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Abstract

Although solitary or sensory cilia are present in most cells of the body and their existence has been known since the sixties,
very little is been known about their functions. One suspected function is fluid flow sensing- physical bending of cilia
produces an influx of Ca++, which can then result in a variety of activated signaling pathways. Autosomal Dominant
Polycystic Kidney Disease (ADPKD) is a progressive disease, typically appearing in the 5th decade of life and is one of the
most common monogenetic inherited human diseases, affecting approximately 600,000 people in the United States.
Because ADPKD is a slowly progressing disease, I asked how fluid flow may act, via the primary cilium, to alter epithelial
physiology during the course of cell turnover. I performed an experiment to determine under what conditions fluid flow can
result in a change of function of renal epithelial tissue. A wildtype epithelial cell line derived the cortical collecting duct of a
heterozygous offspring of the Immortomouse (Charles River Laboratory) was selected as our model system. Gentle orbital
shaking was used to induce physiologically relevant fluid flow, and periodic measurements of the transepithelial Sodium
current were performed. At the conclusion of the experiment, mechanosensitive proteins of interest were visualized by
immunostaining. I found that fluid flow, in itself, modifies the transepithelial sodium current, cell proliferation, and the actin
cytoskeleton. These results significantly impact the understanding of both the mechanosensation function of primary cilia
as well as the understanding of ADPKD disease progression.
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Introduction

Cilia are microtubule-based projections from the cell body

(general references http://www.ifcbiol.org/Primaryciliumweb/

index.html). Cilia grow from the mature mother centriole of the

mother-daughter pair of centrioles in the cell’s centrosome [1].

Solitary or sensory cilia are present in most cells of the body and

their functions are only now beginning to be defined. Their

existence has been known from morphological studies since the

sixties [2]; however, because very little has been known about their

functions, not much attention has been paid to this particular

organelle until recently.

Several observations have illustrated the importance of the

solitary cilium: 1) Smell, taste, and vision occurs via modified cilia:

olfactory or gustatory sensory cilia and outer segments of rod cell,

respectively (see e.g. Figure 15-43 of [3]. 2) Some receptors are

specifically located on neurocilia [4]. 3) mutations that occur in

proteins resulting in mislocation of normal ciliary proteins or

malfunction of solitary cilia itself in the renal epithelium produces

a polycystic kidney disease phenotype, which is characterized by

the transformation of an absorptive epithelium into a secretory one

with formation of cysts [5,6,7,8]. 5) Defects in solitary cilia present

during development result in inversion of the normal left-right axis

of internal organs, e.g., the heart forms on the right side [9,10].

Osteocyte cilia have been proposed to be important mechan-

osensors that determine in part bone remodeling [11]. Addition-

ally, the primary cilium plays a critical role in several essential

signaling pathways, including planar cell polarity (PCP) [12],

Hedgehog and wnt signaling [13], light and odorant detection

[14], and renal mechanosensation [15]. One common motif is the

presence of transmembrane receptors and/or ion channels

localized to the cilium. A second common motif is the

demonstration that physical bending of cilia produces influx of

Ca++, which can then lead through Ca++-induced Ca++ release to a

Ca++ wave spreading through several cells [16,17,18].

The microtubule cytoskeleton is organized during cell division

to provide the spindle that pulls the chromatides apart into the

daughter cells. Under these conditions, cells do not possess cilia. In

contrast, when cells enter G0 and differentiate, most cells

reorganize the microtubule cytoskeleton at one pole of the cell.

The mother centrosome becomes the microtubule organizing

center from which the single cilium arises. In epithelial cells, such

as found in the cortical collecting duct, the cilium projects into the

lumen, encased in apical membrane.

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is a

progressive disease, typically appearing in the 5th decade of life

and is one of the most common monogenetic inherited human

diseases, affecting approximately 600,000 people in the United

States.

Genetic evidence is quite strong that ciliary dysfunction is an

important determinant of renal epithelial cell biology and

cystogenesis: 1) The gene products of PKD1 and PKD2 (polycystin
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1 and polycystin 2) [8], Tg737 (polaris) [19], and cpk (cystin) [20]

localize to the cilium [21] and mutations in these genes result in

the transformation of a tubular, absorbing epithelium into a cystic,

fluid secreting epithelium with clinical symptoms of polycystic

kidney disease [8,22]. 2) Polycystins 1 and 2 mediate mechan-

osensation in the primary cilium of kidney cells, native polycystin 2

functions as a plasma membrane Ca++-permeable cation channel

in renal epithelia [7,8], and loss of the cilium results in

uncontrolled Ca++ influx [23]. 3) The deletion of the gene for

Kif3ain mature kidneys cells results in renal cyst formation. That

is, reprogramming of differentiated renal epithelial cells occurs after

deletion of the ciliary motor Kif3a and this reprogramming cannot

be ascribed to faulty development [6]. 4) Collecting ducts from the

orpk/Tg737 mouse possess shortened cilia and develop a cystic

phenotype [24,25]. Taken together, this evidence supports the

‘two-hit’ model of cystogenesis in ADPKD [26]. This model

purports to explain the late (5th decade) appearance of cysts as well

as the simultaneous appearance of numerous focal cysts through

accumulated mutations in mechanosensitive proteins. Abnormal-

ities in ciliary associated proteins result in altered cell functions and

disease progression.

Evidence for flow as an environmental factor for ADPKD is

currently indirect, and is based mostly on the purported function

of the primary cilium [8,18], putative mechanosensitive proteins

(polycystin 1 and polycystin 2 [7,8,27], TRPV4 [28], and ENaC

[29]), and activated kinase signaling pathways (mTOR [30],

STAT6 [27]). Experiments connecting shortened cilia to an

ADPKD phenotype have been performed in the presence of fluid

flow, illustrating the link between flow sensing and disease state

[24,25]. Experiments have shown phenotypic similarities between

constitutively active repair states and the ADPKD state [31,32,33].

Because ADPKD is a slowly progressing disease, I asked how

fluid flow may act to alter cellular physiology during the course of

cell turnover. Cell division in renal epithelia occurs not just during

growth or repair of the nephron, but also constitutively. Although

not completely understood, it is suspected that renal epithelial cells

can de-differentiate, proliferate, and re-differentiate to restore

functional integrity of the nephron [34,35]. Thus, I asked if

differentiated epithelial monolayers are sensitive to the flow

conditions present during differentiation, and if the flow conditions

present during differentiation can alter mechanosensation by the

cells after differentiation has occurred. In this way I aim to probe

the evolution of renal function in terms of the flow conditions

present within a nephron, independent of genetic mutations.

Previously, my laboratory has shown that a cell line derived

from the Immortomouse- principal cells of the cortical collecting

duct- respond to fluid flow by changing the transepithelial sodium

flux, and that this response requires the presence of an intact

primary cilium [36]. This cell line is particularly suited for my

investigations for two reasons. First, the electrophysiological

behavior of this cell type is very simple, consisting of only a few

ion channels and transporters. Second, the physiological role of

the collecting duct is to ‘fine tune’ the overall salt and water

balance in the body (the collecting duct is responsible for the final

0.5% of salt resorption), and so it is logical to probe these cells in

the context of slow-acting chronic disease .

We previously demonstrated that ciliary-mediated mechan-

osensation is very sensitive to flow and that an intact cilium is

required to generate a cellular response to flow. Additionally, some

of the data suggested that the cellular response involved cellular

memory- cells that lost the primary cilium did not attain original

levels of transepithelial sodium current after regenerating the

cilium.

Results

Electrophysiological Results
The first set of results (Figure 1) compares monolayers from

different cohorts never subjected to flow; the presented data shows

thatthese monolayers had statistically indistinguishable transepi-

thelial sodium currents, validating our experimental approach.

Cells differentiated in the presence of flow exhibit a

graded response to flow. Several results obtained previously

[17,25,36] showed that monolayers respond to the presence or

absence of flow only. That is, either the cell responded to flow or it

did not- there was no graded response to flow, in contrast to a

dose-response curve typical of chemical sensing. Figure 2 provides

measurements of cohorts 3, 4 and 5 during the second stage of the

shaking protocol, analyzing the response of monolayers to a

change in fluid flow conditions. Cohort 3 consisted of cells allowed

to differentiate for 10 days under quiescent conditions, while

cohort 4 consisted of cells that differentiated under the influence of

slow shaking. Cohort 3 did not exhibit a graded response:

differentiated cells exposed to fluid flow (3B, 3C) showed a

significant decrease in transepithelial sodium current as compared

to 3A, but there was no significant difference in response to either

slow or fast shaking. By contrast, cohort 4 did show a graded

response: cells removed from the orbital shaker (4A) had an

increased transepithelial sodium current, while cells exposed to a

faster rate of shaking (4C) further reduced the transepithelial

sodium current as compared to 4B. This differential response was

statistically significant.

Interestingly, monolayers in cohort 5 which differentiated under

quiescent conditions for an extended period of time (10 days)

before being exposed to flow also exhibited a graded response to

changes in flow conditions, similar to cohort 4. Unfortunately,

both cohorts 5 and 6 experienced significant contamination during

the experiment and are largely excluded from the results.

Examination of the transepithelial sodium flux of Cohorts 1 and

2 are less definitive (data not shown); Cohort 2 appeared to present

a graded response to flow while Cohort 1 did not, consistent with

the data for cohorts 3 and 4.

Comparing the response of matched monolayers from cohorts 3

and 4 during the final stage of the flow protocol is shown in

Figure 3.

Some cells were returned to the differentiation conditions (3A1,

3B1, 3C1; 4A2, 4B2, 4C2) while others were not. Ratioing the

measured sodium current from paired monolayers returned to

differentiation conditions to those that were not measured the

degree to which monolayers maintained the ability to sense flow.

This appears to be a long-lived feature of the cells, as shown by

data presented in Figure 3. This data shows how much the sodium

current changed in cohorts 3 and 4 during the final stage of the

flow protocol: note that of the 6 groups only those subjected to

constant flow conditions throughout the experiment (4B) lost the

ability to distinguish between flow and no flow.

Figure 4 presents the transepithelial Sodium current for the

cohorts at different stages of the flow protocol. Each column is the

average (over several days) of each set of monolayers. This data

provides evidence regarding the chronic physiological response to

changes in the flow conditions. Cohort 3, which differentiated in

quiescent conditions, showed a strong (and single) response to the

introduction of flow (3A vs. 3B and 3C) and later showed an

increase in the sodium current, regardless of the presence or

absence of flow. Cohort 4, differentiated in the presence of flow,

overall had a lower amount of transepithelial sodium current

regardless of the flow protocol. Of particular interest are the

similar responses of samples 4A2 and 4C2: monolayers differen-
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tiated in the presence of flow, subjected to a change in flow, and

then returned to differentiation conditions. These two data points

indicate that the electrophysiological response of a cell to flow is

not simply a proportional response (i.e. a higher rate of flow

produces a lower sodium current), but rather that the cell responds

to changes in the flow conditions in the same way, regardless if the

flow increases (4A2) or decreases (4C2).

Immunohistochemical results
The results provided here provide insight to the state of the cell

only at the endpoint of the flow protocol; they provide information

regarding the terminal state of the epithelial tissue. Note, although

the various proteins were tagged with a wide spectrum of

fluorescent secondaries as detailed in the methods section, for

ease of comparison in images both cytoskeletal proteins (acetylated

a-tubulin and actin) are rendered in green, both membrane

proteins (Polycystin-2 and Somatostatin Receptor-3) are rendered

in red, and the nucleus is rendered in blue.

Changing flow induces a proliferative response. Figure 5

presents data from cell counting. Multiple images were acquired of

each fixed monolayer, and the nuclei counted by a simple

threshold operation. The cell density (cells/mm2) was not normally

distributed, as verified by a Q-Q plot [38], but was strongly peaked

about two values (870 +/2 130 cells/mm2 and 1640 +/2

160 cells/mm2). Because cell division halts when the cells

become terminally differentiated, this data indicates that some

cohorts take longer to differentiate than others- and further, the

delay was sufficient for at least an additional cell cycle (8 hours).

This data provides suggestive evidence about the interplay

between differentiation and fluid flow conditions. Cohorts 1 and 2

were exposed to flow either prior to differentiation or in the very

early stages of differentiation. Cells hyperproliferated when flow

conditions changed (1B, 2A, 2C), while cells did not proliferate

when flow conditions did not change (1A, 2B). Cohort 1C did not

show evidence of hyperproliferation, but the actin cystoskeleton of

all the sub-groups of Cohort 1showed profound phenotypic

differences with respect to all other cohorts (discussed below).

Cohorts 3 and 4 were resistant to changes in flow conditions: the

only group to hyperproliferate was subjected to maximal changes

in flow conditions (no flow -. fast flow, group 3C). Of special

interest are the results for cohorts 5B and 6- both showed evidence

of hyperproliferation in spite of flow changes occurring well after

(10 days) the onset of differentiation. The data presented here

leads us to conclude that cells in a dynamic environment (i.e. the

fluid flow rate is variable) can remain in a dedifferentiated pro-

growth state, while cells exposed to a static environment- an

environment where the fluid flow does not vary- stop proliferating

and differentiate. These results should be considered together with

other recent results [37] which demonstrate a clear link between

ciliary function and cell division.

Actin cystoskeleton shows evidence of extensive

remodeling in the presence of flow. Figure 6 shows the

actin cystoskeleton from selected monolayers at low magnification

(10X). Cohort 1C was exposed to fast flow immediately upon

entering differentiation conditions, while Cohort 3 was only

exposed to flow 10 days after the onset of differentiation. The

images of cohort 1 shows extensive focal adhesions, irregular

shapes, and stress fibers while images of all other cohorts lack the

extensive focal adhesions and stress fibers.

Comparison of all monolayers either exposed to flow or not at

the conclusion of the experiment show that in the presence of

apical flow, increased numbers of focal adhesions are formed. This

should be compared with the electrophysiological results during

the same time period. Both cohorts 3 and 4 (which the exception

of 4B) maintained the ability to sense flow, while group 4B lost the

ability to sense flow. The visual appearance of the actin

Figure 1. Transepithelial sodium current measurement of monolayers never subjected to fluid flow. The calculated short-circuit
equivalent current Isc of each monolayer was measured for several weeks and compared across three different cohorts. It is important to note that the
current is due to directed transport of Sodium through the confluent monolayer and reaches a final value approximately 10 days after the confluent
monolayers are placed in differentiation conditions. Because Isc is similar (variations are not statistically significant) for monolayers in different
experimental groups, the overall experimental approach of comparing the response of different groups of monolayers over time is validated.
doi:10.1371/journal.pone.0027058.g001
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cystoskeleton provides evidence that focal adhesions (or integrin

binding) may be correlated with the ciliary-mediated ENaC flow

sensing response.

Cellular distributions of SSTR3 appear insensitive to flow

while PC2 distributions depend on flow conditions. Based

on considerable evidence presented in the literature

[4,7,8,16,21,25,39,40], I chose to measure the cellular

distributions of Polycystin-2 and SSTR3 as a cellular readout.

Both proteins are localized to the primary cilium and both

participate in ciliary-mediated mechanosensation signaling

Figure 2. Transepithelial sodium current measurements of Cohort 3 (upper graph) and Cohort 4 (middle graph) and Cohort 5
(lower graph). The calculated short-circuit equivalent current Isc was measured over time and graphed in terms of days after the monolayers were
placed in differentiation conditions. All monolayers in Cohort 3 were allowed to differentiate for 10 days in quiescent conditions, and were then
maintained in no orbital motion (3A), moved to slow (3B) or rapid (3C) orbital motion at day 10. All monolayers in cohort 4 were exposed to slow
orbital motion for 10 days at the onset of differentiation, and were then either removed (4A), maintained at slow motion (4B), or exposed to rapid
orbital motion (4C). All monolayers in cohort 5 were held in quiescent differentiation conditions for 20 days and were then either exposed to no (5A),
slow (5B), or rapid (5C) orbital motion. The monolayers in Cohort 3 show a response to the presence (points 3B and 3C) or absence (points 3A) of
apical fluid flow only, while the monolayers in Cohort 4 and 5 show a graded response to apical fluid flow. Specifically, cells exposed to slow orbital
shaking (4B, 5B) had a decreased Isc as compared to monolayers not exposed to orbital motion (4A, 5A) and an increased Isc as compared to
monolayers exposed to a more rapid orbital motion (4C, 5C). All variations in Isc are statistically significant as judged by Student’s t-test (p,0.01).
doi:10.1371/journal.pone.0027058.g002
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pathways. Because protein localization is an acute response, the

cellular localization of these proteins serves to measure the state of

the cell just prior to fixation. That is, the data here does not

necessarily correlate with the electrophysiological data presented

above, except for the final time points.

Figure 7 compares monolayers either subjected to flow or not,

across selected cohorts. What is seen is that SSTR3 is localized to

the primary cilium regardless of the flow conditions, while PC2 is

localized to the primary cilium only when flow is present. In the

absence of flow, no PC2 is detected in the primary cilium, in

agreement with [41].

Discussion

The magnitudes and durations fluid flow induced by orbital

shaking approximately correspond to in vivo chronic stimulation

within the mouse nephron (approximately 5 nl/min [42]). The

readouts were chosen based on physiological relevance as well.

Transepithelial Sodium current is a measure of the function of the

cortical collecting duct. The collecting duct represents the final

‘‘fine-tuning’’ of salt and water homeostasis, and thus may play a

role in chronic diseases that do not become pathological until late

in life. Polycystin-2 is a ciliary-localized, membrane-bound

Calcium channel that actively participates in the flow sensing

pathway [8]. Actin may also participate in mechanosensation

pathways [43]. Somatostatin Receptor-3 is a membrane-bound

GPCR localized to the primary cilium only if proteins implicated

in the human ciliary disorder Bardet–Biedl syndrome (BBS) are

present [40].

Electrophysiological results
Placing the results in the context of renal function, it is clear that

there is significant interplay between applied flow conditions and

salt resorption. The results show a clear response when the flow

conditions change, and salt transport is decreased when flow is

present. Furthermore, flow conditions present during differentia-

tion affect the mechanosensation response later in time. In vivo

conditions within the nephron are such that cellular differentiation

Figure 3. Differential mechanosensation response for Cohort 3 (upper graph) and Cohort 4 (lower graph). Each group (3A, 3B, 3C, 4A,
4B, 4C) was divided in half 20 days after the onset of differentiation, monolayers in each half either exposed to orbital shaking or not. The ratio of
transepithelial sodium current of paired shaken and unshaken monolayers was used to quantify the long-time flow-sensing mechanosensation
response. In all cases except 4B (discussed in the text), monolayers responded to the presence of flow by decreasing Isc relative to monolayers in
quiescent conditions. In particular, the differential response of Cohort 4 was attenuated over time, indicating that flow conditions post-differentiation
have less of an effect than flow conditions present during differentiation.
doi:10.1371/journal.pone.0027058.g003
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proceeds while flow is present, thus the data presented here

indicate that disease-relevant in vitro experiments should be

conducted on tissue chronically subjected to flow during

differentiation. While disease relevance has not been definitively

established by this experiment, it is clear that flow conditions

acting on undifferentiated tissue have long-lasting effects on

differentiated renal epithelial tissue function. It is hypothesized

that flow conditions within a tubule change during cystogenesis;

this experiment begins to draw a mechanistic link between altered

renal flow and salt transport. Specifically, salt transport increases

in the absence of flow, and the chronic flow-sensing response is

modulated by the flow conditions present at the onset of cellular

differentiation. Combined with the hyperproliferation data, we

begin to form a model: 1) changes in tubule flow drive increased

cellular proliferation and 2) the cessation of flow causes increased

salt transport. In this model, a tubule experiencing a dynamic flow

Figure 4. Time-averaged transepithelial sodium current compared across cohorts. This data compares the calculated short-circuit
equivalent current Isc within Cohorts 3 and 4 over time, illustrating the mechanosensation response as monolayers experience changes to the applied
flow over time. With the exception of group 4B2, monolayers retained the ability to sense fluid flow as indicated by a significant decrease in Isc. Also
of note is that cells exposed to flow during differentiation (Cohort 4) continue to have a decreased Isc relative to cells differentiated in the absence of
flow (Cohort 3), and this difference persists over the entire experiment, even when monolayers from Cohort 4 are removed from flow for an extended
period of time (e.g, comparing Isc between groups 3A1 and 4A1).
doi:10.1371/journal.pone.0027058.g004

Figure 5. Measured cell density. At the conclusion of the experiment, monolayers were fixed and stained for immunohistochemical analysis.
Monolayers were mounted with Vectashield containing DAPI, a nuclear stain. Monolayers were imaged at 10X magnification and the images
thresholded for analysis. Three fields of view for each monolayer were obtained to improve statistics; each column is thus an average of at least 9
images (three images per monolayer, at least 3 monolayers per group). The data is not normally distributed, as verified by a quartile-quartile (Q-Q)
plot; the data is instead two normal distributions, one with a mean of 870 +/2 130 cells/mm2 and the other with a mean of 1640 +/2 160 cells/mm2.
The implication is that some monolayers proliferated for an additional complete cell cycle, specifically those monolayers experiencing a change in
flow during the initial period of differentiation. Note that some groups are not presented due to a massive contamination event.
doi:10.1371/journal.pone.0027058.g005
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environment will experience underregulated growth, leading to an

overall decrease in flow rate, leading to increased salt resorption

and hypertension.

It must be noted that under normal physiological conditions,

tubule flow is highly dynamic due to changes in blood pressure

over the course of a heartbeat. Importantly, the timescale of flow

changes in this experiment are much longer and correlate to slow-

acting chronic changes rather than the rapid changes associated

with cardiac function.

Of note is the long-time behavior of cohort 4B: from the data

presented in Figure 4, this cohort lost the ability to sense fluid flow.

Examination of the a-tubulin immunostain showed that all the

monolayers in this cohort lost their cilia. This is in agreement with

previous results [36] which showed the cilium is required for fluid

flow sensing. It is not known at this time why this particular cohort

lost the cilia, but this particular cohort was subjected to flow from

the onset of differentiation onwards andthe level of flow was not

altered. Experiments should be performed to determine if this is a

cause-effect relationship (chronic constant flow leading to loss of

the cilium) or not, but is outside the scope of this paper. Taken

together, the electrophysiological results indicate that 1) renal

epithelial tissue requires apical fluid flow during differentiation to

develop a graded response to flow, and 2) Sodium transport is

modulated not only by the existence/absence of flow, but also

changes in the magnitude of chronic flow.

Immunostaining results
The actin images, taken with the protein localization images,

show that actin remodeling is potentially independent from the

ADPKD/BBS signaling pathway. Actin cytoskeleton remodeling is

an acute response that occurs on a time scale of less than 10 days.

Except for one case (Cohort 1C) which was exposed to high levels

of flow at the onset of differentiation, the final state of the actin

cytoskeleton is independent of the past history of flow conditions.

It is not clear what the physiological relevance of this result is at

this time, but the data provides evidence that actin remodeling

may be an essential component of mechanosensation.

While the actin cystoskeleton shows extensive remodeling in

response to physiological flow conditions, SSTR3 does not show

any change in cellular distribution while PC2 does, in agreement

with previous results [39,41,44]. The localization data is thus

useful to establish the utility of this cell line as a potential disease

Figure 6. Immunostained actin cytoskeleton. The actin cytoskel-
eton was stained with phalloidin-Oregon Green and imaged at 10X to
examine how the actin cytoskeleton may respond to orbital motion.
Presented images are representative of all monolayers within a
particular group (indicated on each image), and specific groups were
chosen to illustrate representative cytoskeletal morphologies. In
particular, monolayers subjected to high rates of motion for extended
periods of time (1C2) presented a dense array of focal adhesions and
stress fibers, while monolayers never subjected to flow (3A1) presented
almost no focal adhesions and stress fibers. Monolayers initially
subjected to flow and then removed (1A1) retained some focal
adhesions and stress fibers, but in contrast to other groups presented
a highly irregular and nonuniform morphology, specifically very large
stress fiber bundles. Groups exposed to flow only at late stages, well
past the onset of differentiation (3A2), developed numerous focal
adhesions and only a few stress fibers. Although it is not clear if this
mechanosensation response is correlated with the electrophysiological
response, these images illustrate the dynamic interplay between the
actin cystoskeleton and applied mechanical forces. Scale bar = 10 mm.
doi:10.1371/journal.pone.0027058.g006

Figure 7. Localization of ciliary-associated mechanosensation
proteins of interest. Fixed monolayers were stained for proteins
known to associate with the ciliary-mediated flow response. Acetylated
a-tubulin, displayed in green, is shown in (a), (c), (e), (g); SSTR3,
displayed in red, is in (b) and (f); PC2, also imaged in red (see Methods
section for a discussion), is in (d) and (h). DAPI stain is blue in all images.
Furthermore, monolayers shown in (a)- (d) were not exposed to flow at
the conclusion of the experiment while monolayers imaged in (e)-(h)
were exposed to flow at the endpoint. The primary cilium is marked
with arrows in all images. Comparison of images illustrates the ciliary-
mediated flow response. Specifically, comparison of (b) and (f)
demonstrates that SSTR3 remains in the primary cilium regardless of
the flow conditions while (d) and (h) demonstrate that PC2 is trafficked
away from the primary cilium in the presence of flow. These images
provide evidence that the cell model can be used as a disease model for
ciliary-mediated disease states, for example ADPKD. Scale bar = 2 mm.
doi:10.1371/journal.pone.0027058.g007
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model, as ciliary-associated proteins are correctly localized to the

primary cilium and correctly trafficked, indicating normal

physiological function.

Induced Flow Conditions
The method used to induce apical flow is that same as presented

in an earlier study [36]. To review, the experimental geometry for

orbital shaking is shown in Figure 8. A confluent monolayer

containing ciliated cells is placed atop an orbital shaker platform,

which then executes orbital motion of constant throw (R) and user-

controlled frequency (v). At the low frequencies used in the study

(#5 Hz), the flow can be considered laminar.

Three types of mechanical forces due to the shaking are readily

identified: 1) Shear stress on the apical membrane due to fluid

movement relative to cells; 2) Drag force on the cilium due to fluid

movement; and 3) Buoyancy induced by centripetal forces and

density differences between the cilium and apical fluid, often

referred to as ‘‘body force’’ because this force is distributed

throughout the volume of the cilium. Calculations of the shear and

drag forces require information on the fluid velocity profile

between wall and cilia tips, in addition to fluid density, viscosity

and ciliary geometry, while those for the buoyancy force require

additional information about the density difference between cilium

and fluid.

The fluid flow induced by gentle orbital shaking, particularly

when the fluid layer above the cells is thin, constitutes a complex

problem. To the best of my knowledge, neither an analytical nor a

numerical solution of the flow field is available in the literature.

In our earlier study [36], we measured a time-averaged velocity

(U) profile within the heights of the cilia as:

U(z)~c1 � z2zc2 � z, ð1Þ

with z indicating the height above the apical stationary surface.

Coefficients ‘c1’ and ‘c2’ were determined by measurement and are

unique to the orbital frequency. Once the velocity profile is

known, the shear stress (t) at the apical surface of the monolayer is

defined by Equation 2:

t~m
dU

dz

����
z~0

ð2Þ

where m = fluid viscosity. The measured area for mCCD cells

(from high resolution microscopy images, data not shown) is about

40 mm2. If this area is assumed as effective apical surface area,

then the shear force on the entire cytoskeleton per cell is about

29 fN. However, because the cilium is required for flow sensing

[36], the correct calculation is for the shear force at the cilium

rather than the entire apical surface.

The drag force on a cilium can be calculated from fluid velocity

transverse to the cilium assuming the cilium to be a rigid cylinder

capped by a hemisphere and is given by Equation 3 [45]:

fdrag~

ð
L

4pmU(z)

1

2
{c{ ln

arU(z)

8m

� � dzz3pmaU(L) ð3Þ

where c is Euler’s constant (0.577…), ‘a’ the diameter of the

cilium, ‘L’ the length of the cilium, and r = the density of the

fluid. This expression can be numerically evaluated given a

velocity profile U(z).

The buoyancy force comes about because of the relative motion

between the monolayer frame and laboratory frame. Even if

monolayer and fluid co-move (or if the cilium is free to pivot and is

freely advected by the fluid), there will be a resultant force on the

cilium due to centripetal acceleration. This force, averaged over

time, is given by Eq. 4.

Figure 8. Orbital shaking geometry. Mouse Cortical Collecting Duct (mCCD) cells were grown to confluency on a suspended permeable
membrane as described in the Methods section. Monolayers subjected to flow were placed atop an orbital shaker that chronically executed motion at
a fixed (and known) frequency, also described within the Methods section. Orbital motion of the monolayers induced a gentle azimuthal fluid flow
within the apical fluid layer, and this fluid flow is the primary mechanical stimulus to the primary cilium as discussed in the section ‘‘Induced Flow
Conditions’’.
doi:10.1371/journal.pone.0027058.g008
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fbody~Drv2RV , ð4Þ

Where V is the volume of the cilium.

Knowledge of the limits of applied forces is important for

exploring the physiological roles of cilia in mechanosensation and

ciliary pathophysiology in human disease, such polycystic kidney

disease. The calculations were restricted to limit estimates because,

as indicated above, no mathematical solution of the flow field is

currently available for the type of geometry present in orbital

shaking. We also need to emphasize that the elastic interaction

between a cilium and the apical fluid is the subject of much

research and a definitive picture has yet to emerge. I assume here,

given the smallness of the applied forces, that the cilia do not

move. If the cilia either flex or deflect in response to an applied

force, then the applied force is even smaller than is calculated here,

and so I consider the calculations to provide a maximal value.

Calculations were carried out for cilia with a length of 2.7 mm

and a diameter of 0.2 mm. Following the calculations in [46], I

present maximal estimates for the magnitudes of mechanical forces

applied to a cilium in Table 1.

The primary conclusion is that the predominant force acting on

the cilium is due to drag- the flow of fluid past the cilium.

Methods

Cell culture
Experiments were carried out with a mouse cell line derived

following [47] from the cortical collecting duct (mCD 1296 (d)) of a

heterozygous offspring of the Immortomouse (Charles River

Laboratories, Wilmington, MA, USA). The Immortomouse carries

as transgene a temperature-sensitive SV40 large T antigen under

the control of an interferon-c response element. Cells were

maintained on collagen-coated Millicell-CM inserts (inner diameter

10 mm, permeable support area 0.6 cm2; Millipore Corp, Billerica,

MA) to promote a polarized epithelial phenotype. Cells were grown

to confluence at 33uC, 5% CO2 and then maintained at 39uC, 5%

CO2 to enhance differentiation. The growth medium consisted of

the following (final concentrations): Dulbecco’s Modified Eagle

Medium w/o glucose and Ham’s F12 at a 1:1 ratio, 5 mM glucose,

5 mg/ml transferrin, 5 mg/ml insulin, 10 mg/ml epithelial growth

factor (EGF), 4 mg/ml dexamethasone, 15 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES), 0.06% NaHCO3, 2 mM

L-glutamine, 10 ng/ml mouse interferon-c, 50 mM ascorbic acid 2-

phosphate, 20 nM selenium, 1 nM 3,39,5-triiodo-L-thyronine (T3),

5%fetal bovine serum (FBS). For differentiation, FBS, insulin, and

interferon-c were omitted from the apical medium and insulin,

EGF, and interferon-c from the basal medium. The apical amount

of medium was restricted to 100 ml per filter insert so that the apical

fluid was thin enough to allow sufficient O2 to diffuse to the

monolayer. All monolayers were routinely monitored for electrical

resistance and transepithelial potential.

Electrophysiology protocol
Transepithelial voltage and resistance measurements were

performed using an Endohm chamber (World Precision Instru-

ments, Sarasota, FL), connected to a MilliOhm (Millipore, Co.)

voltohmmeter containing DMEM plus penicillin-streptomycin

(10 mg/ml) and gentamicin (50 mg/ml). Cells were placed in

the Endohm chamber for no more than 1 min, during which time

the transepithelial voltage remained constant. The transepithelial

voltage and resistance were converted to short-circuit current

equivalent (Isc) assuming an ohmic relationship.

Sodium transport via ENaC is a well understood process that is

described by the classical and, by now, text book Ussing model of

sodium absorption: Sodium entry at the apical membrane is by

electrodiffusion through the ENaC channel and exit at the

basolateral membrane is by active transport via Na,K-ATPase in

the basolateral plasma membrane. Due to the presence of

potassium channels in the basolateral plasma membrane, Sodium

transport by this process is completely electrogenic and can be

quantified by measuring the short-circuit current (Isc) with

identical electrolyte solutions on both sides of the epithelium.

The current flow through ENaC is conveniently quantified by

sensitivity of Isc to 10 mM of apical amiloride, a well understood

diuretic drug. Similarly, calculation of Isc from transepithelial

potential and resistance provides a quantitative measure of ENaC

activity. More than 95% of Isc was inhibited by 10 mM apical

amiloride and thus Isc is considered to be proportional to the

activity of epithelial sodium channels (ENaC) in the apical plasma

membrane.

Immunocytochemistry
Fixation and immunocytochemistry were performed using

standard techniques. The cells were briefly fixed in 4%

paraformaldehyde, permeabilized for 10 min with a solution of

0.1% Triton-X and 0.5% saponin in a blocking buffer containing

5% donkey serum, 5% goat serum, 1% bovine serum albumin

(BSA), and 5% fetal bovine serum (FBS). The monolayers were

then stained with primary antibodies against proteins of interest

(monoclonal mouse antibody against acetylated a-tubulin (Invitro-

gen, Carlsbad, CA), actin stained using phalloidin- Oregon green,

polyclonal antibodies against Polycystin-2 anti-goat (H-280) and

Somatostatin Receptor Type-3 (SSTR3) anti-rabbit (W-15), both

supplied by Santa Cruz Biotechnology. The secondaries used to

visualize the primary antibodies were Cy5 for acetylated a-tubulin

(Invitrogen, Carlsbad, CA), DyLight 405 nm (Polycystin-2) and

Texas Red (SSTR3), both supplied by Thermo Scientific. The

stained filter was cut out of the culture insert and transferred to a

microscope slide, monolayer side up. The filter was mounted in

VectaShield (Vector Labs, Burlingame, CA) with DAPI. A # 1 K

coverslip was placed on top of the monolayer- if needed, small

spacers were used to prevent the coverslip from contacting the

monolayer. The slides were then sealed with nail polish and stored

for imaging at 4uC.

Table 1. Upper-bound magnitudes of flow-induced mechanical forces acting on a cilium.

Orbital frequency [Hz] Shear force [fN] Drag force [fN] Bouyancy force [fN]

0.9 4.2*1022 2.4 2.2*1025

5 2.3*1021 13.5 6.8*1024

doi:10.1371/journal.pone.0027058.t001
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Microscopy protocol
Image stacks were acquired with a Leica DM6000 B upright

microscope using a 63X numerical aperture 1.47 Plan Apo lens

with a Lumen 200 Pro source (Prior Scientific) and a Rolera-MGi

Plus intensified camera (QImaging) under control of MicroMan-

ager, an open-source microscopy software package [48]. Stacks

were deconvolved using an ImageJ plugin. Cell counting images

were obtained with a 10X numerical aperture 0.3 fluar lens.

Typical exposure times for individual frames were 200 ms and

bleaching was minimal.

Orbital motion protocol
Cells were subjected to orbital motion by placing monolayers on

top of a shaker table (MTS 2/4, IKA corp., Wilmington, NC)

placed within a standard laboratory incubator. Monolayers

without shaking were maintained in the same incubator. Shaken

monolayers were subjected to orbital motion at a fixed frequency

(either 0.9 Hz (slow) or 5 Hz (fast)) determined by a stopwatch.

Electrophysiological measurements or fixation for immunocyto-

chemistry were carried out on cells immediately after removal

from the orbital shaker.

Broadly speaking, monolayers were exposed to a particular

initial condition (flow or no flow) for 10 days, subjected to a second

flow condition (no, slow, or fast flow) for 10 days, and finally were

returned to either slow or no flow conditions until fixation

(Figure 9). Each group was identified by a unique 3-character

alphanumeric code presented in Table 2. The total number of

confluent monolayers used was sufficient that at the conclusion of

the experiment, each experimental condition was represented by

at least 3 monolayers. Cohorts #1 and 2 began the protocol

24 hours after final plating, while the cells were still in the growth

phase, 72 hours prior to confluency. Cohorts #3 and 4 began the

protocol immediately upon confluency, and cohorts #5 and 6

began the protocol 10 days after confluency. The time period of 10

days was chosen based upon previous results [36] demonstrating

that ENaC current stabilized after 10 days. Thus, the three paired

cohorts represent different time slices of cellular differentiation and

serve to probe the differentiation pathway.For example, cohort 3

began with 18 monolayers which were then split into three groups

of 6 (3A, 3B, 3C) for the second phase and again split into six

groups of 3 for the final phase (3A1, 3A2, 3B1, 3B2, 3C1, 3C2).

One consequence of this protocol is that each initial cohort had

some subgroups that followed the same experimental protocol as

monolayers in other cohorts: for example, monolayers 1A1 were

never exposed to orbital motion, similar to monolayers in groups

3A1 and 5A1. Similarly, monolayers 2B2, 4B2, 5B2 were

continuously shaken at the same frequency throughout (although

those groups spent varying amounts of time in initial quiescent

conditions). Thus, the protocol established internal positive and

negative controls.

Viscosity measurement protocol
The dynamic viscosity of apical media was measured with a

Cannon-Fenske Routine Viscometer (Induchem Lab Glass, Inc.,

Roselle, NJ) with the apparatus and media equilibrated to 37uC.

The density of the media was measured by weighing a controlled

volume (100 ml Dummond Wiretrol disposable micropipette,

Dummond Scientific Company, Broomall, PA). In both cases,

the apparatus was calibrated by measurements on double distilled

water to ensure accuracy.

Statistical Analysis
Data is presented with +/2 1 standard deviation error bars.

Statistical analysis was done by Student’s t-test, two-tailed

heteroscedastic, as appropriate. Values of p,0.01 are considered

significant. Groups with fewer than 3 monolayers were omitted

from presented results.

Conclusion and Future work
The primary finding of interest here is that cells differentiated in

the presence of flow behave very differently from cells differen-

tiated in the absence of flow. Additionally,our cell line displays

Figure 9. Flow protocol schematic. The purpose of the overall experiment was to probe the ciliary-mediated mechanosensation response to
chronic fluid flow. Monolayers were also exposed to specific changes in flow rates to assess the dynamics of the mechanosensation response.
Previous experiments have shown that the transepithelial sodium current is a valid readout that requires several days to reach steady-state
conditions. Thus, monolayers were maintained in constant conditions for 10 day blocks of time. Finally, by choosing different start times relative to
the onset of differentiation, the role of initial flow conditions as a modifier of future function could be assessed. In order to uniquely identify each
group of monolayers for analysis, a three-digit alphanumeric code was assigned based on the particular pattern of applied flow conditions and start
time relative to the onset of differentiation. Cohorts 1 and 2 started the protocol 72 hours prior to entering differentiation conditions, cohorts 3 and 4
began the protocol at the onset of differentiation conditions, and cohorts 5 and 6 began the flow protocol 10 days after the onset of differentiation
conditions.
doi:10.1371/journal.pone.0027058.g009
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highly physiologically relevant behavior in the presence of fluid

flow: the transepithelial sodium current is modulated, the actin

cystoskeleton remodels, and certain membrane-bound proteins

localize to the primary cilium. Taken together, our results begin to

show a pathophysiological mechanism by which tubular cells

hyperproliferate and form fluid-filled cysts: salt transport is

decreased, leading to an accumulation of ultrafiltrate on the

apical side of the epithelium. The presented data also supports the

use of this cell line as a disease model. Future work will involve

subjecting cells to a more defined flow by culturing the cells in a

flow chamber rather than subjecting the cells to orbital motion.

Additionally, further work determining the protein localization of

Polycystin-1 (which cleaves in the presence of flow), STAT6

(which also traffics between the nucleus and cilium in the presence

of flow) will be performed.
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