfusion with nominally Ca
2+

-free external solution.  Note decrease in inward currents in 

Ca
2+

-free solutions at holding potentials negative to -20 mV and increase in outward 

currents at positive holding potentials. D: A similar experiment in a different group of 

cells.  Here NMDA-evoked currents were evoked at membrane potentials that more 

closely bracketed the reversal potentials.  Note negative shift in reversal potential after 

switching to Ca
2+

-free external salines.  Data in C and D represent mean ± S.E.M. from 

four cells.   
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Figure 27: Example of NMDA-evoked current from a podocyte in primary cell culture.  

Whole-cell recordings of cells with visible primary processes were made 72 hr after 

isolation from a 6-week old mouse. A: Example of NMDA-evoked current from cell held 

at -60 mV and B: current-voltage characteristic constructed in the same cell using the 

same methods shown in Fig. 2A.   
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Figure 28: Responses to NMDA in podocytes are blocked by external or internal Mg
2+

 

ions. A: NMDA-evoked current in an immortalized podocyte before and after application 

of a solution containing 5 mM Mg
2+ 

as indicated.  The holding potential in this 

experiment was -60 mV. B: Bar-graph showing mean ± S.E.M. of six repetitions of this 

experiment.  Asterisk indicates P < 0.0001 (Student’s paired t-test). C: NMDA did not 

evoke detectable currents in recordings made using pipettes filled with a solution 

containing 5 mM Mg
2+

 at a holding potential of -60 mV. 
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Figure 29: Inhibition of NMDA-evoked currents in podocytes by prototypical 

antagonists. A: NMDA-evoked currents in an immortalized podocyte were reduced after 

application of MK-801.  These currents were evoked at a holding potential of -60 mV.  

MK-801 inhibition did not recover after 30 min of washing in control solutions. B: 

Inhibition of NMDA-evoked currents by D-APV.  Note that inhibition was at least 

partially reversible with a 20-min wash. C and D show mean ± S.E.M. of several 

repetitions of these experiments as indicated.  Asterisks indicate P < 0.0001 (Student’s 

paired t-test).   
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Figure 30: Bath application of glycine does not increase NMDA-evoked currents in 

immortalized podocytes. A: Examples of NMDA-evoked currents before and after 5 min 

exposure to 1 mM glycine.  The holding potential was -60 mV. B: Mean ± S.E.M. of six 

repetitions of this experiment.  Mean currents are not significantly different after 

application of 1 mM glycine. C: Application of 10 mM glycine by pressure injection did 

not evoke membrane currents in podocytes.      
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Figure 31: Bath application of D-serine potentiates NMDA-evoked currents in 

immortalized podocytes. A: Examples of currents before and 5 min after bath perfusion 

of 1 mM D-serine at a holding potential of -60 mV. B: Mean ± S.E.M. of six repetitions 

of this experiment. C: Inhibition of NMDA-evoked currents by an inhibitor of the D-

serine allosteric site of NMDA receptors.  Examples of NMDA-evoked currents are 

shown before and after application of 1 mM D-serine, which caused its usual potentiation 

of current.  After exposure of the same cell to external solutions containing 1 mM D-

serine and 100 nM L689560, NMDA responses were nearly completely inhibited.    
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Figure 32.  Responses to other potential NMDA receptor ligands in immortalized 

podocytes. A: Pressure application of 1 mM L-glutamate or 1 mM L-aspartate evoked 

very small currents, whereas application of 1 mM D-aspartate evoked readily detectable 

inward currents.  These traces represent recordings made from different cells, but all were 

made at a holding potential of -60 mV. B: Application of 100 µM L-homocysteic acid 

(HCA) before and after application of external solutions containing 10 µM D-APV at a 

holding potential of -60 mV.  Note in this cell that D-APV inhibited the initial peak 

current to a greater extent than the more sustained component of current.  This pattern 

was seen in most of the cells tested. C: Bath superfusion of 1 mM L-glutamate did not 

affect responses to pressure injection of NMDA indicating that L-glutamate is not an 

antagonist. 
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4 DISCUSSION 

 

Within the glomerulus, podocyte function is largely dependent on cellular 

structure; disruption of podocyte foot processes results in breakdown of the glomerular 

filtration barrier (4, 24, 34). Because podocytes reside in a dynamic fluid environment, 

maintaining their structure requires an equally dynamic, but carefully regulated actin 

cytoskeleton. This is evidenced by the fact that many familial glomerular diseases are 

linked to mutations in actin-regulatory and actin-binding proteins, and foot process 

effacement is preceded by alterations of actin filaments (34). Many signaling cascades 

converge on the actin cytoskeleton, and often Ca
2+

-influx initiates and participates in 

these same cascades. Ca
2+

-permeable ion channels therefore play a critical role in the 

regulation of actin within podocytes (83). The discovery that mutations in TRPC6 

channels are associated with a subset of familial FSGS underscores their importance in 

controlling Ca
2+

 flux and ultimately, podocyte functionality (98). My work has focused 

on multiple aspects of the regulation of TRPC6 channels in podocytes. I have shown that 

podocyte TRPC6 channels are activated by both receptors and membrane-stretch, and I 

have further elucidated the signaling cascades and other mechanisms that are involved in 

TRPC6 activation (Illustration 4 and 5).    
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Illustration 4: Diagram of  pathways involved in receptor-mediated  activation of 

TRPC6 in podocytes. Multiple receptor types have signaling pathways that converge on 

TRPC6 activation. Solid-line arrows represent direct pathways. Dashed-line arrows 

represent indirect pathways or pathways that have not been fully characterized. TRPC6 

channels are Ca
2+

 permeable and are located at the slit-diaphragm on podocyte foot 

processes. There, TRPC6 channels associated with nephrin (shown faded green) and 

podocin, a cholesterol-binding protein with a hairpin-like structure. Podocin is necessary 

for chemical activation of TRPC6 channels in podocytes.The angiotensin II type 1 

receptor (AT1R) signals is Gαq coupled, and can activate phospholipase C (PLC). PLC 

cleaves phosphatidylinositol into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate 

(IP3). DAG directly activates TRPC6. In addition, AT1R activates NADPH-oxidase 

(NOX), although the NOX isoform in podocytes remains unknown. NOX generates 

reactive oxygen species which can activate the redox-sensitive TRPC6 channel. 

Superoxide dismutase (SOD) may be involved in converting superoxide (O2
.-
) into 

peroxide (H2O2). Both insulin receptor and NMDA receptor-mediated signaling occurs 

via NOX activation. Insulin mobilizes NOX4 to the cell surface, where it produces 

reactive oxygen species. NMDA receptor signaling occurs via NOX2 and Ca
2+

-influx. 

TRPC6 channel activation also causes Ca
2+

-influx. Increased intracellular Ca
2+

 activates 

calcineurin, a protein phosphatase that dephosphorylates the transcription factor known 

as nuclear factor of activated T-cells (NFAT). Dephosphorylated NFAT moves from the 

cytosol to the nucleus, where it causes gene transcription including the TRPC6 gene.  

Calcineurin can also influence actin filament dynamics through its effect on synaptopodin 

(SNYPO). Calcineurin dephosphorylates synaptopodin and renders it susceptible to 

cathepsin L-mediated degradation. Without synapotpodin, RhoA is degraded, leading to 

loss of stress fibers and to cytoskeletal rearrangement.In addition,  α-actinin 4 plays a role 

in actin filament bundling, and can stabilize stress fibers.  Finally, increased intracellular 

[Ca
2+

] can lead to trafficking of TRPC6 channels to the surface. 
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Illustration 5: Model of podocyte cell with emphasis on TRPC6 channels located in the 

cell body and in the foot processes; differential effects of podocin on TRPC6 activation. 

At the slit diaphragm, TRPC6 channels associate with podocin and nephrin. The TRPC6-

podocin complex is sensitive to chemical activation mediated by G-protein coupled 

receptors, such as the angiotensin II type 1 receptor (AT1R).  Activation of TRPC6 

channels allows for Ca
2+

-influx that can influence actin dynamics and cytoskeletal 

rearrangement within the foot processes. At the same time, TRPC6 channels at the slit 

diaphragm are resistant to mechanical activation due to the presence of podocin. A 

mutation of the podocin gene would result in a gain of mechanosensitivity of TRPC6 and 

could potentially lead to Ca
2+

-overload and eventual foot process effacement. On the cell 

body, podocin is absent. As a result, the TRPC6 channels located there are resistant to 

chemical activation but are mechanosensitive. This population of TRPC6 channels can 

respond to mechanical stimuli such as shear force that occurs in the subpodocyte space. 

Ca
2+

-influx in the cell body results in activation of calcineurin which then causes 

translocation of the transcription factor NFAT to the cell nucleus and subsequent gene 

transcription. Prolonged activation of TRPC6 channels in the cell body could result in 

Ca
2+

-overload and eventual apoptosis. Evidently, TRPC6 channels in the cell body are 

involved in more long term regulatory changes, as opposed to the more rapid changes 

mediated by the TRPC6-podocin complex in the foot processes. 
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The interaction between TRPC6 and angiotensin was already recognized prior to 

my work, but it remained unclear the how angiotensin signaling causes acute activation 

of TRPC6 channels in podocytes (25, 49, 88). Furthermore, there was still some debate 

whether angiotensin induced Ca
2+

-influx was in fact mediated by TRPC6 rather than 

TRPC5 (41, 109). My findings indicate that angiotensin specifically activates TRPC6, 

and this activation is mediated via both a Gαq-PLC pathway and a NOX-ROS pathway.  

Because there is no TRPC6 specific blocker currently available, verifying that 

angiotensin’s affects TRPC6 was accomplished using a combination of methods. First, 

the nonspecific TRPC blocker, SKF-96365 was used, and I found that it inhibited the 

angiotensin-activated current. Micromolar concentrations of lanthanum inhibit most 

TRPC channels, but it activates TRPC4 and TRPC5 (64). Application of lanthanum ruled 

out the speculated role of TRPC5, because I found that angiotensin-activated current was 

lanthanum sensitive. Final evidence was provided by siRNA knockdown of TRPC6. In 

the podocytes with TRPC6 knocked down, I found that there was little increase in current 

after application of angiotensin. The fact that my recordings were obtained from 

glomerular attached podocytes gives further credence that the same effects occur in vivo.  

The AT1R is Gαq-coupled and typically activates PLCβ (25, 49, 88). As 

predicted, my results indicate that angiotensin in part activates TRPC6 channels by this 

pathway. Inhibiting either Gαq or PLC prevented TRPC6 activation by angiotensin, while 

inhibition of PKC had no effect. This is consistent with the fact that TRPC6 is sensitive 

to DAG, while TRPC5 is not.  

In conjunction with Gαq-PLC signaling, the AT1R can activate NADPH-oxidase 

that can then generate ROS. There are multiple isoforms of NOX, and angiotensin is 
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capable of activating NOX1, NOX2, and NOX4, depending on cell type (10). Using 

MnTBAP, a membrane permeable mimetic of superoxide dismutase and catalase, I was 

first able to establish a role for ROS in angiotensin activation of TRPC6. Next using 

either apocynin or DPI, I found that TRPC6 activation is partly mediated by NOX 

activity. Both apocynin and DPI are rather nonspecific in regards to the NOX isoforms 

they inhibit, so precise identification of which NOX is involved in angiotensin mediated 

TRPC6 activation remains unknown. 

The results from this first set of experiments provide insight into previous studies 

that found that TRPC6 enhances angiotensin II-induced albuminuria (88). It is theorized 

that prolonged activation of TRPC6 by angiotensin results in an increased Ca
2+

 load that 

has deleterious effects on podocytes. Specifically, elevated Ca
2+

 levels can lead to 

increased expression of the TRPC6 channel itself, thereby creating a feedback loop that 

results in even greater Ca
2+

-influx. At the same time, this excess Ca
2+

 can induce 

cytoskeletal rearrangement that precedes foot process effacement and disruption of the 

filtration barrier. A gain of function mutation in the TRPC6 channel would exacerbate the 

effects of angiotensin and hasten the demise of functional podocytes. While my work 

does not address the long term effects of angiotensin induced activation of TRPC6, it 

identifies the signaling pathways that contribute to the more immediate effects of 

angiotensin and verifies the identity of the TRPC6 channel as the likely culprit in 

angiotensin evoked Ca
2+

-influx.  

Prior to the work of Dryer and coworkers, a functional link between the insulin 

receptor and TRPC6 channel in podocytes was not yet identified. My research 

contributed to the discovery that insulin modulates TRPC6 activity in cultured podocytes, 
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and this effect was NOX4-ROS mediated. Surface biotinylation assays conducted by Eun 

Young Kim revealed that insulin causes acute increases in steady-state surface expression 

of TRPC6. I showed that this is functionally relevant by recording from podocytes that 

were treated with insulin for 12 hours. The currents measured from these cells were 

significantly elevated compared to the control group. As with the angiotensin 

experiments, I used multiple methods to establish that the increased current was 

attributable to TRPC6. Inhibition of the current by SKF-96365, indicates a member of the 

TRPC family, while sensitivity to lanthanum precludes TRPC4 or TRPC5. Additionally, 

siRNA knockdown of TRPC6 eliminated the effects of insulin on whole-cell current. The 

insulin signaling cascade can initiate the formation of ROS such as H2O2, and it is known 

that TRPC6 channels are redox sensitive (40). We first established that podocytes 

generate H2O2 in response to insulin. Dr. Kim used a fluorometric assay to show that 

there is an increase in H2O2 generation in podocytes after insulin treatment of 0.25, 6, and 

24-hr exposure times.  The same assay showed that the generation of insulin evoked 

H2O2 was inhibited by pretreating the cells with MnTBAP, a free radical scavenger. Dr. 

Kim conducted additional surface biotinylation assays that revealed that the insulin 

evoked increase in surface expression of TRPC6 is inhibited by pretreatment with 

MnTBAP, indicating that insulin induced TRPC6 trafficking is dependent on ROS. My 

results show that peroxide increases the activity of TRPC6 channels, and this effect could 

also be inhibited by MnTBAP pretreatment. Dr. Kim identified the likely source of 

endogenous H2O2 by showing that insulin mobilizes NOX4 to the cell surface, and that 

siRNA knockdown of NOX4 inhibited an increase in TRPC6 surface expression in 

response to insulin. These findings provide evidence that insulin signaling may in part 
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regulate podocyte contractility and maintenance of the filtration barrier. As to why such a 

role would be necessary, it is known that glomerular filtration rate (GFR) increases after 

intravenous infusions of glucose (27, 66, 68). Increased GFR corresponds to an increase 

in transmural pressure across the filtration barrier and therefore greater mechanical strain 

on the slit diaphragm. The circulating insulin that is released in response to the glucose 

load can upregulate TRPC6 channels on podocyte foot processes, thereby causing an 

increased Ca
2+

-influx. As has already been discussed, Ca
2+

-influx can initiate cytoskeletal 

rearrangement and contraction, enabling the podocytes to counteract the increase in 

transmural pressure. If sustained for prolonged periods of time, this same process could 

become pathological in individuals with type 2 diabetes, and may in part explain the 

development of diabetic proteinuria. Owing to their resistance to insulin, circulating 

levels of insulin are higher in type 2 diabetics. This could cause excessive upregulation of 

TRPC6 channels in podocytes that leads to greater than normal Ca
2+

-influx. At the same 

time aberrant insulin signaling in podocytes may generate a detrimental amount of ROS. 

The end results would be foot process effacement and potential Ca
2+

/ROS-induced 

apoptosis in podocytes. Once again the difference between a normal and diseased state is 

a matter of degree; normal insulin facilitation of TRPC6 is necessary to maintain the 

integrity of the filtration barrier, but excessive insulin levels may induce TRPC6-

mediated Ca
2+

-overload and eventual breakdown of the filtration barrier. 

Previous studies have indicated that podocytes express the necessary cellular 

components for functional glutamatergic signaling, including glutamate transporters, 

vesicular structures and both metabotropic and ionotropic glutamate receptor subunits 

(38, 96). It has been observed that blockade of NMDA receptors leads to proteinuria in 
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both mice and humans (116). In addition, antagonizing NMDA receptors in cultured 

podocytes induces cytoskeletal remodeling and redistribution of nephrin (38). Apart from 

these studies, little is known about the precise nature of the NMDA receptor mediated 

signaling pathways in podocytes. In the present study I have shown that functional 

NMDA receptors are expressed in both mouse and human podocyte cell lines, as well as 

in primary cultures of mouse podocytes. In addition, I found the NMDA receptors can 

activate TRPC6 channels in an ROS dependent manner. Using both surface biotinylation 

assays and fluormetric assays, Dr. Kim identified NOX2 as the likely source of NMDA 

receptor induced ROS. Contrasted with the finding that insulin receptors trigger NOX4 

activation, it becomes apparent that multiple signaling pathways converge upon TRPC6 

channels. This underscores the possibility that disregulation of TRPC6 activity is the 

common factor in many forms of glomerular disease.   

Despite sharing many of the pharmacological and functional characteristics of 

neuronal NMDA receptors, the receptors I identified in podocytes displayed several 

distinct properties. Of particular importance is the fact that podocyte NMDA receptors 

displayed essentially no response to either L-glutamate or L-aspartate. Considering that 

the NMDA receptor almost by definition is a glutamatergic ion channel, this property is 

unusual to say the least. It also calls in to question the significance of the previously 

identified cellular machinery found in podocytes that typifies functional glutamate-

mediated signaling. It was found that mouse glomeruli express NMDA receptors, 

mGluR7, vesicular glutamate transporter 1 and a vacuolar proton pump. In additional to 

these, cultured podocytes possess glutamate containing vesicles and can be induced to 

release glutamate with -latrotoxin (38). While our study seems to rule out a role for the 
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NMDA receptor in such a signaling pathway, it does not exclude that possibility that 

metabotropic glutamatergic receptors (mGluRs) are the endogenous target for glutamate 

release in podocytes. The resistance to glutamate indicates the presence of a novel form 

of the NR2 subunit, one that has subtle alterations to the agonist binding site and is 

specially suited for signaling in podocytes. It has been shown that the substitution of 

tyrosine residue with a tryptophan residue within the ABD of the NR2 subunit prevents 

glutamate binding by steric hindrance (78, 90). It is possible that a similar substitution 

occurs in the NR2 subunit expressed by podocytes, but this remains to be determined.  

While unresponsive to L-glutamate and L-aspartate, I found that podocyte NMDA 

receptors were activated by homocysteate (HCA), displaying evoked inward currents 

similar to those seen with NMDA application. HCA is formed from the oxidation of 

homocysteine, an amino acid that participates in numerous metabolic pathways and is 

usually found in the blood at low levels (5). Both HC and HCA have been found to be 

neurotoxins, and this effect is mediated, at least in part, by NMDA receptors (5, 70, 106). 

It has been noted that neurons are significantly more sensitive to HCA than HC (5), and I 

found that podocytes responded only to HCA and not HC. The fact that elevated serum 

HC levels are correlated with proteinuria in humans and glomerulersclerosis in rats seems 

to indicate that these effects may largely be caused by HCA (36).  

I found that podocyte NMDA receptors also responded to D-aspartate. In this case 

the implications are not as clear. While D-aspartate is produced by the enzyme aspartate 

racemase and is found both in the serum and brain, its role, if any, in the kidneys has not 

been identified. It is known that depletion of aspartate racemase, and correspondingly D-

aspartate, in mice results in severe developmental defects in neuronal dendrites and a 
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marked reduction in neurons survival (19, 76). It has also been identified as a player in an 

alternative pathway for thyroid hormone synthesis (19). It follows that it is not outside 

the realm of possibility that D-aspartate has a physiological role in the kidneys as well 

and deserves further investigation. 

Another distinguishing characteristic of podocyte NMDA receptors is that are not 

potentiated by glycine. Previously viewed as the obligatory co-agonist for NMDA 

receptor activation, glycine typically acts in a regulatory fashion to both increase the 

receptor’s affinity for glutamate and decrease receptor desensitization (6, 31). In some 

rare instances, specifically receptors comprised of NR1/NR3 diheteromers, glycine alone 

can activate NDMA receptors (12). In addition, glycine site antagonists essentially 

abolish NMDA receptor mediated current (90). I found that podocytes show no change in 

evoked current when glycine is added to the bath solution and do not respond at all when 

glycine alone is applied to the cells. However, the addition of the glycine site antagonist 

L689,560 nearly eliminated any evoked inward current, indicating that the co-agonist site 

is present and can be occupied (42). Previous studies have shown that D-serine can act in 

place of glycine as a co-agonist, and in at least some instances, is a stronger potentiator of 

NMDA receptor mediated current (18, 90). As is the case with D-aspartate, D-serine is 

found in appreciable levels in the mammalian brain and serum and is endogenously 

produced by a racemase enzyme (113, 114). Of particular physiological importance, 

serine racemase is expressed in proximal tubule cells of the kidney (100, 114). I found 

that podocytes display inward currents with significantly increased amplitude when D-

serine is supplied in the bath solution. D-serine has been shown to act as a nephrotoxin 
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and illicit proteinuria by damaging the proximal tubule, and D-serine may have further 

deleterious effects on podocytes (43). 

Apart from their unusual agonist binding profile, podocyte NMDA receptors 

display many of the characteristics of typical, neuronal NMDA receptors. Specifically, 

they are calcium permeable, albeit at a lesser extent that neuronal receptors (79). This has 

potential physiological implications that will be discussed later. Never the less, podocyte 

receptors are blocked by magnesium and respond appropriately to the NMDA receptor 

antagonists MK-801 and D-APV. As MK-801 is a pore blocker, its ability to antagonize 

NMDA receptor mediated current is expected regardless of glutamate’s efficacy at 

eliciting a response. D-APV, however, acts at the ABD of the NR2 subunit (78, 90). Due 

to the fact that the NR2 subunit appears to be of a novel subtype, as indicated by its 

resistance to glutamate, it is somewhat surprising that D-APV acts as an antagonist for 

podocyte NMDARs . Recently, it has been suggested that small antagonists such as D-

APV only bind in the immediate vicinity of the glutamate binding site and display limited 

NR2 subtype selectivity (90). This then accounts for our findings of D-APV’s effects 

despite the receptor’s resistance to glutamate.  

Dr. Eun Young Kim of our group found that application of NMDA at 

concentrations and durations that cause excitotoxicity in cultured neurons did not cause a 

noticeable loss of cultured podocytes (15, 67). This may be do to the fact that podocyte 

NMDA receptors display somewhat reduced Ca
2+

-permeability (79), and this may render 

them more resistant to acute toxicity mediated by NMDA receptor activation.  Also of 

importance, podocytes lack voltage-activated Ca
2+

 channels (27). As a result, NMDA 

receptor activation would not trigger additional Ca
2+

-influx and may prevent Ca
2+

 levels 
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from reaching levels that are excitotoxic in neuronal cells (15). Although, NMDA 

application below the 72 hour mark did not result in any apparent cell death, podocytes 

exposed to sustained levels of 50 µM NMDA showed reduced expression of nephrin. As 

nephrin is a vital component of glomerular slit diaphragms (47, 56, 95), NMDA receptor 

mediated disruptions of nephrin could potentially lead to compromised glomerular 

function. 

The observed interaction between NMDA receptors and TRPC6 channels has 

some important physiological implications. As stated, elevated serum levels of HCA are 

associated with proteinuria, and I found that the NMDA receptors expressed by 

podocytes are activated by HCA. This activation would trigger an upregulation of TRPC6 

activity, as indicated by my other findings. TRC6 activation could contribute to 

cytoskeletal rearrangement and foot process effacement. It is also worth noting that at 

normal neuronal resting potential NMDA receptors are blocked by Mg
2+

 ions at the pore 

site. A depolarizing event is necessary to remove this block and permit ligand-gated 

opening of the NMDA receptor. However, at the podocyte resting potential of ≈ -40 mV 

there would be much less of a Mg
2+

 block. In addition, TRPC6 channels themselves 

could instigate the necessary localized depolarization, and close proximity NMDA 

receptors would be responsive to this. Again, another feedback loop could exist where 

TRPC6 channels allow for NMDA receptor function, which then increases the activity of 

TRPC6 channels, leading to a snowball effect. In this event podocyte injury becomes 

even more likely, given that both NMDA receptors and TRPC6 channels are Ca
2+

 

permeable (27, 67).  
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There is little question that TRPC6 channels expressed in podocytes are regulated 

by receptor mediated signaling cascades. Greater uncertainty surrounds the possibility 

that podocyte TRPC6 channels are mechanosensitive as well (39). My findings indicated 

that TRPC6 channels respond to multiple forms of membrane deformation. Moreover, the 

TRPC6 associated protein podocin determines the preferred mode of channel activation. 

Again, these findings may help to explain the pathologies associated with mutations in 

the TRPC6 and podocin genes.  

TRPC6 channels respond to hypoosmotic stretch, surface-applied pressure pulses, 

changes in shear force, and chemically induced membrane deformation. Stretch response 

is abolished with the addition of GsMTx4, a peptide that interferes with TRPC6’s ability 

to directly interact with the lipid bilayer (9, 108). Furthermore, stretch response does not 

require an intact cytoskeleton. In fact, I found that treating the cells with cytochalasin 

resulted in an enhanced hypoosmotic stretch response. Taken together, these findings 

indicate that mechanical forces are transmitted to TRPC6 channels directly through the 

cell membrane, and actin filaments actually seem to constrain deformation of the 

membrane. Mechanosensitivity persists in the presence of PLC and PLA inhibitors, 

strongly suggesting that the stretch response is not mediated by the activation of internal 

signaling cascades. The fact that inhibiting PLC often prevents receptor mediated 

activation of TRPC6 indicates that the channels are independently regulated by chemical 

and mechanical stimuli.  

Either addition or depletion of cholesterol can alter membrane fluidity and affect 

the gating of mechanosensitive channels. Cholesterol depletion is thought to increase 

membrane fluidity, and my results seem to support this theory. TRPC6 stretch sensitivity 
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was markedly enhanced in cells subjected to 24-hr cholesterol depletion. As expected, 

addition of cholesterol reduced TRPC6 mechanosensitivity, ostensibly by increasing 

membrane rigidity (14, 101).  

Cholesterol’s effect on membrane fluidity may only partially explain the observed 

alterations of TRPC6 mechanosensitivity. Podocin binds cholesterol and can associate 

with TRPC6 channels, and podocin homologues such as MEC-2 regulate channel 

mechanosensitivity in C. elegans (58). Cholesterol binding is essential for MEC-2 

function, and a similar requirement is thought to exist for podocin function. This may 

explain why cholesterol depletion has such a pronounced effect on TRPC6 

mechanosensitivity. By recruiting cholesterol to the lipid domain surrounding the TRPC6 

channel complex, podocin creates a more rigid membrane environment. In essence this 

isolates the TRPC6 –podocin complex from more fluid areas of the membrane, rendering 

TRPC6 less responsive to membrane stretch (Illustration 6B).  In podocyte cell lines that 

do not express podocin, stretch sensitivity is significantly greater than wild-type cells, 

further suggesting that podocin has a repressive effect. At the same time, knockdown of 

podocin has an unexpected effect on TRPC6 sensitivity to OAG. Without podocin there 

is no increase in TRPC6 activity after treatment with OAG (Illustration 6C). In this case 

it appears that podocin is required for DAG mediated activation of TRPC6 channels in 

podocytes (Illustration 6A). Initially, podocin’s dual function appears to suggest that 

TRPC6 stretch sensitivity plays only a minor role in podocyte physiology. However, 

protein-protein interactions often depend on cellular location. In the foot process, 

specifically at the slit diaphragm, TRPC6 channels associate with podocin. In the cell 

body however, podocin is absent. Having two distinct populations of TRPC6 channels 
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may allow for increased chemical sensitivity in the foot processes while enhancing 

mechanosensitivity in the podocyte cell body. Of course the corollary of this is that 

TRPC6 channels in the foot processes would be less sensitive to mechanical stimulation. 

Because podocyte foot processes are exposed to high frequency mechanical stimulation 

arising from changes in capillary pressure, excessive mechanical activation of TRPC6 

could potentially lead to Ca
2+

 overload and subsequent foot process effacement. The 

suppressant effects of podocin would be essential for preventing TRPC6 over-activation, 

and may explain why podocin mutations cause such severe and early onset nephrotic 

syndrome.  In the podocyte cell body and major processes, the lack of podocin may allow 

TRPC6 channels that are expressed in these locations to be especially sensitive to 

mechanical activation. As a result, these areas of the cell would be well suited to detect 

sustained changes in glomerular filtration rates such as those resulting from 

tubuloglomerular regulation of renal blood flow (27).     
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6.  

Illustration 6: Role of podocin in determining the mode of TRPC6 activation. A: Podocin is necessary for 

DAG-mediated activation of TRPC6 channels. B: Podocin suppresses mechanosensitivity of TRPC6 

channels. Podocin associates with TRPC6 at the slit diaphragm, thereby favoring chemical activation of 

TRPC6 channels. C: Without podocin, TRPC6 channels are resistant to DAG activation. D: The absence of 

podocin allows for mechanical activation of TRPC6 channels. Podocin is absent from the podocyte cell 

body, and the TRPC6 channels located there are more responsive to mechanical stimuli. 
 

Ultimately, my work shows that TRPC6 channels in podocytes can be regulated 

by multiple forms of chemical and mechanical stimuli. Angiotensin activates TRPC6 

channels through Gαq-PLC signaling and its effects are in part dependent on the 

formation of ROS. Podocyte TRPC6 channels are activated by insulin receptor signaling 

via NOX4 and ROS. Similarly, NMDA receptors mediate TRPC6 activation in a NOX2-

ROS dependent manner. In the process of studying receptor mediated TRPC6 activation I 

found that podocytes express NMDA receptors with several unique characteristics. 

Podocyte NMDA receptors show no response to the canonical agonists L-glutamate and 
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L-aspartate. The receptors are nevertheless functional in that NMDA, HCA, and D-

aspartate all generate a robust inward current. While AT1Rs, insulin receptors, and 

NMDA receptors all utilize different signaling pathways, they converge on TRPC6 

activation. The implication is that TRPC6 channels are at the crux of normal podocyte 

function and disregulation of TRPC6 may underlie many forms of nephrotic disease. 

Furthermore, I have shown that TRPC6 channels in podocytes are mechanosensitive and 

that stretch sensitivity is modulated by podocin. Podocin reduces TRPC6 sensitivity to 

mechanical stimulation. At the same time, podocin is required for at least one form of 

chemical activation of the TRPC6 channel. This suggests that podocin acts as a molecular 

determinate of the preferred mode of TRPC6 activation in podocytes, and may explain 

why mutations in either podocin or TRPC6 result in glomerular disease. Without 

podocin, TRPC6 channels would be overly sensitive to mechanical stimulation, 

potentially leading to Ca
2+

-overload and foot process effacement. Gain of function 

mutations of TRPC6 can also provide an avenue for excessive Ca
2+

-influx that could then 

trigger aberrant cytoskeletal rearrangement. The fact that the podocin-TRPC6 interaction 

only occurs in podocyte foot processes suggests that an increase in channel 

mechanosensitivity may trigger remodeling of the actin cytoskeleton that foreshadows 

foot process effacement. Drugs that selectively target and suppress TRPC6 

mechanosensitivity could potentially serve as treatments for glomerular diseases. The 

discovery of such a clear delineation between chemical and mechanical activation of 

TRPC6 may prove to be a genuine turning point in renal medicine.   
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